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Abstract

Abstract

Fischer Tropsch (FT) technology as a source of alternate fuels is unique. The FT products
are of excellent quality and their environmental properties are valuable in increasing
drive towards cleaner fuels. There was surge of interest in FT in the thirties and fifties

(during the Second World War) and now again in last couple of years.

Fischer Tropsch technology has a disadvantage of broad product spectrum. There is
strong requirement of improvement in the optimization of reaction in order to get a
maximum yield of high value commercial products, mainly high value molecular weight
products, alcohols and short chain hydrocarbons. Most of the investigations reported in
this thesis have dealt with study and possible modifications in the preparation and
reaction conditions of previously studied CoMnO, catalyst. Co-precipitation method for
preparation of this catalyst has been studied in detail. Precipitation by variable pH has
been found to be better than constant pH. pH, ageing time of precipitates and temperature
of precipitation mixture are very important parameters which affect the selectivity pattern
of products. This selectivity pattern was found to be further influenced by reaction

temperature and pressure during CO hydrogenation reaction.

An improvement in the selectivities for CO hydrogenation reaction has been developed
using a modified co-precipitated Co/Mn oxide catalyst. This modification was achieved
by using two different metal promoters. i.e., Potassium and ruthenium. Addition of these
promoters has influenced the catalytic properties in a variety of ways as was observed

from characterization and reaction results. Addition of small quantity of potassium



Abstract

(0.15%), and ruthenium (0.1%) promoters shifted the product spectrum to long chain

hydrocarbons along with decrease in methane selectivity.

Further improvements in catalytic activity and selectivity were made by addition of two
different types of activated carbons (wood and peat shell) into Co/Mn catalyst. Co and
Mn impregnated on wood peat carbon were found to be highly selective for high
molecular weight hydrocarbons along with low selectivity of CO, compared with pure
CoMnOx catalyst. An increase in concentration of metals with these carbons showed an
increase in selectivity of CO,. One particular catalyst system of iron and manganese was
studied with peat and wood carbons and was found to be highly selective for CO,

formation.

Alcohols, an important product of FT reaction are a good substitute to motor fuel which
can enhance the octane number and can reduce the environmental pollution. Cobalt
molybdenum sulphide is a patented catalyst system for alcohols synthesis. Present study
has investigated the influence of transition metal promoters on selectivity pattern of this
catalyst. Ti, Ni and Zr metals have been used as promoters. Addition of Ni and Ti into
CoMoS; have shown good catalytic activity but the major product was CO,. Zr addition
has shown less CO, and more hydrocarbons. Pure CoMoS; catalyst was found to be

better for synthesis of higher alcohols.
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Chapter 1

Chapter 1

Introduction

1.1 Aims and Objectives

The objective of this research project was synthesis of high value products from the

reaction of synthesis gas over a suitable catalyst.

Fischer-Tropsch (FT) products .consist of mixture of low and high molecular weight
products. A large amount of resources is used in the separation of products formed in F-T
reaction. Therefore synthesis of a catalyst with an improved selectivity for high value
products is of commercial importance. High molecular weight waxes can be
hydrocracked down to valuable products. The market for the speciality wax products is

small compared to the markets for lubricant based oils and very much smaller than the
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market for distillates that are produced by hydrocracking the wax. Medium molecular
weight products can be used as liquid transport fuels. Low molecular weight products can
be divided into low and high value products. Methane is a highly favourable product in
Fischer Tropsch (F-T) reaction and can be obtained in 100% selectivity. But it is of minor
value and is sold as town gas. Low molecular weight (C,-C,) olefins are extremely useful
products for petrochemical industry and can also be oligomerized to a very good quality
diesel. The market for the use of ethane and propane to produce plastics in petrochemical
industry is large. They command significantly higher prices than fuels. Butene is also
useful petrochemical feed stock. C; together with the C4 paraffins may be sold as
liquefied petroleum gas. In addition to hydrocarbons, various oxygenated products are
formed in FT reaction. Alcohols are considered as potential substitute for motor fuels

because of their environmental friendly behaviour.

Initial development of catalyst in the present study was based on findings of Hutchings et
al. [1-4] using CoMnOj, catalyst for synthesis of hydrocarbons. Further some studies were

done for alcohols formation using CoMoS, catalyst.

1.2 Heterogeneous Catalysis

Heterogeneous catalysis has influenced our lives greatly in the 20™ century. In 1908, the
German chemist Fritz Haber succeeded in synthesizing ammonia by feeding N, and H; at
high pressure over an osmium catalyst. Carl Bosch and Alwin Maittasch picked this
discovery and tested over 2500 different materials until they found an iron-based

compound active enough to serve as a commercial catalyst. The Haber-Bosch ammonia
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synthesis has become an important chemical process worldwide through which nitrogen

fixation provided mankind with a much-needed fertilizer.

In 1930s there was development of three important types of refinery catalysts, for
hydrocarbon cracking, alkylation and dehydrogenation. Heterogeneous catalysis played a
major role in warfare, using new cracking and alkylation catalysts. The Allied forces
produced higher octane aviation fuel which gave their aircraft superior performance over

the Messerschmitt in the famous battle of Britain.

Another important catalytic process which emerged was the Fischer-Tropsch synthesis.
Germany and Japan had an abundance of coal, but no reliable source of petroleum. The
Co/Fe-catalyzed Fischer-Tropsch process converted coal to syngas. Further reaction of
syngas gave a liquid mixture which was rich in Cs-C;; olefins and paraffins. South Africa
also used this process for converting coal to compensate for its shortage of a petroleum
supply. Fischer Tropsch-type processes are now back in demand as governments seek

sulfur-free fuels and alternatives to petroleum [5].

1.3 History of Fischer-Tropsch (FT) reaction (CO hydrogenation)

The history of this process started in early 1900s, when Sabatier and Senderens
discovered that synthesis gas (CO/H;) can be converted to methane over reduced cobalt
and nickel catalysts at atmospheric pressure and temperatures from 200 to 300°C [6].
Badische Anilin and Soda Fabrik (BASF) followed this work in 1913. They took out two
patents [7] on the synthesis of oxygenates using cobalt and osmium catalysts at high
pressure. In 1923 Franz Fischer and Hans Tropsch of the Kaiser Wilhelm Institute at

Ruhr discovered that alkalized iron catalysts at high pressure (100 to 150 atmospheres
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and 400 to 450°C) can produce an oily liquid mixture consisting of oxygenated
compounds [8]. The same catalyst was reported to be active for the production of linear
hydrocarbons at low pressure, but these catalysts deactivated rapidly [9, 10] and a search
was started for an improved catalyst. Fischer and Tropsch observed an enhancement in
the selectivity of hydrocarbons by using a combination of iron and zinc oxide [11, 12].
This discovery started an intensive research for metal catalysts for the production of
commercial Fischer Tropsch catalyst which is active at low pressure. Early results
showed that high pressure was unsuitable for the synthesis of higher hydrocarbons so the
catalytic tests were conducted at low pressures. The choice of atmospheric operating
pressures were satisfactory for cobalt and nickel catalysts but was not suitable for iron
catalysts which operate best in the range 7-30 atmospheres. As a result, the development
of practical iron catalysts was delayed for many years. Initial experiments showed that
nickel was unsuitable because of its rapid deactivation and high methanation reaction.
Later this research was switched to cobalt because of the poor yields and rapid
deactivation trends of iron catalyst. In 1934 Ruhrchemie AG achieved the first Fischer —
Tropsch plant license using a cobalt thorium oxide catalyst. Eighteen plants were licensed
for this process in Germany, Japan, France and Manchuria until 1945 in order to
supplement limited petroleum resources. World War II destroyed most of the German
plants and the remainings were forced to shut down for several years. At that time there
was a decline of interest in the Fischer — Tropsch process in Europe because of an
increase in coal prices. After World War II a programme was funded by U.S.Bureau of
mines because of the fear for the shortage of petroleum. Various test facilities were

constructed by using the reports from German plants. Fixed bed reactors were developed
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by two German firms, Ruhrchemie and Lurgi (Arbeitgemeinschaft), using a precipitated
iron catalyst. This catalyst was aimed to produce high yield of waxes. Later several
companies in USA developed fluidized bed reactors (Standard Oil and Hydrocarbon
Research Inc.) with Kellogg Co. with a circulating entrained catalyst version of the
reactor [13]. Interest in these processes was decreased by the discovery of immense
reserves of petroleum in Middle East in later 1940s and mid 1950s. The plants in US

could not compete with the low oil price and were subsequently closed [14].

The most important event in further developments of coal liquefaction was
commissioning of a plant in 1955 by South African Coal, Oil and Gas Corporation
(SASOL). This plant has been in commercial operation ever since. The plant incorporated
both the fixed bed (Arbeitgemeinschaft) reactors and Synthol reactors (Kellogg). Iron

based catalysts along with various promoters are used in both reactors.

In 1973, the OPEC embargo increased oil prices and it was realized that crude oil
supplies could become limited in future. This realization renewed an interest in synthetic
fuel and coal along with other alternatives like wind, water, solar, geothermal and nuclear
resources. A lot of effort was put into researching the Fischer-Tropsch synthesis process
which already existed as a proven method for the synthesis of fuels and chemicals from
coal. The United States exerted a leading role in this research. In 1981, the investment in
synfuel research in the US began to suffer and declined to a minimal level in late 1980s.
Other nations reduced their investments in alternative energy resources. However, there
has been a renewal of interest in the Fischer — Tropsch reaction after the current Gulf oil

crisis.
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The Fischer — Tropsch process is an indirect method for the formation of products using
synthesis gas (derived from coal). Coal can be converted into liquid fuels and chemicals
using various direct methods e.g. Pyrolysis (coal decomposition to liquids) and the
Bergius hydrogenation reaction (where hydrogen gas and an organic solvent are reacted
with the coal to produce methane and liquid hydrocarbons). It has been estimated that
80% of the global energy consumption depends on fossil fuels, which include oil, natural
gas and coal. These fuels are unsustainable and estimated availabilities at current rate of
production are: 40 years for oil, 65 years for natural gas and 155 years for coal. In
contrast to the limited resources, world demands for energy, particularly for oil, are
increasing markedly because of the growing population and the world development.
More than 60% of the oil is consumed in the transportation sector in forms of gasoline,
diesel and jet fuel. The transportation industry is expected to remain highly dependent on
oil in the future [15]. The limited natural reserves of oil will drive the world rapidly to
peak production and consumption, after which a permanent shortage of oil can be
expected. Hence, an alternative route for generating transportation fuel is highly desirable.
The Fischer Tropsch (FT) process is one of the processes that are being developed [16] to
offer a solution to this problem. The quality of the feed products formed along with a
non-crude oil feedstock suggests the FT process should play an important role in the
worldwide energy supply in the coming decades [17]. The FT synthesis for the CO
hydrogenation to linear C,+ hydrocarbons continues to attract considerable research

attention [18].
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1.4 Preparation of Synthesis gas

Synthesis gas also called as syngas consists of a mixture of carbon monoxide and
hydrogen. Syngas can be prepared from coal gasification (C + H,O <« CO + H;) which
involves a thermal balance between the endothermic reactions of carbon with steam and
carbon dioxide and the exothermic reaction of carbon with oxygen. Many additional
processes occur in the gasifiers e.g., coal devolatilization (coal — char + volatile), water
gas shift and methanation reactions [19]. Several other methods are used for the synthesis

of syngas which are detailed in table 1.1.

Table 1.1 Syngas generation processes

Process Equation

Coal gasification C+H,0-CO+H, (11

Steam reforming of methane CH,+H,0 < CO+3H, (1.2)

CO, reforming of methane CH,+CO, < CO+2H, (1.3)
1

Methane partial oxidation CH, + '5 0, & CO+2H, (1.4

Autothermal reforming 2CH4 +-;—02 +H20 > 2C0+5H2 (1.5)

The technology used to prepare the synthesis gas can be divided into two main categories,
gasification and reforming. Gasification is a general process for conversion of solid or
heavy liquid feedstock to synthesis gas and reforming is used for conversion of gaseous

or light liquid feedstock to synthesis gas.

Coal gasification is an old method for the production of syngas from coal. During
gasification, the coal is mixed with oxygen and steam while also being heated and
pressurized. During the reaction, oxygen and water molecules oxidize the coal into

carbon monoxide while also releasing hydrogen gas.
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Steam reforming of hydrocarbons is the dominating process for the production of
hydrogen and carbon monoxide. Steam reforming is often used in combination with
various and oxygen or air-blown partial oxidation processes for production of synthesis

gas.
1.5 Product distribution

Low selectivity to the desired products is the limitation of F-T reaction. Product
distribution from CO hydrogenation has been explained through various theoretical
models which can fit and rationalize the distribution of products obtained from F-T

catalysts [20-22]. These theoretical models are based on the following assumptions:

(1) Chain growth proceeds via a polymerization process, with growth occurring
predominantly in single- carbon increments. (2) The probabilities of increase in chain
length and of termination are independent of the length of the oligomer chain attached to
the surface. Anderson [23] has derived an analytical function which is similar to the
distribution function derived by Schulz and Flory. Anderson — Schulz — Flory (ASF)
equation was based on the assumption that the FT synthesis is a polymerization process

[24].

¥, _0-a", (1.6)
n a

Where n is the carbon number, Wn is the weight fraction of products with carbon number

n, and a is the chain growth probability factor which can be defined as follows:

a=—2" (1.7)
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Where r,and r,are the rate of chain growth and rate of chain termination respectively.

Both rates are controlled by the reaction conditions and catalyst type. Typical ranges of a
on Ru, Co and Fe catalysts were reported as 0.85 — 0.95, 0.70 — 0.80, and 0.50 — 0.70
respectively by Dry [24]. The higher the value of a, the longer the chain length is.

For practical reasons, equation (1.6) is often re-written as:

_ 2
log 72 = nloga+1og =% (1.8)
n a

A plot of log W, ~n is the well-known Schulz-Flory diagram. That gives a linear graph
n

with a slope ofloga .

Experimental data that reported deviations from the ASF distribution usually have C,;
yields that are higher than the predicted value and have Cs;, yield that are lower. The
Schulz-Flory equation predicts maximum yields for certain products which are

summarize in table 1.2 [25].

Table 1.2 Maximum yields of C, products from a Schulz-Flory distribution

Product fraction Maximum selectivity/% by
mass
C, 100
C, 29
C,-C, 57
C2-Cys 41

Schulz et al. [26] explained the high methane yield by assuming that there was a different
catalytic site for the methanation reaction, whereas Dry [24] suggested that heat and mass
transfer limitations could result in the thermodynamically favored products. Product
distribution is also affected when secondary reactions, such as hydrogenation,

isomerization, reinsertion and hydrogenolysis are involved [27-31]. So far, there has been
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no single model which could explain all the observed catalytic results. There is an

interdependence of selectivities and product distributions are mostly broad.

High selectivity to a single valuable product or narrow distribution of products is always
economical. Several attempts are being made in order to develop highly selective systems
for syngas conversion to fuels and chemicals. These efforts include modification of F-T

catalysts, reactor operating optimization and designs of reactors [32, 33].

1.6 Reactors used in FT synthesis

Design of reactors used in FT synthesis is very closely related to the highly exothermic
reactions. Poor removal of heat leads to a temperature built up inside the reactor, which
results in high selectivity towards methane. Capital cost for construction, ease of
operation, product separation and product selectivity are other important factors to be

considered during reactor built up for FT reaction.

There are three common types of reactors developed for FT synthesis: tubular fixed bed

reactor, fluidized bed reactor and slurry reactor.

1.6.1 Tubular fixed bed reactor

Figure 1.1 (a) shows tubular fixed bed reactor which is the simplest reactor type. Catalyst
is packed inside the reactor tube with syngas flowing from top to bottom. Heat removal is
achieved by circulation of cooling medium outside the tubes. The advantage of the fixed
bed reactor is ease of operation. But it has low capacities. This type of reactor may

experience pressure drop and diffusion limitations along the tubes. The first well studied
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commercial reactor, SASOL Arge belongs to the tubular fixed bed reactor type. Shell’s

Middle Distillate Synthesis (SMDS) in Malaysia uses this reactor type.

1.6.2 Fluidized bed reactor

Fluidized bed reactor is of two types: circulating fluidized reactor (CFB) and fixed

fluidized bed (FFB) reactor.

The circulating bed reactor type is shown in figure 1.1 (b). In this type, the catalyst is
initially passed down by gravity and then mixed with feed gas and circulated through the
reactor zone. The temperature of reaction is maintained with feed gas by cooling medium.
After the reaction zone, the mixture of feed gas, products and catalyst is passed to the
hopper where products are separated and catalyst loss is replaced by the fresh one. CFB
reactor is more complicated in operation however, it provides better control of
temperature and a lower pressure drop than a fixed bed reactor. SASOL’s synthol reactor

is a type of CFB reactor.

Figure 1.1 (c) shows fixed fluidized bed (FFB) reactor. Feed gas is introduced to the
reactor from bottom of the reactor and flowing upwards through catalyst bed. The
catalyst bed and heat exchanger are suspended inside the reactor. The products are
collected from the top of the reactor.Hydrocol at Texas used FFB reactor. Fluidized bed
reactor has much higher capacities than that of the fixed bed reactor. However both of
these reactors are difficult to scale up than the fixed bed reactor due to the complexity of

gas-solid contacting as a function of the reactor diameter.

11
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1.6.3 Slurry Phase reactors

A slurry phase reactor is similar to a FFB reactor except that the catalyst is suspended in
a molten FT wax. This reactor is not found to be a competitor for the FFB/CFB systems,
since slurry bed reactor is reported to have lower conversion at 320°C. At this
temperature the wax is hydrocracked which results in loss of the liquid medium. However,
slurry phase reactor does have a major cost advantage for the production of waxes at
lower temperatures. Due to a simpler construction the slurry reactor is expected to be
approximately 45% cheaper than the same capacity multi tubular unit. A good conversion
in the slurry bed can be maintained by regular addition of fresh catalyst. This is of
commercial advantage because slurry reactors can be kept online for catalyst replacement.
The fixed-bed reactors periodically have to be brought offline for replacement of

catalysts. SASOL has decided to operate a demonstration unit in order to fully evaluate

the slurry process [33].
syngas in gas out gas out
gas out
catalyst coolant
coolant
gas out
as in .
liquid product e syngas
@ ®) ©

Figure 1.1 FT reactor types a) Tubular fixed bed reactor;b) Circular fluidized bed reactor;c) Fixed
fluidized bed reactor;d) Slurry reactor [34]

12



Chapter 1

1.7 CO Hydrogenation - Mechanism

The mechanism of the FT reaction involves the growth of hydrocarbons and oxygenates
from the interaction of intermediates derived from CO and H,. Continuous interaction of
monomer with an oligomeric surface species causes chain growth and the final products
result from desorption of these species. The mechanism of FT reaction is very complex
because of a wide range of products. Various research groups have reviewed the
mechanism of hydrocarbon synthesis [16, 35, 36]. Several mechanisms have been
proposed for CO hydrogenation reaction which may compete with each other or run in

parallel. There are three mechanisms which have been agreed most commonly.

1.7.1 Carbide mechanism

Fisher and Tropsch proposed this mechanism first [37], where the synthesis proceeds by
the formation and hydrogenation of metal carbides to give methylene groups which can
subsequently be polymerized to yield a broad spectrum of hydrocarbons. This involves
dissociation of C-O bond prior to reaction with H,, which further operates by the
insertion of the CHy group of one M-CHy species into the M-C bond of another M-CH,

species. This can be presented as follows with simplicity.
CO—> M-CO— > M-C—> M—CH,— > polymerization

Carbide mechanism was supported by Metterties and Stein [38], Hermann [39] and Olive
[40] from homogeneous coordination theory. Laws and Puddephatt [41] have
demonstrated ethylene formation by coupling of two methylene groups on a Co cluster.
Evidence for CH; migration insertion into an M-H bond comes from studies of Carter and

Goddard [42]. Saez et al. [43] have proposed mechanism for the formation of propene by

13
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bridging two methyles combined with another methyl group on a single Rh atom. These
results can provide support to carbide mechanism although the reaction conditions are
different compared with FT conditions. There is much evidence [44-46] in favour of the
carbide mechanism but it has several flaws. A direct hydrogenation of metal carbide
investigated by Kummer et al. [47] using labeled *CO over reduced iron catalyst
challenged the carbide mechanism. Their results show that the carbide hydrogenation
could be responsible for no more than 8 — 30% of the methane formed. The carbide
mechanism could not explain the formation of oxygenated products which is a limitation
of carbide mechanism. It is a two or three dimensional polymerization model, with
surface carbides combining/inserting in random directions which would lead to larger
yield of branched products than observed. It can be concluded that the carbide

mechanism cannot fully explain the total product stream.

1.7.2 Hydroxycarbene mechanism

Emmett [48] developed an alternative to the carbide mechanism to explain the product
stream in detail. A similar mechanism was proposed by Storch et al. [49] where CO is
chemisorbed on the metal atoms without dissociation and C-C bond formation occurs by
hydroxylcarbene intermediate M-CHOH. The intermediate is formed by the interaction of
non-dissociatively adsorbed CO reacting with hydrogen. The intermediate takes part in
condensation leading to C-C bond formation and chain growth. Chain termination and
desorption of products takes place by hydrogenation of the intermediate to an alcohol.

One simple illustration of this mechanism is shown in figure 1.2.

14
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This mechanism can successfully explain the formation of oxygenates and branched

products. Various research groups have supported this mechanism [50-53].

Voevodskii [54] suggested a variation of hydroxycarbene mechanism. They proposed
formation of carbene species by the hydrogenation of hydroxycarbene intermediate,
which then reacted with CO to start chain growth. The mechanistic pathway of this

mechanism is illustrated as follows:

CO—-M=C=0—-M=CHOH—M=CH; - M—CH,CO

1
M-CH,CHOH

!
Alcohols, hydrocarbons

Ekstroom and Lapswzewicz [55] postulated similar mechanism but the carbene

undergoes polymerization reaction as was proposed by the carbide mechanism.

CO—-M=C=0—-M=CHOH—M=CH; — Polymerization
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H OH H OH
adsorption CO + H, \/ \
0 — || — ¢ 4 ﬁ
M 1
M M
- Hzo
CH; OH H OH
+ H2 \ / + H2 \ /

CH3CH2OH B e ﬁ < ﬁ —— Ci

I

M M M

+ H2 - H2O

Figure 1.2 The hydroxy-carbene mechanism [34]
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1.7.3 CO Insertion mechanism

Pichler and Schulz [56] proposed this mechanism. According to this mechanism the key
intermediate is a metal carbonyl M (CO), which hydrogenates to MH(CO),. This is
followed by the insertion of a carbonyl group into the M-H bond and subsequent

hydrogenation as follows:
MH (CO)x — MCHO(CO),.; — MCH3(CO)y.; — MCH3(CO)x

Chain growth is achieved by insertion of CO molecule into metal alkyl bond and

subsequent reduction of acyl species.

H
| OH
H ~
Cc=0 CH,
adsorption ‘ +CO I +H,
1/2 H, = M - M - M
A
m - Hzo + H2
CH,=CH, CH,
CH,4
DY +H, +CO Y
CH, = =0 = CH,
M M M

Figure 1.3 The CO insertion mechanism [34]
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A large number of products can be obtained following desorption of intermediates. This

evidence is supported by various researchers [57-59].

Since the FT reaction is a very complicated catalytic reaction, these mechanisms only
provide some possibilities of different routes for the hydrogenation of carbon monoxide.
The ‘real’ mechanism of the CO hydrogenation could be a combination of these routes or

maybe is totally different.

1.8 Metal Catalysts used in Fischer - Tropsch (FT) Synthesis

Conversion of syngas into hydrocarbon products requires the presence of suitable metal
catalysts. Recent studies emphasize the importance of an active catalyst suitable for the
production of hydrocarbons from FTS [60]. The 3d and 4f transition metals (group VIII
metals) of the periodic table are particularly suitable for the chemisorption process of CO
and H; which is the first step of this reaction [61]. Selectivities of various FT catalysts are

compared in table 1.3 [62].

Almost all transition metals in group VIII can produce a wide range of products by CO
hydrogenation e.g. Pd, Ir, Rh, Os, Ni, Co, Fe, Ru and Pt can produce alcohols and various
hydrocarbons. The activity and selectivity of a certain metal catalyst depends on the
choice of promoters and supports along with suitable preparation and reaction conditions.
Iridium, platinum and palladium exhibit very slight activity and mostly produce alcohols.
Rhodium and osmium produce oxygen containing hydrocarbons at high temperatures
[63-66]. Ruthenium catalysts can produce paraffins of very high molecular weights. Fe,
Co, Ni and Ru are found to be suitable for the production of highest yields of

hydrocarbons. Unfortunately, Nickel is found to be unattractive for this process because
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of high selectivity to methane. Ru shows very good selectivity for valuable paraffinic
waxes but it has been found that world supplies of Ru for the operation of commercial
plant would be insufficient in near future. Iron catalyst shows more carburization
tendency compared with cobalt. Therefore, cobalt is found to be the most suitable metal

for F-T reaction.

Although cobalt is more expensive in comparison with iron but various factors make it
economically viable e.g. longer catalyst life time, higher catalytic activity and
reproducibility. Titanium, vanadium, chromium and manganese do not find application
as the basic metal in F-T catalysts because it is hard to reduce their oxides. But it is found
that these metal oxides are important components in F-T catalysts if used as promoters

[67-69).

1.9 Cobalt — as an FT catalyst

Cobalt catalyst for FT synthesis was first discovered about 90 years ago. Catalyst
technology has advanced from a simple oxide to highly active and highly optimized
cobalt catalysts along with various supports and promoters. Advances in cobalt catalyst

design can be conveniently discussed in five historical periods:

( 1) Discovery (1902-1928), when cobalt catalysts were established as the most active for
FT synthesis (2) Commercial development of cobalt and iron catalysts (1929-
1928) ,when commercial processes were developed in Germany (3) the iron age (1950-
1974),in this age iron catalysts were developed mainly in south Africa and very little

work focused on cobalt (4) rediscovery of cobalt (1975-1990) (5) GTL and the return to
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cobalt (1991-present),in the (4) and (5) periods cobalt catalysts were rediscovered and

developed to commercial application for conversion of natural gas to fuels.

Table 1.3: Typical product selectivity of various FT catalysts

Species Selectivity
I. Group VIII metals
Fe Linear and branched hydrocarbons-
alkanes,alkenes and oxygenates
Co Linear hydrocarbons-alkanes, alkenes
Ni methane and hydrocarbons
Ru methane, hydrocarbons, and polyethylene at
higher pressures
Rh C,. oxygenates
Pd MeOH
Pt MeOH
I1.Mixed Oxides
Zn oxide promotes methanol and ethanol formation on Rh
Zr oxide promotes oxygenate formation on group VIII
metals
V oxide promotes EtOH formation on Rh
Mn oxide promotes oxygen formation on group VIII metals
Alkali promotes oxygenate formation on group VIII
metals
Th oxide hydrocarbons, branched alkanes and oxygenates
(methanol (CHj3),0, branched alcohols
Cr oxide Methanol and branched alcohols
Cu/Zn Methanol
CuCoCiry Ko 000X branched higher alcohols
1. Co precipitated nickel based catalysts
Na: Ni Methane
Alkali, Mn-Na Methane + acetaldehyde
IV. Mo-based catalysts
Mo hydrocarbons
Alkali-Mo sulphide C,-C; linear, primary alcohols
Alkali Re-W-Mo C,-C, alcohols

Various researchers have reported variations in CO hydrogenation activities of supported
cobalt catalysts with changes in pretreatment, metal concentration and promoters. Dent
and Lin [70] have found the most active catalysts to be Co-Cr,O3-kieselguhr and Co-
ZrO;-kieselguhr. Co-MnO-alumina-K;O has been found to be more selective for light
alkenes synthesis. The Gulf patents [71-74] reflect a high level of fundamental

understanding of catalyst designs. Iglesia et al. [75-78] have reported most important
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advances from fundamental studies which lead to a better understanding of relationships
between activity and cobalt metal dispersion for supported cobalt catalysts, and effect of
precious metal promoters in enhancing reduction of cobalt at lower temperatures along
with effect of reaction and readsorption on product selectivity. Goodwin et al. [79-85]

have reported a relationship of catalysts activity with Zr, La, and Ru promoters.

Cobalt-based FTS catalysts are claimed to have the advantage of a higher conversion rate,
high selectivity to paraffins and longer life with considerably clean synthesis gas which
leads to higher production rate [86-88]. Supported cobalt metal particles are known to be
very active FT synthesis catalysts, because of their high productivity for long chain
paraffins. Co-based FT catalysts are prepared usually by impregnation of a porous
support such as alumina, silica, titania, or more recently carbon with a solution of a cobalt
precursor salt [89-93]. The catalytic performance is known to be a function of both the
metal dispersion and the extent of reduction of the oxidic precursor species [94]. The
effect of ceria addition on the performance of 10wt. % Co catalysts supported on SiO,
and Al,Os for Fischer Tropsch synthesis has been investigated by Gheitanchi et al. [95].
With the addition of ceria, significant changes in CO conversion and hydrocarbon
selectivity are observed. Ceria addition with different loadings to cobalt catalysts
enhanced Cs-Cyo fraction and decreased methane selectivity. Liang et al. [96] have
reported high yields of light olefins using Co/Mn complex oxides prepared by sol-gel
method. Investigations of CO hydrogenation behaviour of iron and cobalt manganese of
catalysts indicate that the latter ones exhibit higher activities at lower temperatures with
lower methane and higher alkene yields. It has been shown by Emnst et al. [97] that the

addition of various amounts of cerium oxide modifies significantly the properties of
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Co/SiO; catalysts in Fischer Tropsch synthesis under pressure, it results in increase in
methanation and an orientation of the selectivity towards the Cs-C;3 fraction at the
expense of Cyz+ hydrocarbons while the activity remains almost the same. Addition of
Mn to Co catalysts facilitates the reduction of Co3O4 and also reduces its particle size
[98]. Martinez et al. [99] have suggested that a maximum CO conversion is found for the
sample with 30 wt. % Co loading supported on SBA-15, the addition of 1 wt. % Re
enhances the reducibility of cobalt oxides and increased the catalytic activity. Re also
favoured the formation of long chain n-parrafines (Cjo+) and decreased methane
selectivity. Effect of Co catalysts promoted by lanthanum/Al,O; is studied by Ladford et
al. [100] and this is concluded that, low La contents (up to La/Al = 0.013) promotion on
cobalt/alumina has little influence on activity and selectivity of the reduced catalyst in
CO hydrogenation. And catalysts with higher loadings of La show a decrease in TOF for
CO hydrogenation. And those catalysts prepared by reverse impregnation show a little
effect of La on the TOF for CO hydrogenation or selectivity to higher hydrocarbons and
olefins. Emst et al. [101] have reported the effect of addition of cerium and lanthanum
metals on Co/SiO, catalysts. They have adopted sol-gel preparation technique. Addition
of cerium and lanthanum enhances methane selectivity along with increase in Cs:
selectivity and decrease in chain growth probability a. Singleton et al. [102] have
patented a highly stable cobalt/alumina catalyst doped with lanthanum oxide and barium
oxide (in the range of 1% and 5%) that has shown an improvement in thermal stability of
the catalyst and enhances the activity. Wanchun et al. [103] have patented a catalyst
comprising of cobalt, rhenium supported on titania along with boron and phosphorus for

the production of C;,+ hydrocarbons. This has been observed that addition of a very small
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amount of phosphorus into cobalt supported catalysts increases CO conversion and C, -
C4 selectivity and decreases the Cs. oil selectivity [104]. The effect of zirconia addition
has been studied by Moradi et al. [105]. They have reported an increase in selectivity of

higher hydrocarbons by loading zirconium on Co/SiO; catalyst.

Mazzone and Fernandes [106] have concluded after a detailed investigation of reaction
conditions that conversion of syngas increases with increase in H,: CO ratio. As the H;:
CO ratio approaches 2 the amount of syngas converted to hydrocarbons (FTS) and water
increases. As conversion increases, the water gas shift (WGS) reaction increases its rate
due to the production of more water by the FTS reaction. They have also reported that
hydrogen is responsible for the termination of hydrocarbon chains into paraffins.As such
an increase in the H,:CO feed ratio will increase the partial pressure of H, in the reaction
media and thus increases the termination rate into paraffins, reducing the amount of
olefins produced by the reaction. At low H;: CO ratios, the fraction of olefins production
is at its maximum since the amount of hydrogen is small enough not to produce great
quantities of paraffins. As the H,:CO ratio increases the termination into paraffin
increases and the ratio of olefin to paraffins tends to zero. An increase in the total
pressure reduces CO conversion and increases the hydrocarbon yield (about 2 to 25% for
each 10 atm increase). This happens because the rate of the FT reaction is directly
proportional to the total pressure; the rate of the WGS is not directly affected by the total

pressure, but coupled to the H,O partial pressure, which depends on the conversion level.

Wang et al. [107] have studied the influence of La loading on Zr-Co/activated carbon

catalysts for FTS. They have observed an increase in CO conversion from 86.4% to

23



Chapter 1

92.3% when low La loading (La=0.2 wt. %) was added into the Zr-Co/activated carbon

catalyst.

1.10 Catalyst Promoters

Catalyst promoters play an important role in obtaining a high selectivity to a single
product. Promoters are doping agents added to catalyst materials in small amounts in
order to improve their activity and selectivity [108]. Promoter elements can be divided
into two types on the bases of their action. Structural Promoters affect the formation and
stability of the active phase of a catalyst material. Metal oxides which are difficult to
reduce belong to this category. e.g., AlLO3;, ThO; and MgO [67, 109]. Second type is
Electronic promoters which directly affect the elementary steps involved in each turnover
on the catalyst. Electronic promoters affect the local electronic structure of an active
metal mostly by adding or withdrawing electron density near the Fermi level in the
valence bond of the metal. This results in a modification of the chemisorption properties

of active metal.

The main function of structural promoters is to affect the dispersion of cobalt on support
[108]. A high Co dispersion results in a high active Co metal surface and an improved
catalytic activity. Structural promotion does not influence the product selectivity but it
may increase catalyst activity and stability. Promoter elements can be added to the
support oxide resulting in a decreased Co compound formation with the support oxide.
More specifically, the formation of cobalt nitrate, cobalt silicate or cobalt aluminate
should be avoided under reduction conditions. A related problem is the reduction in the
support surface area, specially a problem in the case of titania, where the anatase phase is

only stable under oxidative regeneration conditions from 400 to 750°C. The addition of Si,
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Zr and Ta as promoter elements may avoid surface collapse of the support. The catalytic
performance is known to be a function of both the metal dispersion and the extent of

reduction of the oxidic precursor species [110].

Some promoter elements can act as an oxidic interface between the supported Co particle
and the support oxide leading to an increased stability of cobalt particles against sintering
during reduction or oxidative regeneration. The addition of promoter elements may also
lead to increase in cobalt dispersion after preparation. In the absence of promoters,
relatively large cobalt crystals are formed, whereas, by addition of these additives,
smaller supported cobalt particles are made. Panpranot et al. [111] have mentioned that
small metal particles composed of a promoter element can dissociate hydrogen in the
neighborhood of a supported cobalt particle that leads to the formation of atomic
hydrogen which may spill over by diffusion to cobalt. This results in an increase in the
number of active sites and therefore a higher catalyst activity. Noble metals such as Re,
Pt and Ru are known to act in this manner. In contrast to structural promoters electronic
effects are less obvious to be detected. Electronic promotion can only occur when there is
a direct interacﬁon between the promoter element and cobalt active surface. A beneficial
catalytic cffect can be obtained if the deposited metal oxides are not blocking all the
active cobalt sites, which would lead to decrease in hydrogen or CO chemisorption. A
similar effect occurs with the support oxides which is generally known as the ‘strong
metal-support interaction’ or SMSI effect [108, 112, 113]. SMSI effect is observed in
metal supported catalysts. Due to the small particle size of catalytic components, their
interaction with the oxide support develops during all stages of catalyst preparation,

especially during thermal treatments (calcination, reduction). In most cases the adhesion
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forces between reduced metal particles and an oxide support are weak, implying surface
bonding through van der Walls forces only. It is expected, therefore that the support
exerts little influence on the catalytic and the adsorptive properties of small metal
particles. The net result of the SMSI is a decrease in hydrogen chemisorption which
results in a decreased hydrogenation activity of the catalyst. This results in lower methane
and higher olefin yields in the F-T reaction, when compared to non-SMSI catalysts. This
effect has been reported by Hutchings et al. [114] and Kugler ef al. [115] as well. Sizes of
metal particles on the catalyst support vary from cluster to a few atoms. Particle size has
a strong effect on the catalytic properties of metals. Small particles may have properties
which deviate from bulk metal surfaces [116, 117]. Bimetallic alloy formation may also
influence the activity and selectivity of Co FT catalysts. Depending on the promoter
element added to the cobalt cluster alloying might lead to an increased catalyst activity,
selectivity and stability. Table 1.4 shows most commonly investigated promoter metal

elements in literature [118].

Table 1.4. Overview of the promotion effects displayed by the different elements reported in the
literature for the Co Fischer-Tropsch catalytic performances

Promotion Promotion mode Influence on catalyst Elements which play a role in
type activity | selectivity | stability this promotion effect
Structural Support stabilization + + Mg,Si,Zr,Nb,Rh,La Ta,Re,Pt
Cobalt glueing + + B,Mg,Zr
Cobalt dispersion + + Ti,Cr,Mn,Zr,Mo,Ru,Rh,Pd,Ce,
increase Re,Ir,Pt,Th
Electronic Decorating cobalt + + + B,Mg K,Ti,V,Cr,Mn,Zr,Mo,La,
surface Ce,Gd,Th
Cobalt alloying + + + Ni,Cu,Ru,Pd,Ir,Pt Re
Water gas shift + + B,Mn,Cu,Ce
Synergistic | Hydrogenation/dehyd + CrO, and Pt
rogenation
Coke burning _ + Ni,Zr,Gd
H,S adsorption + B,Mn,Zn,Zr,Mo
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1.11 Synthesis of alcohols from syngas

There is an increase in interest for alcohol synthesis since last two decades. Alcohols
when used as fuel additives, combust more completely than the traditional fuels and do
not have the negative impact on the environment as happened to tetra-ethyl lead and
methyl tert-butyl ether (MTBE). With the increasingly tighten environmental law, the
use of alcohol in fuel industry is receiving more attention.

Methanol

Methanol is one of the most important chemicals ever developed so far. The majority of
methanol is produced via the syngas route. The process is a very well developed
commercial process with high activity and selectivity. Methano! is widely used as
primary raw material and solvent in laboratory as well as in pharmaceutical industry.
When used in fuel industry to blend with gasoline, methanol causes problems due to its
high blending vapor pressure, low water tolerance and low hydrocarbon solubility.
Ethanol

Ethanol is another important chemical. It has a long history of being used in food industry
and medical sector. It has also been used in the chemical industry as solvent or reagent as
starting material to manufacture detergents, paint and cosmetic products.

The extensive application of ethanol as automotive fuel in fuel industry started in the
1970’s and now is the fastest growing sector among all the applications. Currently there
is around 30 million cubic meters per year used in the fuel industry, which accounts for
70% of the world ethanol production.

There are various methods that can be used to produce ethanol. The most widely

employed two methods are fermentation and catalytic synthesis. Fermentation is using
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food e.g. sugar cane, corn as feedstock to produce ethanol, which has been commercially
operated in Brazil (sugar cane) and the USA (com). Currently 95% of fuel ethanol is
obtained from fermentation process. The fermentation method is however time
consuming and labor intensive.

Another approach to produce ethanol is catalytic synthesis which could be further
classified as ethylene hydration (in which ethylene gas reacted with extremely pure water
over the surface of a catalyst support impregnated with phosphoric acid) and syngas route.
Syngas routes to produce ethanol are similar to the mixed alcohol synthesis; hence it is
discussed in the following section.

Higher alcohols

Apart from the interest in ethanol synthesis, higher alcohol synthesis (also called HAS)
has been receiving growing attentions. The HAS normally refers to the synthesis of
mixture of C;-Cs alcohols with the purpose of obtaining high C,. alcohol selectivity. The
percentage of higher alcohols for blending to gasoline is estimated to be circa 30 — 45 wt
% [119].

Several processes have been developed to synthesize mixed alcohols: the FT synthesis,
isosynthesis, oxosynthesis which includes hydroformylation of olefins, homologation of
methanol and lower molecular weight alcohols. The FT synthesis via the syngas route is
widely recognized technique for this purpose. Since 1980’s, there had been several
technology developers worked on the HAS. Dow is the first company that developed the
HAS technology using molybdenum sulfide based materials. Snamprogetti and Haldor
Topsoe developed a HAS process with modified methanol catalyst and started a 12,000

ton/y pilot plant in 1982 [120]. Lurgi built 2 tones per day (TPD) demonstration plants in
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1990 based on its HAS process with low pressure methanol synthesis [121]. IFP built its
20 (BPD) pilot plant in Japan [122].

Several companies have shown interests in developing HAS technology. Power Energy
Fuels Inc. (PEFI) developed the Ecalene™ mixed alcohol process [123] which is using
modified MoS; catalyst based on Dow’s process. Pearson Technologies has built a 30
ton/day biomass gasification and alcohol production plant in Mississippi emphasizing in
producing ethanol product [124].

The final commercialization of HAS technology depends very much on the development
and performance of its catalyst. Together with the development in syngas generation
technology, mixed alcohol synthesis could play an important role in the next generation

of fuel industry.

1.11.1 Catalysts for alcohols synthesis

According to the active metal involved, catalysts used for HAS can be roughly classified
into 4 categories: modified methanol synthesis catalyst, the IFP (Institut Frangais du
Pétrole) mixed oxides catalyst, alkali modified cobalt molybdenum catalyst and rhodium
based catalyst.

It is commonly accepted that higher alcohol can be synthesized by appropriate
modification of methanol synthesis catalysts and catalytic reaction conditions [124, 125].
With the addition of alkali and alkaline-earth, methanol synthesis catalysts favor the
formation of higher alcohols and other oxygenates. This type of catalyst mainly includes
alkali-doped ZnO/Cr,0; catalyst, alkali-doped Cu/ZnO/Cr,0; catalyst and Co, Fe, or Ni

modified CwZnO/Cr,O;3 catalyst. Alkali-doped ZnO/Cr,O; catalyst is also called
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modified high pressure methanol synthesis catalyst. The other two types of catalysts,
alkali-doped Cu/ZnO/Cr,0; and Co, Fe, or Ni modified Cu/ZnO/Cr,0; catalyst are called
modified low pressure methanol synthesis catalyst.

The IFP mixed oxide catalyst is also called modified FT catalyst which mainly consists of
mainly oxides of copper and cobalt and a series of elements such as aluminum, chromium,
zinc and noble metals [126, 127]. The function of cobalt in the IFP catalyst is different
from that in the modified methanol catalyst because small amount of addition
significantly affect the catalytic activity.

Molybdenum sulfide based catalysts for alcohol synthesis were first independently
discovered by research groups at Dow Chemicals [128-130] and Union Carbide [131].
They reported that molybdenum sulfide catalysts promoted by cobalt and alkali
compounds are active for the higher alcohol synthesis.

Molybdenum carbide catalysts were also reported for the formation of alcohols by
Leclercq et al. [132] and Woo et al. [133]. They reported that the formation of alcohols is
linked with the surface stoichiometry and to the extent of carburization. Potassium
promotion could enhance the selectivity towards C;-C; alcohols [133]. Xiang ef al. [134]
and Ayela et al. 135] investigated the addition of cobalt and potassium to the
molybdenum carbides system respectively and reported that addition of both leads to high
activity and selectivity towards C,. alcohols.

Rhodium based catalyst is another category for higher alcohol synthesis [136]. Rhodium
containing catalyst shows good selectivity toward the synthesis of ethanol and other C;

oxygenates [137]. However, its high price due to limited natural resource makes

30



Chapter 1

commercially application difficult. Hence, study in the rhodium containing catalyst
currently is for academic purpose.

In the present study some investigation has been done on synthesis of higher alcohols as
well.CoMoS, has been reproduced under modified and well controlled preparation
conditions and is further studied by addition of several metals (e.g. Zr, Ti and Ni) as

promoter.

Following this introduction, chapter 2 is experimental which is mainly focused on the
catalyst preparation, catalyst characterization, catalytic reaction procedure and data
analysis. Effect of various preparation and reaction variables on CoMnO, has been
discussed in chapter 3. An influence of metal promotes (K and Ru) on CoMnOy catalyst
is detailed in chapter 4. Chapter $ is related to addition of two different types of activated
carbon (Wood and peat derived) in cobalt manganese in comparison with an iron
manganese catalyst. Chapter 6 is about syngas conversion to alcohols using CoMoS;
catalyst modified with various metal promoters like Ni, Ti and Zr. Chapter 7 concludes
all the investigated catalyst systems in present study followed by appendix 1-6 with a

detailed description of reactor systems, GC configurations and data evaluation methods.
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Chapter 2

Experimental

2.1 Catalyst Preparation

There are several methods for the preparation of catalysts and each catalyst can be
prepared through different routes. Impregnation, coprecipitation and deposition
precipitation are three important methods for catalyst preparation which are widely used
in industry. There are various preparation variables involved in these methods which
affect the morphology and activity of catalysts. e.g. heat treatment is important in
impregnation; pH, temperature and ageing time affect the nature of catalyst in

precipitation and deposition precipitation methods.
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Most of the catalysts going to be discussed in this thesis have been prepared by these
three methods. In the preparation of few catalysts the impregnation method has been used
in combination with coprecipitation for the deposition of promoters with catalyst
precursor prepared by coprecipitation to give the required level of doping. Table 2.1 lists

details of the starting reagents which have been used mainly in this study.

Table2.1 Reagents used in catalyst preparation

Co(NO,);.6H,0 98% Aldrich
Mn(NO»),.4H,0 97% Fluka
Ammonia 35% Fisher
Activated carbon - Norit
Potassium acetate 99% Aldrich
Titanium (IV) oxide acetyl acetone 99% Aldrich
Zirconyl nitrate 99% Aldrich
Nickel nitrate 99% Aldrich
(NH)¢M0,0,44H,0 - Sigma Aldrich
20% wt (NH,),S in H,0O - Aldrich
Co(CH,CQy), -4H,0 98+% Sigma Aldrich
CH;COOH >99% Fischer
bentonite clay - Aldrich
sterotex® lubricant - Abitec
ruthenium (III) nitrosyl nitrate - Aldrich
solution in dilute nitric acid - Aldrich

2.1.1 Co-precipitation

The co-precipitation is a commonly used technique for the preparation of catalysts. In this
method two or more metal compounds are precipitated simultaneously giving a
homogeneous mixture. This method has been approved as an extremely reproducible
method of preparation if the experiment is performed under carefully controlled
conditions (e.g. temperature, pH and flow rate of precipitating agents and metal

solutions). The obtained precipitates follow different steps (ageing, washing, drying,
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calcination and reduction) to give a final catalyst with homogeneous distribution of active
metal components. This method can successfully be used for the large scale production of

catalysts [1].

There is a main disadvantage associated with this method of preparation which is very
high chemical cost because of the large mass loss that occurs during the derivation of
final product from the reagents. Co-precipitation method has been observed as the best
technique for catalyst preparation in this research and it facilitated a homogeneous

preparation of reproducible catalysts on laboratory scale.

It has been observed during this research that co-precipitation requires proper control of
all preparation variables and steps. Most important variables to be controlled are rate of
addition of different solutions, rate of stirring, pH, temperature of precipitation and
ageing time. These factors affect the reproducibility of catalyst affecting the final
structure and activity of catalyst. In this study only nitrates of cobalt and manganese were
used and the precipitating agent was always ammonia (various other precipitating agents
were tried but ammonia has been found as the best precipitating agent). During heat
treatment -NO; and NH;3 decompose to high area oxides avoiding poisoning effects [2].
Warm distilled water was used for all dilutions or washings to minimise impurities.
Filtration was done in a preheated funnel in order to avoid a change in the metal ratio

induced by the cooling of precipitation mixture during filtration process.

In this study two different methods have been employed for co-precipitation of CoMnOx

catalyst.
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1. simultaneous mixing of two metals salts solutions with precipitating agent in which
flow rates of both(nitrate solutions and precipitating agent) were kept constant for

precipitation at a single constant pH and

2. Introduction of precipitating agent in the mixed metals salts solution in which flow rate

of precipitating agent was kept constant and pH of precipitation mixture was varied

Method 2 was found better for this particular catalyst in which pH of the precipitation

mixture was varied. Both methods have been detailed in the following paragraphs.

i) Preparation of cobalt manganese oxide catalysts by coprecipitation at constant pH

100 ml each of Co and Mn 1M solutions (prepared from the nitrate salts) were premixed
and heated to 70°C. The NHj; precipitating solution (200ml of 5.6M NHj solution) was
also preheated to 70°C. Both reagents (mixed metal salts solutions and NH; solution)
were combined together in the reaction vessel at 70°C at a combined pumping rate of
6.7ml/min (3.3 ml/min NH; solution, 3.3 ml/min metals solution). The reagents were
combined a reaction vessel (70°C) containing 100 ml of water (necessary for submerging
the pH probe) and reacted at constant pH of 8.30 +/- 0.01. The duration of reaction was
ca.lh and it yielded 500 ml of solution containing the co-precipitated catalyst. This
solution was filtered through a preheated funnel (using wide mesh filter paper to enable a

rapid filtration) and washed (using 500ml of warm distilled water).

After washing the catalyst was dried (110°C) over night (16h) giving a material denoted

as catalyst precursor which was calcined at 500°C for 24h to get a final catalyst.
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ii) Preparation of cobalt manganese oxide catalysts by coprecipitation at variable

pH

100 ml each of Co and Mn 1M solutions (prepared from the nitrate salts) were premixed
and heated to 80°C in a round bottom flask. Ammonium hydroxide solution (5.6M/1)
preheated at 80°C was added to the nitrate solution, which was continuously stirred whilst
the temperature was maintained at 80°C. pH was varied from 2.80 to 8.0. The precipitates
were first filtered and then washed several times with warm distilled water. The
precipitates were then dried at 110°C for 16h to give a material denoted as the catalyst
precursor which was subsequently calcined in static air in the furnace (500°C, 24h) to

give the final catalyst.

2.1.2 Impregnation

Impregnation is very well known and simple process for catalyst preparation on industrial
scale. In this method solutions of metals salts precursors are added to the pores of support
followed by subsequent drying for the removal of solvent. Drying has to be carried out in
a way so that the impregnated component remains within the pore system and does not
migrate to the exterior surface. If this stage is done correctly, the support has crystallites

of the impregnated component in the interstices of pores [2].

There are two types of impregnation divided on the bases of the amount of added volume
of the solutions, wet impregnation and incipient wetness impregnation. In wet
impregnation the volume of metals salt solution is larger than pore volume of support.
However, in incipient wetness impregnation method the amount of added solutions is

equal to or less than the pore volume of support.
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All the doped catalysts were prepared by impregnation method. The main advantages of
this technique are that the metal is deposited directly on the exposed surface of catalyst
due to which most of the active metal is exposed directly to the reagent gases. This is
opposite to the catalysts prepared by coprecipitation or deposition precipitation methods
where the active metal gets distributed uniformly through whole surface of the catalyst.
Catalyst preparation by this method is very rapid and reproducible and there is less waste
of expensive metal components. The disadvantage of this method is the limited amount of

material which can be incorporated in a support.

In this study incipient wetness impregnation has been adopted for deposition of metals

dopants on the surface of cobalt manganese oxide catalysts.

The detailed procedure for deposition of metal dopants on surface of catalysts by

incipient wetness impregnation method is detailed as under:

2.1.2.1 Deposition of metal promoters on the surface of cobalt manganese oxide

catalysts

Pore volume of catalyst precursor (uncalcined material) of cobalt manganese oxide was
measured by slowly adding distilled water in a weighed quantity of catalyst precursor,
until it was in a mouldable form between paste and solution state. It was observed that

1.6g of precursor needs 1.10ml of distilled water.

Catalyst precursor was impregnated with calculated amounts of metal promoters reagents

dissolved in measured volume of distilled water. The resulting slurry was dried at 110°C
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for 16h followed by calcination at 500°C for 24h. All the doped catalysts detailed in

chapter 4 have been prepared by this method.
2.1.3 Deposition Precipitation

Deposition-precipitation is a technique for catalyst preparation in which metal particles
are deposited on the surface of a support by precipitation in such a way that nucleation is
prevented in the bulk of solution. This procedure enables deposition of finely divided
active metal components on the surface of a support. In this method higher loadings of
active metal precursors are achieved on the surface of support compared with

impregnation.

In this study deposition precipitation method has been adopted for the deposition of

cobalt and manganese on activated carbon. The detailed procedure is given as under:

2.1.3.1 Preparation of cobalt/iron and manganese supported/combined catalysts

with activated carbon by deposition precipitation method

Aqueous solutions of Cobalt nitrate hexahydrate/iron nitrate nonahydrate and Manganese
nitrate tetrahydrate were mixed and preheated in a round bottom flask at 80°C. Weighed
quantity of activated carbon was added in this mixture of solutions. Ammonium
hydroxide solution (5.6M) preheated at 80°C was added to the nitrate solution, which was
continuously stirred whilst the temperature was maintained at 80°C. pH was varied from
4.80 to 8.0. The precipitates were first filtered and then washed several times with warm

distilled water. The precipitates were then dried at 110°C for 16h to give a material
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denoted as the catalyst precursor which was subsequently calcined in tube furnace

(500°C,24h) under continuous flow of helium to give the final catalyst.

This procedure was adopted for preparation of all Co/Fe and Mn catalysts combined with

activated carbon which are discussed in chapter 5.

2.1.4 Catalysts preparation for alcohols

2.1.4.1 Preparation of alkali-promoted cobalt molybdenum sulfide catalysts for
syngas conversion to alcohols

Alkali-promoted cobalt molybdenum sulfide catalysts (Co-MoS,/K,COs) were prepared
as follows. A solution of (NH4),MoS, was prepared by dissolving (NH4)¢M070,44H,0
(15g) into (NH4),S/H,0 (106 ml, 20%) with stirring (340-343K, 1h). A solution of the
cobalt compound was prepared by dissolving Co (CH3CO3), (10.5g) in distilled water
(200 ml). The two solutions were then added simultaneously drop-wise into a well-stirred
solution of aqueous acetic acid solution (30%) at 328K. The solution was vigorously
stired (1h, 328 K) and the resultant black solution was filtered and dried at room
temperature in a fume cupboard overnight. The dried sample was heated under nitrogen
(1h, 773 K ramping rate 25K/min), giving a grey-black product. This product was then
ground and mixed with K;COj, bentonite clay and sterotex® lubricant in a weight ratio
of 66/10/20/4 (10% K>CO3) unless otherwise indicated.

This method was adopted for preparation of CoMoS; catalysts which are discussed in

chapter 6.
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2.2 Analysis of products

The residual gaseous product was analyzed by on-line gas chromatography (FID and
TCD), and liquids were analyzed by off-line gas chromatography. The detailed
description of gas chromatography used in this study is discussed in appendix 3 (for

syngas to alcohols) and appendix 6 (for syngas to alkenes).

2.2.1 Gas Chromatography

Chromatography is the collective term for a family of techniques capable to produce data
for the composition of chemical mixtures. Gas Chromatography is one of the most
extensively used techniques amongst the analytical methods. This technique specifically
involves a sample being vaporized and injected into the head of the chromatographic
column. The sample is transported through the column by the flow of inert, gaseous
mobile phase. The column itself contains a stationary phase which is adsorbed onto the

surface of an inert solid.

2.2.1.1 Instrumental components

Gas chromatograph (GC) mainly consists of following components:

i. Carrier gas

ii. Sample injector port

iii. Columns

iv. Detectors

v. Data acquisition system
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Fig.2.1 Diagram of a gas chromatograph system
(1) Carrier gas

The carrier gas flows through column in order to promote the elution of components from
the mixture of chemicals. The carrier gas must be inert. Commonly used include helium,
argon and carbon dioxide. The choice of carrier gas is often dependent on the type of
detector which is being used. The carrier gas system also contains a molecular sieve to

remove water and other impurities.
(i) Sample Injection port

Injection port is the point where sample is introduced in the GC. High temperature of the
injector port vaporizes the mixture (if not in gas phase) and the gas components are swept

into the column by mobile phase.
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(iii) Columns

There are two types of columns, packed and capillary. Packed columns contain a finely
divided, inert, solid support material coated with a stationary phase. Capillary column
consists of an open tube made of fused silica with an outer coating of plastic an inner
coating of stationary-phase material. The packed columns are the most popular column

systems in use. The columns used in this study are detailed in appendix 6.

(iv) Detectors

There are many detectors which can be used in gas chromatography. Different detectors

will give different types of selectivity.

a. Thermal conductivity detector (TCD)

TCD is a chemical specific detector. This detector senses changes in the thermal
conductivity of the column effluent and compares it to a reference flow of carrier
gas.TCD consists of an electrically heated filament in a temperature-controlled cell.
Under normal conditions there is a stable heat flow from the filament to the detector body.
When an analyte elutes and the thermal conductivity of the column effluent is reduced,
the filament gets heated up and changes resistance. This change in resistance is often
sensed by a Wheatstone bridge circuit which produces a measurable voltage change. The
column effluent flows over one of the resisters while the reference flow is over a second
resistor in the four-resister circuit. The TCD detects all molecules, not just hydrocarbons,

so it is commonly used for fixed gas analysis (O, N2, CO, CO,, H;S, NO, NO,).
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b. Flame Ionization Detector (FID)

FID is one of the many methods to analyze materials coming off of the GC column. A
stainless steel jet is constructed in FID. The carrier gas from column flows through the jet
mixes with hydrogen and bums at the tip of FID. There is metal collector electrode
located at the side of flame. Hydrocarbons ionized in the flame are attracted to this
electrode and the resulting electron current is amplified by an electrometer amplifier.

FID is sensitive to almost all hydrocarbons.

(v) Data Acquisition

Computer based systems are extensive tools for the analysis of data from data systems.
The raw data can be plotted to form the chromatograms in variable scales of retention and

the response axis.

2.3 Catalytic testing

CO hydrogenation for syngas to alkenes was carried out using six fixed-bed laboratory
reactors, which enabled testing of catalysts under identical experimental conditions. The
detailed description of these reactors is given in appendix 4. A single bed reactor was

used for evaluation of few catalysts which is detailed in appendix 1.

CO hydrogenation for syngas to alcohols was carried out in high pressure alcohols

reactor which has been detailed in appendix 2.
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2.4 Calculations

Gas chromatographic data was corrected for the derivation of final data using method of

calculations detailed in appendix S.
2.5 Surface and Bulk Characterization
2.5.1 BET Surface Area Measurements

Surface area is an important characteristic capable of affecting the quality and utility of
materials. For this reason it is important to determine and control this factor accurately.
The most common and widely used technique for the estimation of surface area is BET
(Brunauer, Emmett and Teller) method. BET equation is based on the extension of the
Langmuir model for monolayer molecular adsorption. There is an assumption that
adsorption of first layer takes place in an array of surface sites with same energy.
Molecules in the first layer act as sites for multilayer adsorption which approaches
infinite thickness as p— po.

p_1  C-l,p @.1)
Vipb—-p) V,C V,C p,

BET equation

Where

Where p and py are the equilibrium and saturation pressure respectively, V is the volume
of gas adsorbed at pressure p, Vp, is the volume of gas required to form a monolayer and

C is a constant related heat of adsorption.
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Based on experimental results, equation (2.1) can be plotted as — P versusZ . The

V(ip, — P) Py

slope and intercept of the BET plot are equal to V_C and V]C respectively. With the

m

monolayer volume V,, known, the surface area can be obtained by:

14
A=—2—N,o 2.2
S 22414 1 (2.2)

Where N, is the Avogadro number and o is the area of one nitrogen molecule (generally
accepted as 0.162 nm?).

Measurement of the BET surface area was achieved by N, physi-sorption at the
temperature of liquid nitrogen. Before each measurement, the sample was degassed for 1
h at 393K under N, flowing. Measurement was done using Micromeritics ASAP2000
(Gemini). Sample tube (with sample) was first evacuated and the void volume of the
apparatus measured using helium. Afterwards the sample tube was immersed into liquid
nitrogen, followed by adding nitrogen to start adsorption. Data of pressure drop versus
volume of nitrogen adsorbed were then recorded, which could be used to calculate the

surface area according to the method described above.
2.5.2 X-ray Diffraction

X-ray Diffraction (XRD) is a versatile, non-destructive technique that reveals detailed

information about the chemical composition and crystallographic structure of materials.

Diffraction occurs when electromagnetic radiation impinges on a material with a

comparable length scale to the wavelength of radiation. The distances of crystal lattices
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are between 0.15-0.4 nm that is within the electromagnetic spectrum of X-ray, which

allows diffraction to occur.

Fig. 2.2 X-Ray beams on a crystal

Figure 2.2 shows a simple illustration of X-ray diffraction. Two X-ray beams with
wavelength A are reflected from two adjacent crystal lattices. The resulting diffraction
follows a mathematical correlation called Bragg’s law:

nA

= 2.3
2sin@ 2:3)

Where d is the interplanar spacing, 0 is the diffraction angle, n is an integer and A is the
wavelength of the radiation. The equation can be applied to both single crystal and
crystalline powders due to the random orientation of the crystallites.

XRD is one of the widely used analytical techniques. It offers information on the
dimensions and content of the elementary cell, crystallite size and quantities of the phases
present. In the powder XRD, a sample contains a large number of randomly oriented
crystalline particles, of which those orientated at the Bragg angle 6 produce a diffracted
beam of angle 26.

The powder XRD method was used in this study to characterize catalysts. An Enraf

Nonius PSD120 diffractometer with a monochromatic CuKa source operated at 40 keV
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and 30 mA was used to obtain intensity and 20 values. Phase identification was

performed by matching experimental patterns to the JCPDS data base.

2.5.3 Temperature Programmed Reduction (TPR)

Temperature programmed reduction (TPR) is the most commonly used analytical
technique used to get information on the reduction behavior of metal oxide catalysts. The
direct information obtained includes the number of defined peaks in the TPR profile and
the corresponding temperature at which these peaks occur. Various properties such as the
ease with which species can be reduced, the state of metallic compounds, interactions of
metal-metal and metal-support can be obtained from TPR. These characteristics can then

be used for the optimization of catalyst pretreatment.

In TPR, a reducible catalyst or catalyst precursor is exposed to a flow of a reducing gas
mixture (typically nitrogen or argon containing few volume percent of hydrogen), while
the temperature is increased linearly. The rate of reduction is continuously followed by
measuring the composition of the reducing gas mixture at the outlet of the reactor. The
experiment permits the determination of the total amount of hydrogen consumed, from
which the degree of reduction and thus the average oxidation state of the solid material

after reduction process can also be determined [3].

A TPDRO 1100 series (Thermo Electron Corporation) was used to perform the TPR
measurements. Typical measurement was performed by sandwiching a sample (0.03 g)
with quartz wool in a quartz reactor tube. The sample was out-gassed by heating at 393K

for 60 minutes in a stream of Ar (15 cm’/min). After cooling down to ambient
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temperature, Ar was switched to a gas mixture made of 10% Hy/Ar. A cold trap
containing a mixture of liquid nitrogen and iso-propanol was used to trap water that was
produced from the reduction of the metal oxide. The gas mixture (20 cm®/min) flowed
through the reactor, followed by an increase of temperature at SK/min from ambient to
1273K and then retumed to ambient. The consumption of hydrogen during the reaction

was recorded by a TCD detector, giving intensity as function of temperature.
2.5.4 X-ray Photoelectron Spectroscopy (XPS)

XPS, is one of the most frequently used techniques in catalysis, as it provides information
on the elemental composition, the oxidation state of elements and, dispersion of one

phase over another.

XPS is based on the photoelectric effect, whereby an atom absorbs a photon of energy, hv,
after which a core or valence electron with binding energy E, is ejected with kinetic

energy.
Ek= hv - Eb—(p (24)
Where:

Ey = the kinetic energy of the photoelectron h is the plank’s constant, v is the frequency
of the existing radiation,Ey is the binding energy of the photoelectron with respect to the

Fermi level of the sample and ¢ is the work function of the spectrometer.

In XPS, the intensity of photoelectrons is measured as a function of their kinetic energy.
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XPS can be used to analyze the composition of samples because a set of binding energies
is characteristic for an element. Binding energies are not only element-specific but also
contain chemical information, because the energy levels of core electrons depend slightly

on the chemical state of the atom.

An XPS spectrometer contains an X-ray source — usually Mg Ka (1253.6 e¢V) or Al Ka
(1486.3 eV) and an analyzer which is mostly hemispherical in design. In the entrance
tube, the electrons are retarded or accelerated to a value called the ‘pass energy’ at which
they travel through the hemisphere filter. Behind the energy filter is the actual detector,
which consists of an electron multiplier which amplifies the incoming photoelectrons to
measurable current. The resolution of XPS is determined by the line width of the X-ray
source, the broadening due to the analyzer and the natural line width of the level. These

three factors are related as follows:
(AE)’ = (AEx)’ + (AEw)’ + (AEna)’ (2.5)
where:

AE is the width of a photoemission peak at half-maximum, AEx is the line width of the
X-ray source, AE,, is the broadening due to the analyzer and AE,, is the natural line

width.

The instrument used was Kratos Axis Ultra-DLD photoelectron spectrometer. Samples
were run using a monochromatic aluminium x-ray source (hv=1486.6ev). Kratos charge
neutralization system was used to minimize sample charging. All high resolution spectra

were run at pass energy of 40ev whilst survey spectra were run at energy of 160ev.
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2.5.5 Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) is a type of electron microscope that images
the sample surface by scanning it with a high-energy beam of electrons. The electrons
interact with the atoms that make up the sample producing signals that contain
information about the sample’s surface topography and composition. A beam of electrons
is produced at the top of the microscope by an electron gun. The electron beam follows a
vertical path through the microscope which is held within vacuum. The beam travels
through electromagnetic fields and lenses, which focus the beam down towards the
sample. The energy exchange between the electron beam and the sample results in the
emission of secondary electrons and electromagnetic radiation, which can be detected to
produce an image. The electrons are detected by scintillator-photomultiplier device and
the resulting signal is rendered into a 2-dimensional intensity distribution that can be
viewed and saved as an image. The brightness of the signal depends on the number of
secondary electrons reaching the detector. If the beam enters the sample perpendicular to
its surface the activated region is uniform about the axis of the beam and a certain
number of electrons ‘escape’ from within the sample. The escape distance of one side of
the beam decreases with an increase in angle of incidence resulting in the emission of

more secondary electrons.

The analysis was performed using a Zeiss Evo-40 series scanning electron microscope.

2.5.6 Energy Dispersive X-ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy is an analytical technique used for the elemental

analysis of a sample. An electron beam of 10-20 Kev energy strikes the surface of a
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conducting sample. The incident beam excites an electron in inner shell, prompting its
ejection resulting in the formation of an electron hole within the atom’s electronic
structure. An electron from an outer, high energy shell fills the hole and the excess

energy is released in the form of an x-ray.

The EDX detector measures the number of emitted x-rays versus their energy. The
energy of the x-ray is characteristic of the element from which x-ray was emitted. The
EDX detector converts the energy of each individual x-ray into a voltage signal of
proportional size. This is achieved through a three stage process. Firstly the x-ray is
converted into a charge by an ionization of atoms in the semiconductor crystals. Secondly
this charge is converted into the voltage signal by the field effect transmitter preamplifier.
Finally the voltage signal is input into the pulse processor for measurement. The output
from the preamplifier is a voltage ramp where each x-ray appears as a voltage step on the
ramp. In traditional EDX analysis in the SEM the spatial resolution is limited to around

one micron by the interaction volume of the beam within the sample.

The equipment used was a Zeiss Evo-40 series SEM in conjunction with INCAx-sight

EDX detector.
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Chapter 3

Effect of preparation conditions on the catalytic
performance of CoMnQO, catalysts for CO

hydrogenation

3.1 Introduction

As discussed in chapter 1, the development of a suitable catalyst for the synthesis of
selective products through Fischer Tropsch reaction is commercially attractive. There has
been renewed interest in recent years in selective production of petrochemical feedstocks
such as ethylene, propylene and butylenes (C,-C4 olefins) directly from synthesis gas [1-
8]. Whatever the operating conditions, the FT reaction always produces a wide range of

hydrocarbons and oxygenated products.
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Methane, an unwanted product, is always present and its selectivity can vary from as low
as about 1% up to 100%. At the other end of the product stream, the selectivity of longer
chain linear waxes can vary from zero to over 70%. The intermediate carbon number
products between the two extremes are only produced in limited amounts. Thus it seems
to be impossible to produce, on a carbon number basis, more than about 18% C,,about
16% Cs,about 42% gasoline/naphtha (Cs to 200°C BP) and about 20% diesel fuel (200 to

320°C) [9].

The range of carbon number products can be varied by altering the operating temperature,
the type of catalyst, the amount or type of promoter present, the feed gas composition, the
operating pressure or the type of reactor used. Whatever the process conditions, there is

always a clear interrelationship between all of the products formed.

An approach to improve the selectivity of the classical FT process for conversion of
syngas to hydrocarbons involves the use of a bifunctional catalyst system containing a
metal catalyst (FT catalyst) combined with a support. The FT reaction with cobalt-based
catalysts has been studied extensively [10-15] and it has been shown that cobalt-based
catalysts are superior to other metal catalysts typically iron-based catalysts. Co-Mn
catalysts favour olefins formation [16, 17] more than the other Co-based bimetallic
catalysts. The Co-Mn catalysts are mainly composed of metallic cobalt particles

dispersed on MnO [18].

There was growing interest in manganese oxide during the 1970s for the synthesis of
light alkenes [19- 21]. Many catalysts were patented during this time for the synthesis of

light alkenes from iron and manganese oxide catalysts that demonstrated high selectivity
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for C,-C,4 alkenes. This early work brought about the realization that manganese oxide
could be used for the promotion of light alkenes selectivity with iron catalysts and this
resulted in a diverse range of research established on the basis of this system. The
addition of manganese to Co catalysts has been proved to bring about a significant
increase in the formation of light alkenes and a decrease in methane selectivity [22-29].
Manganese as a promoter can improve the dispersion of the Co active component and
suppresses carbon chain growth as well as deep hydrogenation of primary FT products,

leading to high selectivity of lower alkenes.

Van der Riet [30] has reported the best results so far with CoMnOx catalysts for the direct
synthesis of light alkenes from syngas. He has observed C; hydrocarbons as the major
product with comparatively low C, and C; selectivities. The total C; selectivity increased
with increasing conversion which was achieved by increasing temperature or pressure
whilst C; and C, remain low. For example for a CoMnOy catalyst with Co/Mn = 1:1 at
220°C, at conversions of ca.40 mole %, C; selectivities of ca.20 mass % were reported
with a corresponding CH,4 selectivity of 7-8.5 mass %. This catalyst was stabilized after

ca.120h.

Ground pelletelised catalysts consisting of a co-precipitated mixture of cobalt and a
partially reducible manganese oxide gave excellent yields of olefins from synthesis gas
[31-34]. These investigations were carried out in micro reactors and it was found that
only small amounts of carbon dioxide appeared in the products. Copperthwaite et al. [33]
attributed the formation of carbon dioxide to the oxidation of carbon monoxide using
CoMnO, catalysts. The same catalyst has however been shown to be an excellent water

gas shift (WGS) catalyst [35] at higher reaction temperatures (300-400°C).
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Keyser et al. [36] undertook an investigation 10 years afterwards to establish the
performance of the cobalt/manganese oxide catalyst for the conversion of carbon
monoxide with hydrogen under conditions favouring the formation of gaseous, liquid and
solid (i.e. wax) hydrocarbons. The catalyst required a fairly long stabilization period and
produced an industrially viable product stream. They observed a significant water gas
shift (WGS) reaction activity under Fischer Tropsch synthesis conditions (2100 kPa,
220°C). The WGS activity increased with increasing manganese oxide content but
decreased with an increase in pressure from 600 to 2100 kPa. The yield of olefin was
most favourable at short reaction times (time on stream) but decreased significantly as a
result of hydrogenation at long reaction times. They have also reported the effect of
pressure variation on selectivity of olefins. A lower olefin yield was observed at high

pressure of syngas.

Co-Mn catalysts have been investigated intensively for their higher selectivity to lower
molecular weight olefins [37, 38] but the present studies have been focussed mainly on
the improvement of the preparation method and the characterization of the catalysts. The
effect of a wide range of preparation variables on the structure and morphology of
precipitated cobalt manganese catalyst for FT synthesis has been studied. These variables
include the molar ratio of Co: Mn, precipitate ageing time, pH and temperature of
precipitation, and choice of precipitation agents. Optimum preparation conditions have
been decided on the basis of the catalytic results. The effects of reaction variables
(reaction temperature and pressure) have also been studied in order to define the best
reaction conditions for further studies. Particular attention has been paid to collect all

liquids and waxes to get a full mass balance along with gas phase data.
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3.2 Catalyst preparation and pre-treatment

All catalysts going to be discussed in the following sections were prepared by
coprecipitation according to the methods detailed in chapter 2. All of these catalysts were
reduced under pure hydrogen at 400°C for 16h before reaction with syngas. Detailed

reaction conditions are given along with results.
3.3 Effect of preparation conditions

The effect of a range of preparation variables at the precursor stage of cobalt manganese
oxide catalysts has been investigated and the optimum preparation conditions are

identified with respect to catalytic activity for the CO hydrogenation.

It is important to mention that there is considerable variation in the catalytic activity of
CoMnOx catalysts and they require ~ 100 h to become stabilized. Hence, all the catalysts

discussed in this chapter were stabilized for 80-100 h.
3.3.1 Effect of constant and variable pH on the coprecipitation of CoMnO,
3.3.1.1 Catalyst preparation at constant pH

Initial catalyst preparation was done by coprecipitation of cobalt and manganese nitrates
heated at 70°C with ammonium hydroxide solution preheated at 70°C at pH of 8.30 as
detailed in chapter 2. All efforts were made to control pH in the range of +/-0.01 as this
is an important factor for CoMnOy catalyst [30]. The temperature of coprecipitation
affects the metal ratio in the catalyst which has a subsequent effect on the catalytic

activity; thus the temperature of precipitation mixture was adjusted to 70°C and a buchner
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funnel was heated in the oven prior to filtration process in order to avoid uncontrolled
precipitation, particularly of manganese species. Precipitation was done in the sealed
reaction vessel and there was minimal contact of oxygen in order to avoid the oxidation
of manganese species. The whole slurry consisted of a homogeneous mixture of
precipitates and there was no appearance of black particles indicating oxidation of
manganese. All tubes of short size were used for the flow of mixed nitrates solutions and
ammonia solutions in order to avoid the temperature fluctuation. Large pore size filter
paper (Whatman filter paper no.14) was used for very quick filtration and due to its
ability to retain a larger portion of the precipitated catalyst. Percent yield of most of these

catalysts was 40-50%.

Catalytic tests were carried out in single bed reactor detailed in chapter 2. In a typical
experiment the catalyst (2 g, 0.6-0.85 mm) was reduced with H, (GHSV = 300 h, 400°C,
atmospheric pressure) in a fixed bed stainless steel reactor. A mixture of CO/H,/N; (47.5:
47.5: 5) was allowed to react over the reduced catalyst at a GHSV = 300 h™! at pressure of
6 bar. Liquid products were collected in a trap held at 20°C and analyzed by off-line gas
chromatography, and the residual gaseous product was analyzed by on-line gas

chromatography (FID and TCD).
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3.3.1.1.2 Results

3.3.1.1.2.1 Testing results of catalysts calcined in different furnaces

Two different types of furnaces (tube furnace and muffle furnace) were used for the
calcination of catalysts. Catalysts calcined in the muffle furnace showed better catalytic
results compared with the results of the same catalyst calcined in the tube furnace.

Therefore, all catalysts discusses in this chapter were calcined in the muffle furnace.

Comparison of the CO hydrogenation results for catalysts calcined in the two different

furnaces are shown in table 3.1.

Table 3.1 CO hydrogenation over CoMnO, catalysts calcined in two different furnaces

Tube Muffle
furnace | furnace
Calcination temp. (°C) 500 500
Calcination time (h) 24 24
Ramping rate (°C/min) 50 50
Conversion of CO 224 9.4
Selectivity / wt% (normalized using mass
balance)
CH, 11 8.5
CH, 0.2 1.8
C,H, 2 24
C;Hg 2.5 9
C;Hg 3 2
Cs 3 4.8
Cs. 72.4 69

Reaction conditions: Catalyst wt = 2g,Time online 126h, 220°C, 6 Bar, CO/H, (1:1 mol ratio), GHSV
=300 h” Cs, = Gaseous, liquid and solid Cs-C, + liquid oxygenates

Interestingly the apparatus used to calcine a catalyst can have a marked effect on its
activity. Calcination in a tube furnace was carried out under static air. Flowing or

circulating air may induce different properties in a material. The catalyst calcined in the
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tube furnace was good in catalytic activity with high conversion but the selectivity to
alkenes was very low. On the other hand the catalyst calcined in the muffle furnace
showed very good selectivity to light alkenes particularly ethylene and propylene

although conversion was low under similar reaction conditions.

Catalyst calcined in tube furnace was found to be more active for CO conversion with
lower selectivity to alkenes. On the other hand catalyst calcined in muffle furnace was

highly selective to formation of alkenes although CO conversion was low.

3.3.1.1.2.2 Characterization for catalysts calcined in different furnaces

(i) BET surface area

The surface areas of CoMnOy solids obtained with calcination in different furnaces were
measured using the BET method. For catalysts calcined in the tube furnace, the BET
surface area was 15 m?/g, whereas for the catalyst calcined in the muffle furnace the BET
surface area was 9 m%/g. The increase in surface area of the catalyst calcined in tube

furnace may result in a more active material leading to an enhancement in CO conversion.

(ii) XRD

The XRD pattern of catalyst calcined in the muffle furnace is compared with the XRD
pattern of catalyst calcined in the tube furnace in figure 3.1. Both catalysts show typical
mixed spinel oxide structure of CoMnOy along with some phases of Mn30O,. There is no

major difference between the XRD patterns of catalysts calcined in the different furnaces.

70



Chapter 3

240 .
220 -
200 .
180 .
160 - 202

140 . 221 511 440
120 .

100 -

80 .

60 . 113
40 . 202 404

22
20 . 004 400 440

2 theta

Figure 3.1 XRD pattern of catalysts (a) calined in muffle furnace (b) calcined in tube furnace (0)
Mn3o4

3.3.1.2 Catalysts preparation at variable pH

One catalyst was prepared using the method of variable pH described in chapter 2 under
the section 2.1.1 of catalyst preparation at variable pH. The metal nitrate precursors were
premixed rather than co-fed and the precipitant was added to the mixed metals solutions
at temperature of 70°C.Precipitates were filtered, washed and dried at 110°C for 16h

followed by calcination in muffle furnace at 500°C for 24h.
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3.3.1.2.1 Results

3.3.1.2.1.1 Testing results of catalyst prepared at variable pH

CO hydrogenation results for catalyst prepared at variable pH are presented in table 3.2.

Table 3.2 CO hydrogenation over a CoMnO, catalyst prepared by the variable pH method

Calcination temperature (°C) 500
Calcination time (h) 24
Conversion of CO (%) 10.1
Selectivity / wt% (normalized using mass
balance)
CH, 9.1
C,H, 44
C,H, 2.3
C;Hg 13
C;Hg 2.6
Cs 9
Cs. 59.1

Reaction conditions: Catalyst wt = 2g, Time online 92 h, 220°C, 6 Bar, CO/H; (1:1 mol ratio), GHSV =
300 b Cs, = Gaseous, liquid and solid Cs-C, + liquid oxygenates

A comparison of catalysts prepared by the constant pH method presented in table 3.1
(under calcination in the muffle furnace) with data presented in table 3.2 shows that the
catalyst prepared by variable pH method is better with respect to alkenes selectivity,

especially ethylene and propylene.

This is not in agreement with the observations made by M.Van der Riet [30]. The
difference in selectivity of catalysts prepared at constant and variable pH can be
attributed to the precipitation of cobalt and manganese at different pH values. Cobalt
precipitates at lower pH value than Mn. Constant pH preparation results in the formation
of a material precipitated at a single pH but the variable pH method gives a material
precipitated at different range of pH values from 2 to 9 which may result in more

sequential precipitation of metal species resulting in different activity and selectivity. On
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the bases of these results the variable pH method was selected as the best one for the

investigation of further preparation variables.

3.3.1.2.1.2 Characterization of catalyst prepared at variable pH

(i) XRD

Figure 3.2 shows the XRD patterns of catalyst prepared by the variable pH method. This

catalyst shows a typical (Co, Mn),O4 spinel structure between MnCo,04 (cubic) and

Mn;04 (tetragonal). The catalyst prepared by co precipitation using the variable pH

method is different with respect to peak shapes in comparison with the catalyst prepared

at constant pH. Most of the peaks were broader compared with the catalyst prepared at

constant pH.
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Figure 3.2 XRD pattern for catalyst prepared by variable pH method (o) Mn;O,
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(ii) BET

The surface area of the catalyst prepared by the variable pH process was 10m?/g which is
similar to the catalyst prepared at constant pH. These results show that pH variation

results in slightly different bulk structure but it does not affect the surface of catalyst.

3.3.2 Effect of variation of metals ratios (Co and Mn)

3.3.2.1 Results

3.3.2.1.1 Testing results of catalysts prepared with variation of metal ratios (Co: Mn)

Five new batches of catalysts were prepared with different ratios of cobalt and

manganese metals in the starting solutions, using the variable pH method of precipitation.

All the experiments reported in the following paragraphs were done in the 6-bed reactor
detailed in chapter 2. The catalyst (0.5 g, 0.6-0.85 mm) was reduced with H, (GHSV =
600 h', 400°C, atmospheric pressure). A mixture of CO/Hy/N, (47.5: 47.5: 5) was
allowed to react over the reduced catalyst at a GHSV = 600 h™' at pressure of 6 bar.
Liquid products were collected in a trap held at 20°C . Table 3.3 shows a comparison of

catalytic data for catalysts prepared with different Co: Mn ratios.

The catalyst prepared with a 1:1 ratio (Co: Mn) showed better selectivity to light alkenes
along with less methane. Catalysts prepared with metal ratios of Co: Mn = 1:1.3 and Co:
Mn = 1.3:1 have comparable activity and selectivity with the catalyst prepared with 1: 1

which shows similar nature of all three catalysts. On the other hand the catalysts prepared
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with highest ratios of both metals (Co: Mn = 1:1.5 and Co: Mn = 1.5:1) are slightly

different in their activity and selectivity.

Table 3.3 CO hydrogenation of catalysts prepared with different ratios of metals

Metal ratios (Co:Mn)
1.5:1(13:1] 1:1 1:1.3 1:1.5
Conversion of CO 16 13 12.9 14 17
Selectivity / wt% (normalized using mass balance)
CH, 15 16 12.7 13 14.3
C,H, 2.1 | 4.1 5 4.8 24
C,Hg 7 5 5.5 5 8
C;Hg 16 22 21 19 18
C;Hg 3.6 5 4.5 4 4.9
Cs 11 17 16 154 13
Cs. 41 29 34 36 37
Alcohols 1.9 1.5 1.2 3.3 2

Reaction conditions: Catalyst wt = 0.5g, Time online 88h, 220°C, 6 Bar, CO/H; (1:1 mol ratio), GHSV
= 600h™ Cs, = Gaseous, liquid and solid Cs-C, + liquid oxygenates, alcohols=C,-C; in gas phase

Mirzaei et al. [39] reported a marked enhancement in the selectivity to light alkenes with
an increase in the manganese concentration. Van der Riet [30] observed an increase in
methane yield with increase in concentration of cobalt ratio and a decrease in the
selectivity to alkenes, while increasing the concentration of manganese increased
propylene selectivity and decreased the selectivity to methane. But the ratios of cobalt
and manganese were changed with a wide range by both researchers while the results
presented in table 3.3 are from the catalysts in which the metal ratios were varied in a
narrow range from 1 to 1.5. It can be speculated that a small variation in metal ratios may
not be enough to affect the catalytic activity and selectivity as was also apparent from the

characterization results of these catalysts which are discussed below.
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3.3.2.1.2 Characterization of catalysts prepared by variation of metal ratios (Co: Mn)

(i) BET
Table 3.4 Surface area analysis of catalysts prepared with different ratios of metals
Metal ratios (Co:Mn)
150 [ 131 | 11 | 13 [ 115
BET(m?/,
1m [ 6 | 6 | 5 | 9

Catalysts with the highest ratios of cobalt and manganese (both Co: Mn=1.5:1 and Co:
Mn=1:1.5) show higher surface areas but there is no apparent difference in the surface
area of catalysts prepared by variation of metal ratios between 1 and 1.3. This trend of
surface area values shows that the variation of metal ratios was not enough to affect the

catalysts morphology.
(ii) XRD

Figure 3.3 shows a comparison of catalysts prepared with different metal ratios. All these
catalysts show a typical (Co, Mn);O4 spinel structure between MnCo,04 (cubic) and
Mn;0;4 (tetragonal). It is apparent that a change in metal ratios does not make any marked
difference in the bulk structure of catalysts. Mirzaei et al. [39] reported the appearance of
C0304 (cubic), CoMnO; (thombohederal) and (Co, Mn) (Co, Mn),Oy4 (tetragonal) phases
in the catalysi with a 1:1 ratio of cobalt and manganese. But they observed additional
peaks of Mn,0; (cubic) and MnsOg (monoclinic) phases for catalysts prepared with Co:
Mn = 1:6. C0o;04 (cubic), CoMnO; (rhombohederal) and (Co, Mn)(Co,Mn),0; (tetragonal)
were more obvious for catalysts prepared with Co:Mn =3:1. Present studies did not show
the appearance of any additional peaks of cobalt and manganese which means that a

slight variation in metal ratios (1 to 1.5) may not be enough to affect the bulk structure of
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the catalyst. This observation also explains the catalytic activity of these catalysts which

is not considerably different because of no big difference in the bulk structure of catalysts.
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Figure 3.3 XRD pattern for the catalysts prepared with different ratios of metals
(a) Co/Mn=1/1,(b) Co/Mn=1.5/1,(c)Co/Mn =1.3/1,(d)Co/Mn=1/1.3,(¢)Co/Mn =1/1.5

It is apparent from table 3.3 that the catalyst prepared with a 1:1 ratio of cobalt to
manganese was best with respect to selectivity of light alkenes and methane. So this ratio

was chosen for further study of the variation of preparation variables.
3.3.3 Effect of temperature variation

Three new batches of catalysts were prepared by taking equivalent metal solutions (Co:
Mn = 1:1) and using the variable pH method of precipitation. The temperature of

precipitation mixture was varied from 60-80°C.
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3.3.3.1 Results
3.3.3.1.1 Testing results of catalysts prepared by variation of temperature

Table 3.5 shows testing results for catalysts prepared at different temperatures of
precipitation. There is a remarkable increase in catalytic activity and selectivity with an
increase in temperature of the precipitation mixture. The catalyst prepared 80°C was best
with respect to both catalytic activity and selectivity. Mirzaei et al. [39] have reported a
decline in selectivity to ethylene and propylene at 85°C and there is more selectivity for
both products at 70°C compared with catalysts prepared at 35 and 50°C, along with a
slight decrease in CO conversion with an increase in temperature from 35 to 80°C. Maiti
et al. [40] also reported 70°C as the best precipitation temperature showing a remarkable
effect of temperature on the catalytic activity and selectivity of the catalyst. 70°C was
reported as the best temperature of coprecipitation by Van der Riet [30] as well. But the

present studies have shown 80°C as the best temperature of precipitation.

Table 3.5 CO hydrogenation of catalysts prepared at different temperatures

Temperature of precipitation mixtures (°C)
60 70 80
Conversion of CO 12 16 19
Selectivity / wt% (normalized using mass balance)
CH, 16.5 15 18
CH, 1.3 2.3 2
C,H, 5.6 7 10
C;H, 13 16 18
C;Hg 6 5 7
Cq 11 13 13.9
Cs. 44 40 28.5
Alcohols 2.3 1.5 3

Reaction conditions: Catalyst wt = 0.5g, Time online 96h, 220°C, 6 Bar, CO/H, (1:1 mol ratio), GHSV
= 600h! C¢. = Gaseous, liquid and solid C,-C, + liquid oxygenates, alcohols=C,-C; in gas phase
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3.3.3.1.2 Characterization of catalysts prepared by variation of temperature
@) XRD

Figure 3.4 shows a comparison of catalysts prepared at different temperatures of
precipitation. All catalysts show the typical (Co, Mn),O4 spinel structure between
MnCo,0;4 (cubic) and Mn3O;4 (tetragonal) along with new phases of Mn;O4 presented by
o. There is also the appearance of one new phase presented by o in the catalyst prepared
at 80°C and 60°C. Catalyst prepared at 80°C shows less intense peaks. The appearance of
Mn;0,4 phases (©) at higher temperature along with slight broadening in peaks can be

related to different activity and selectivity of catalyst prepared at 80°C.

The appearance of additional phases of Mn3Oj4 at higher temperature is in agreement with
the results reported by Mirzaei et al. [39]. They have observed the appearance of
additional phases of manganese oxide with an increase in temperature: MnsOs
(monoclinic) along with (Co, Mn),O4 which has been reported to be the best catalyst with
respect to activity and selectivity. They have also reported broader peaks for the catalysts
prepared at higher temperature (70°C) of precipitation, relating them to the best catalytic

activity of catalyst prepared at higher temperature.
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Figure 3.4 XRD pattern for the catalysts prepared at different temperatures of precipitation (a) 60°C,
(b)70°C, (c) 80°C (0) New phases, () Mn;O,

(i) BET

There is no apparent difference in the surface area of catalysts prepared at different

precipitation temperatures as shown in table 3.6.

Table 3.6 Surface area analysis of catalysts prepared at different temperatures

Temperature of precipitation (°C)
60 | 170 80
BET (m?/
8 | 9 10
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3.3.4 Effect of pH variation

The final pH of precipitation mixture was varied from 7-9 during preparation of the
CoMnOx catalyst with Co/Mn = 1/1, at 80°C using 5.6M ammonium hydroxide solution

as precipitant using the variable pH method of precipitation.

3.3.4.1 Results

3.3.4.1.1 Testing results of catalysts prepared by variation of pH

Table 3.7 presents catalytic testing results for catalysts prepared by the variable pH
method with pH values of 7, 8 and 9 respectively. The catalyst material prepared at a pH
value of 8.0 showed very good activity and selectivity with respect to alkenes. There was
a slight difference in the selectivity of the catalyst prepared at a pH of 9 and 8, with the
activity of the latter being higher. The catalyst prepared at a pH of 7 was good with
respect to selectivity to propylene compared with those prepared at pH of 9 and 8, but the

methane selectivity was highest for this material.

Table 3.7 CO hydrogenation of catalysts prepared by variation of pH

Final pH value of precipitation mixtures
7 8 9
Conversion of CO (%) 16 19 9
Selectivity / wt% (normalized using mass balance)
CH, 16 13 11
C,H, 2 1.9 5
C,H, 8 7.2 5
C;Hy 18.5 17.2 17.5
C;Hs 4.5 4 5
Cs 13 12.5 12.9
Cs+ 29.5 37 32
Alcohols 1.9 1.8 1.2

Reaction conditions: Catalyst wt = 0.5g,Time online 90h, 220°C, 6 Bar, CO/H; (1:1 mol ratio), GHSV
= 600h™ C,, = Gaseous, liquid and solid Cs-C, + liquid oxygenates, alcohols=C,-C; in gas phase
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Mirzaei et al. [39] have studied the effect of different values of pH and they have
concluded pH 8.3 as the optimum value using sodium carbonate as the precipitating

solution.

3.3.4.1.2 Characterization of catalysts prepared by variation of pH

(i) BET

Table 3.8 Surface area analysis of catalysts prepared by variation of pH
Final pH of precipitation mixture
7 | 8 ] 9
BET (m’/g)

7 | 9 | 6

Catalyst prepared with pH = 8 shows higher surface area compared with catalysts

prepared with 7 and 9 pH values.
(if) XRD

Figure 3.5 presents a comparison of XRD patterns for catalysts prepared at different pH
values. There is the appearance of few peaks of manganese oxide Mn3O4 (°) along with
typical (Co, Mn),04 spinel structure in the catalyst prepared at pH = 8. Most of the
phases of mixed spinels were missing in the catalysts prepared at pH of 7. Catalyst
prepared at pH 8 showed broader peaks in comparison with catalysts prepared at pH 7
and 9. Although the selectivity with respect to ethylene was low for catalyst prepared at
pH of 8 but it was more active for CO conversion with almost similar selectivity to
propylene. Therefore, pH=8.0 was selected as the best parameters for further

investigations.
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Figure 3.5 Comparison of catalysts prepared at different final values of pH (a) pH =7,(b) pH =8 (c)
pH =9 (0) Mn;O.
pH 8 was selected for further study of the variation of preparation variables.
3.3.5 Effect of variation of precipitating agents
3.3.5.1 Results

3.3.5.1.1 Testing results of catalysts prepared by variation of precipitating agents

Three different precipitating agents (ammonium bicarbonate, ammonium hydroxide and
sodium carbonate) 5.6M each were used for the preparation of catalysts with a Co/Mn

ratio = 1/1, at 80°C and using the variable pH precipitation method with a final pH = 8.
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Interestingly sodium carbonate presented (table 3.9) very good activity with respect to
CO conversion and high selectivity of ethylene maintaining low methane selectivity. The
similar effect of carbonate precipitating agents on FT reaction has already been reported
by Diffenbach and Fauth [41]. The factors responsible for the high ethylene selectivity of

the sodium carbonate precipitated catalysts remained unidentified.

Table 3.9 CO hydrogenation of the catalysts prepared with different precipitants

Precipitating agents
Sodium carbonate | Ammonium hydroxide | Ammonium bicarbonate
Conversion of CO 25 16 21
Selectivity / wt% (normalized using mass balance)

CH, 15.6 14 18
C,H, 10.1 24 1.15

C,H, 4.3 7 9
C;Hy 5 18.4 14
C;Hg 5.2 54 8.01
Ca 6.4 13 11
Css 50.7 384 424
Alcohols 2 1.3 1.8

Reaction conditions: Catalyst wt = 0.5g, Time online 86h, 220°C, 6 Bar, CO/H; (1:1 mol ratio), GHSV
= 600h™Cs, = Gaseous, liquid and solid Cs-C, + liquid oxygenates, alcohols=C,-C; in gas phase

Dry and Oosthuizen [42] found that the catalyst basicity increased with sodium content
and there was a decrease in methane selectivity with an increase in surface basicity.
Sodium in combination with manganese can produce stable FT catalysts with high

selectivity to light olefins and a suppressed quantity of methane [43].

An et al. [44] have reported a negative effect of residual sodium on FT synthesis (which
is not observed in the present studies). This effect was observed because of sodium
remaining in the catalyst if the catalyst precursor was insufficiently washed after
precipitation. The residual sodium inhibits the extent of carburization and poisons the

FTS reaction.
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A comparison of precipitating agents in table 3.9 shows ammonium hydroxide to be the
best precipitating agent. Van der Riet [30] also reported ammonium hydroxide as the best
precipitant. We chose ammonium hydroxide as precipitating agent for further

investigation of ageing time.

3.3.5.1.2 Characterization of catalysts prepared by variation of precipitating agents

(i) XRD

Figure 3.6 presents a comparison of XRD patterns for catalysts prepared with three
different precipitating agents. Almost all phases of the typical (Co, Mn);O4 spinel
structure are present in these catalysts. Interestingly the catalyst prepared with sodium
carbonate shows difference in peak intensities and shapes. All typical phases of mixed Co,

Mn spinel oxides are present in this catalyst.

There are some additional phases of manganese oxide (Mn3O4) phases along with some
new phases (0, which could not be identified) in the catalyst prepared with ammonium
hydroxide and ammonium bicarbonate which are absent in the catalyst prepared with
sodium carbonate. Presence of additional manganese oxide phases may be responsible for

the different selectivity pattern.
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Figure 3.6 XRD comparison of catalysts prepared with different precipitants (a) Sodium carbonate
(b) Ammonium bi carbonate (¢) Ammonium hydroxide (0) Mn;0,(0) new phases

(ii) BET
Table 3.10 BET surface areas of catalysts prepared with different precipitating agents
Precipitating agents
Na,CO, | NH,HCO, | NH,OH
BET (m%/g)
9 | 7 | s

The catalyst prepared with ammonium hydroxide showed lowest surface area. The
surface area of the sodium carbonate precipitated catalyst was much higher than the

ammonium bicarbonate precipitated catalyst.
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(iii) SEM

Figures 3.7 (a) and (b) present a comparison of SEM micrographs of catalysts prepared

with sodium carbonate and ammonium hydroxide. The catalyst prepared with sodium

carbonate has more well defined spherical particles in combination with small square

shaped particles. Catalysts prepared with ammonium hydroxide showed a nonuniform

surface structure with various particles of large grains embedded in the form of

aggregates.

Mt TA*2007
Tim 1244:44

(a) Sodium carbonate (b) Ammonium hydroxide

Figure 3.7SEM of the catalyst prepared with different precipitants
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3.3.6 Effect of variation of ageing time
3.3.6.1 Results
3.3.6.1.1 Testing results of catalysts prepared by variation of ageing time

Ageing of precipitates for different time intervals has been found to be an important
parameter in the stabilization of catalysts. Hutchings et al. [45-53] have demonstrated the
importance of ageing time with respect to catalyst activity for the oxidation of CO by
mixed copper manganese oxides and mixed copper zinc oxides. Mirzaei et al. [54, 55]
have also studied the effect of ageing time on catalytic performance of mixed iron cobalt
oxide catalysts for syngas conversion to light alkenes. In all these studies it has been
observed that the ageing of precipitates obtained by coprecipitation leads to phase
changes towards thermodynamically stable forms. In the present study the effect of
catalyst precursor ageing on the morphology and catalytic activity of cobalt, manganese
oxide has been studied for the hydrogenation of CO. A series of mixed cobalt manganese
oxide catalysts were prepared by the co-precipitation method (Co/Mn=1:1, 80°C, variable
pH=8) with a range of ageing times 0 (unaged), 0.5, 2 and Sh for the precipitate under
similar conditions. The catalysts were calcined for 24h at 500°C. The effect of ageing
time on catalytic performance is shown in table 3.11. These results show a considerable
variation in the catalytic performance of catalysts after the ageing process. The catalyst
aged for 0 h shows highest activity with lowest selectivity to methane among the series of
aged catalysts, along with high selectivity to ethylene and propylene. The catalyst aged
for 0 h was also found to be more selective to Cs+ products with a lower selectivity to

methane. After half an hour ageing the catalyst shows similar activity with slight
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variation in the selectivity. The catalyst aged for half an hour is more selective to propene
but shows more methane compared with catalyst aged for 0 h. The catalyst aged for 2h
was least active with respect to CO conversion although it was highly selective towards
alcohols. The catalyst aged for 5h has been found to be more selective towards methane.

The catalyst aged for half an hour has been reported to be more active for CO conversion

to light alkenes [39].
Table 3.11 CO hydrogenation of catalysts aged for different time intervals
Ageing time(h)

0 0.5 2 5

Conversion of CO 16 | 15.63 | 10.36 | 12.5
Selectivity / wt% (normalized using mass balance)

CH, 14 17 18.5 | 239

C.H, 24 | 18 ] 213 | 2

C;H, 7 99 | 9.65 | 12
C:Hs 184 | 21.15 | 20.1 |19.7
C:Hy 54 | 94 10 1932
Cs 13 | 13.1 14 [133
Css 384 | 23 186 |17.2

Alcohols 13 | 47 | 679 | 24

Reaction conditions: Catalyst wt = 0.5g,Time online 92h, 220°C, 6 Bar, CO/H, (1:1 mol ratio), GHSV
= 600h'Cs, = Gaseous, liquid and solid Cs-Cy; + liquid oxygenates, alcohols=C,-C, in gas phase

The difference in selectivity of catalysts aged for longer times (2 and 5h) can be
explained on the basis of further precipitation of metals during the ageing process. There
was a considerable decrease in pH of the precipitation mixture during ageing of 2h and
5h catalysts which shows more precipitation of metals which may have an effect on the
relative ratio of cobalt and manganese in final catalyst. Hutchings et al. [45, 46] have
reported a decrease in the catalytic activity of CuMnOy catalysts for ageing periods of 1-

Sh.
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3.3.6.1.2 Characterization of catalysts prepared by variation of ageing time

(i) XRD

Figure 3.8 shows XRD pattern of CoMnOx catalysts aged for different time intervals.
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Figure 3.8 Comparison of XRD of catalysts aged at different time intervals (a) unaged (b)
0.5h(c)2h(d)5h(c) Mn;0,(0) unidentified phases

The best catalytic activity and selectivity with respect to light alkenes along with less
methane was found for unaged catalyst and this catalyst was a mixed spinel oxide along
with additional phases of manganese oxide (Mn3;O,4) represented by small circles (o).
Some new phases (represented by small rectangle) also appear which could not be
identified. Most of these phases are present in the catalyst aged for half an hour but the
peaks get sharper with an increase in ageing time. Some phases of mixed spinel oxide

disappear in the catalyst aged for 5h and some phases are highly crystalline. An increase
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in crystallinity of these mixed oxide phases can be related to different activity and
selectivity during CO hydrogenation. Mn3O,4 phases are present in this catalyst which are
more intense and crystalline, a new phase starts appearing next to the phase 311. Similar
observations have been reported earlier [39, 56] regarding XRD changes with increase in
ageing time from 0 to Sh and the catalysts with more crystallinity were found to be less

active and selective during the CO hydrogenation reaction.

(if) BET

Table 3.12 presents the BET surface areas for catalysts aged for different time intervals.
There is a decrease in surface area after calcination, and all these catalysts show almost
similar values of surface area. The catalyst aged for 5 h has the lowest surface area and

was least active in CO hydrogenation.

Table 3.12 BET of aged catalysts (0 to 5h)

Catalysts Surface area (m°/g)
Before calcination Afier calcination
Unaged 12 9
(0.5h ageing) 11 7
( 2h ageing) 9 8
(5h ageing) 8 6

(iii) XPS

Table 3.13 shows the XPS results for catalysts aged for different times. The catalyst aged
for 5h has a completely different metal ratio compared with other two catalysts aged for
half an hour and 2 hours. It (5h) has more cobalt and less manganese while other catalysts

(0.5 and 2h) have more manganese and less cobalt.
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Table 3.13 XPS results for aged samples
Ageing time Heat treat Co/Mn

30min Uncalcined 0.55

30min calcined 0.43
2h Uncalcined 0.6
2h calcined 0.47
5h Uncalined 2.04
5h Calcined 1.2

(iv) SEM

Ageing of catalysts for different time intervals has shown a considerable affect on
morphology and structure of catalysts as shown in the following figures. SEM images of
catalysts aged for different times are shown in figure 3.9. Unaged catalyst in figure 3.9 (a)

shows various particles of different shapes and variable sizes.

(a) Unaged (b) 0.5h ageing
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(¢) 2h (d) 5h

Figure 3.9 SEM image of the catalysts aged for different time intervals

The catalyst aged for half an hour shows well defined particles in the form of regular
plates of different sizes along with some needle like structures. The catalyst aged for 2h
shows similar plates and larger needle like structures. This shows a growth of particles
with an increase in ageing time from 0 to 2h. The SEM micrograph of the catalyst aged

for 5h is completely different with different aggregates of particles.

(v) TPR

Figure 3.10 shows TPR profile of catalyst aged for Oh. The TPR of mixed cobalt
manganese oxides (CoMnOx) is difficult to interpret due to the large number of
possibilities of mixed cobalt and manganese oxidation states resulting from the multi-
valency of each element. This catalyst was calcined before TPR so we do not expect
nitrates and water contents. First peak appears from reduction of cobalt species Co3O4 to
Co0O and Co metal. It has also been observed that addition of manganese to cobalt system
decreases the reducibility of cobalt species [57]. Second peak is attributed to the

subsequent reduction of oxides of manganese.
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This is difficult to relate the peaks with well defined redox reactions. However, it is
expected that the lower temperature peaks more likely correspond to the reduction of
Co*? as cobalt has a higher reducibility than manganese in mixed compounds. Manganese
oxide, Mn,0s, is expected to reduce in one step to MnO. Second peak is attributed to the
subsequent reduction of oxides of manganese. The manganese oxide does not reduce to

Mn° [58).
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Figure 3.10 TPR profile of CoMnO, catalyst

Table 3.14 TPR results of CoMnO, catalyst
TCC) | T°C) | H, Peak|H;, Peak | Hyabs., | Habs.,
Peak A | Peak B | 1(umol/g) | 2(umol/g) | peak peak 2(%)
1(%)
462.4 707.4 3135.28 5090.81 38.20 61.91
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3.3.7 Optimum preparation conditions

After a detailed investigation of preparation variables CoMnO, catalyst was prepared

using the following preparation conditions:

Ratio of metals (Co/Mn) =1/1, temperature of precipitation = 80°C, precipitating agent =

ammonium hydroxide, molarity of ammonium hydroxide = 5.6M, ageing time = Oh

The catalyst prepared under these conditions was used for the investigation of reaction

conditions as discussed below.

3.4. Effect of reaction conditions

The reaction conditions have a marked effect on the catalytic performance. It has been
reported by Dry [59] that selectivity on a carbon basis is essentially a function of the

probability of chain growth, a.

Control of the product selectivity is therefore to a large extent determined by the factors
that influence the value of a. The main factors are the temperature of the reaction, the gas
composition and more specifically the partial pressures of the various gases in contact
with catalyst inside the reactor. Overall, by manipulating these factors a high degree of

flexibility can be obtained regarding the type of product and the carbon range.

For optimization of reaction conditions, in this study the effects of operating conditions
such as reaction temperatures and reaction pressure have been examined to investigate

the catalyst stability and its performance under different FT conditions.
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3.4.1 The influence of operating temperature

An increase in FT operating temperature shifts the selectivity profile to lower carbon
number products. Desorption of growing surface species is one of the main chain
termination steps and since desorption is an endothermic process so a higher temperature

should increase the rate of desorption which will result in a shift to lower molecular mass

products.
Table 3.15 Influence of reaction temperature on CoMnO, catalyst

Reaction temperature (°C)
220 240 270

Conversion of CO 12 36 89
Selectivity / wt% (normalized using mass balance)

CH, 16.8 8 3.3

CH, 3.2 0.1 0

C,H, 9.1 3 3.2

C;H, 28.4 4.5 0

CsH;s 7.4 6 3.5

Ca 17.6 1 0.7

Cs+ 14.6 17 5.1

CO, tr 51 84

Alcohols 2.6 7 tr

Reaction conditions: Catalyst wt = 0.5g, Time online 96h, 6 Bar, CO/H; (1:1 mol ratio), GHSV =
600h™, Cs. = Gaseous, liquid and solid Cs-C,; + liquid oxygenates, alcohols=C;-C; in gas phase,
tr=trace amount

An increase in temperature from 220°C to 240°C increased the CO conversion from 12 to
36% as shown in table 3.15. Product stream shifted to an increased selectivity to ethane
and propane with lower selectivity to ethylene and propane showing more hydrogenation
at high temperature. A further increase in temperature to 270°C showed a tremendous

increase in CO, and alkane selectivity with high activity, along with no olefins.

As the temperature is increased the system becomes more hydrogenating and the ratio of

alkenes to alkanes decreases. Probably for the same reasons the selectivity to alcohols
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also decreases with an increase in temperature up to 270°C. The degree of chain
branching also increases with an increase in temperature, which can result in higher
molecular weight products thus increasing Cs. selectivity at high temperature. Van der
Riet [30] has observed exactly similar effects on activity and selectivity of CoMnO,
catalysts with an increase in temperature. It is worth mentioning here that the amount of
heavy products including wax and liquids increased with an increase in temperature to

270°C.

CO, was the most dominant product at high temperature. The very first reaction in FT is
the chemisorption of CO at the catalyst surface. There are two possibilities of reaction,
either the chemisorbed CO as such inserts into the growing chain leading to subsequent
hydrogenation to CH; or CO first dissociates to C and O atoms on the surface and the C
then hydrogenates to CH, which then inserts into growing hydrocarbon chain. In later
case the adsorbed oxygen atoms could react with hydrogen atoms and result in water
formation (the main by-product of FT reaction). In spite of little or no CO, produced on
cobalt catalyst at low temperature of reaction, either CO chemisorption does not occur on
the catalyst surface or the actual rate of hydrogen reacting with oxygen atoms is much
faster than that of CO reacting with OH species. Co catalyst has been reported to be a
good water gas shift catalyst at higher temperature [35] resulting in higher CO;
selectivity. This can be argued that the rate of CO reacting with oxygen atoms is faster at

higher temperature compared with hydrogen reacting with oxygen.

Bai et al. [60] have demonstrated an increase in alkene selectivity with an increase in
temperature for a Fe/Mn catalyst using a slurry phase FT reactor. They have also

reported the formation rate of liquids and heavy waxes decreasing with an increase in
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temperature from 270 to 300°C. They have observed a slight increase in methane

selectivity with an increase in temperature.

Mirzaei et al. [61] have reported a significant increase in methane selectivity with
increase in temperature from 280 to 450°C for an iron manganese catalyst, obtaining the
highest alkene selectivity at 360°C, which remains high at higher temperature. Their
studies and results concentrate on the formation of alkenes (C;-C4) only without

mentioning formation of CO; and alkanes.

Everson and Mulder [62] have observed an increase in CO conversion with an increase in
temperature for a fixed set of operating conditions and for a fixed bed length with the
product stream shifting towards the higher molecular weight hydrocarbons. They have

also observed a decrease in alkene to alkane ratio consistent with the present studies.
3.4.2 The influence of reaction pressure

The higher the CO partial pressure the more is the catalyst surface covered by adsorbed
monomers. The lower the coverage by partially hydrogenated CO monomers the higher
the probability of chain growth is expected to be [61]. Two key steps leading to chain
termination are desorption of the growing polymeric chains yielding alkenes, and

hydrogenation of the chains to yield alkanes.

Table 3.16 shows the effect of an increase in reaction pressure of syngas on the
performance of the CoMnOy catalyst. There is an increase in CO conversion with an
increase in pressure from 3 to 9 bars, and methane selectivity decreased with an increase

in pressure. Likewise the propylene to propane ratio increased with an increase in
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pressure of syngas. From these results 6 bar pressure was chosen as the best reaction
pressure because of the high propylene to propane ratio, with a lower selectivity to
methane. Interestingly there is a decrease in alcohol synthesis with an increase in pressure
of syngas. Alcohols are also primary FT products just like alkenes, and it could be
possible that at least some, if not all, of the alkenes are formed by dehydration of these

primary alcohols.

These observations are in agreement with the reported results of syngas pressure variation
[59, 61]. Mirzaei et al. [61] have reported no significant decrease in CO conversion for a
FeMnTiO; catalyst with an increase in pressure from 1 to 6 bar along with an increase in
the selectivity of light alkenes. A tremendous decrease in methane selectivity is reported

with an increase in pressure.

An increase in total pressure would generally result in condensation of hydrocarbons
which are normally in the gaseous state at atmospheric pressure. Higher pressure would
probably lead to the saturation of catalyst pores by liquid reaction products [63]. A
different composition of the liquid phase in catalyst pores at high syngas pressures could

affect the rate of elementary steps.

Van der Riet [30] reported a decline in catalytic activity of CoMnOx with an increase in
pressure from 5.9 bar to 10.95 bar and the selectivity to hydrocarbons remained
unchanged. A further increase in pressure to 211 bar reduced the catalytic activity even
more and the selectivity changed appreciably. This has been postulated to be in indication
of deactivation of the catalyst at elevated pressures as the result of a structural change e.g.

carbide formation or particle disintegration. They have also concluded 6 bar pressure as
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the most appropriate pressure for syngas conversion to light alkenes using the CoMnO

catalyst system.
Table 3.16 Influence of reaction pressure of syngas on CoMnO, catalyst
Reaction pressure (bar)
1 3 6 9
Conversion of CO | 6.1 4.75 12 18.3
Selectivity / wt% (normalized using mass balance)
CH, 45 21 16.8 15.3
C;H, 3.2 53 3.2 3
C,Hg 1.5 6.5 9.1 8.5
C;Hg 11.3 21.6 284 26
C,H; 0.63 7 7.4 5.6
Ce 8 8.5 17.6 18
Css 16.6 9.5 15.8 17.11
Alcohols 6.2 4 2.6 1.8

Reaction conditions: Catalyst wt = 0.5g, Time online 94h, Temp=220°C 6 Bar, CO/H; (1:1 mol ratio),
GHSYV = 600h'C;, = Gaseous, liquid and solid Cs-C; + liquid oxygenates, alcohols=C,-C; in gas
phase

Keyser et al. [36] have reported a decrease in olefinic content with an increase in pressure
from 6 bar to 211 bar which was correlated with an indirect effect of the corresponding
increase in contact time. They have also reported a significant increase in Cg. fraction
with increase in pressure. Other investigators have reported a decrease in olefin

selectivity with an increase in pressure for cobalt catalysts [33, 64, 65].

3.5 Conclusions

The type of furnace affects the surface structure of catalysts, which results in differences
in catalytic activity and selectivity. Calcination in a muffle furnace decreases the surface

area of the catalyst which decreases the catalytic activity.

The co-precipitation preparation method under constant and variable pH results in

different catalytic selectivities. The catalyst prepared by the variable pH method increases
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selectivity to ethylene and propylene. Catalysts prepared by both methods do not show

any difference in surface area which is related to their similar catalytic activities.

The best preparation conditions for an optimum catalytic performance are 1/1 Co/Mn
ratio, at pH 8 and 80°C for 0 h ageing. It has been observed that catalysts with less
crystalline mixed spinel oxide structures have good catalytic activity and selectivity. An
increase in ageing time increases the crystallinity of the mixed spinel oxide phase and
results in a decline in the selectivity to light alkenes. It is clear that the precipitation
conditions, especially temperature and pH of precipitation mixture, are of crucial
importance and control of these parameters should be incorporated into the experimental

design involving co-precipitation for the preparation of mixed metal oxide catalysts.

Reaction conditions also play an important role in controlling the catalytic activity and
selectivity. An increase in the temperature of the reaction decreases olefin selectivity and
increases the selectivity to alkanes. Methane selectivity increases tremendously with an
increase in reaction temperature. Higher temperature increases selectivity to Cs. products

along with tremendous increase in CO, formation.

An increase in reaction pressure at 220°C increases the catalytic activity and decreases
methane selectivity. An increase in pressure from 3bar to 9bar decreases the selectivity to

ethylene and increases propene selectivity.

The best reaction conditions were 220°C at 6 bar pressure, with molar feed ratio of

CO/H; = 1/1.
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Chapter 4

The influence of metal promoters in the hydrogenation
of carbon monoxide using cobalt manganese oxide

catalysts

4.1 Introduction

Classical Fischer Tropsch (FT) synthesis follows a polymerization process for
hydrocarbon chain growth giving a broad range of product distribution from methane to
waxes [1]. Large proportion of the feedstock consists of unsaturated hydrocarbons,
especially those with two to four carbon atoms. These unsaturated light hydrocarbons

synthesised from syngas using modified FT catalysts are of great economic interest.
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Variation of reaction conditions leads to moderate shifts in the broad product distribution
within the constraints of the Schulz-Flory (SF) distribution law [2]). However, high
selectivity to a single product or narrow distribution of products requires the development
of an improved catalyst. Incorporation of metal promoters and other additives is an
approach to the chemical modification of FT catalysts. Catalyst promoters enhance the
overall catalytic performances and lifetime if the promoter element is added in an
appropriate manner and in a limited range of loading. It is difficult to define the term
‘promoter’ since there are many different types of promoters and it is often difficult to
distinguish between the promoters, the active catalytic component and the carrier. An
appropriate definition can be ‘a promoter is a substance added to a catalyst in a small
amount, which by itself has little or no activity, but it imparts either better activity or

selectivity for the desired reaction than is realized without it’ [3].

Table 1.3 (in chapter 1), details the beneficial effects of promoters for cobalt catalysts. It
is clear from the table that different promoter elements could have multiple modes of

promotion action.

Many transition metal oxides have been investigated as potential promoters for Co-based

catalysts in FTS [4-30].

Although different promotion functions have been proposed in literature, transition metal
oxides have mostly been regarded as electronic promoters, having direct influence on the
activity or selectivity of Co sites. This effect is manifested through direct interaction of

the supported Co particles with the transition metal oxides. Hence, the transition metal

107



Chapter 4

oxide promoters are thought to be spreading over the cobalt surface in sub-monolayer

coverages, modifying the adsorption properties of Co active sites [31].

Early in the nineties, Ruiz et al. [10] reported an enhancement in catalyst activities and
increased selectivities to alkenes and higher hydrocarbons upon addition of V, Mg and Ce
oxides to Co-based FT catalysts. These variations were attributed to electronic effects
induced by the metal oxides. Similar results were reported by Bessel [11] using a Cr
promoter in Co/ZSM-5 catalysts. Addition of Cr improved the catalyst activity and
shifted the selectivity from methane to higher, generally more olefinic hydrocarbons.
They suggested an interaction between transition metal oxide and the cobalt oxide as a

cause of promotion which inhibits cobalt reduction and improves cobalt dispersion.

Further, Kikuchi et al. [12] reported the effect of Cr, Ti, Mn and Mo on the FT
performance of catalysts loaded with ultra fine cobalt particles. The addition of these
promoters effectively enhanced the catalyst activity, lowered the methane selectivity and
increased Cs,; production. They attributed these effects to a structural promotion, causing
a decrease of the cobalt particle size in the catalysts. Another promotion induced by Mn
and Mo was reported by the group of Belosludov [19]. They investigated the addition of
Mn and Mo to Co-based FT catalysts using computational chemistry. They found that the
transition metal oxides under investigation improved the sulphur tolerance of the

catalysts.

Effect of two metal promoters (Ru and K) on the catalytic activity of CoMnOy catalyst
will be discussed in this chapter. Different loadings of these metal promoters have been

studied along with CoMnOj catalysts in an attempt to:
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— Firstly; further enhance the selectivity towards the commercially viable C, and C;
olefins, and —Secondly; to further suppress methane formation, and thus prevent the loss

of an expensive carbon source to a commercially less viable product.

4.2 Experimental

The detailed preparation of catalysts and their testing has been discussed in chapter 2.
Briefly, Cobalt manganese oxide catalysts (Co/MnQOy) were prepared by co-precipitation
from a solution of mixed nitrates with aqueous ammonia under variable pH from 2.8 to 8
at 80°C. Precipitates were filtered, washed and dried at 110°C. Doping of the catalysts
with various metal promoters was achieved by incipient wetness. The doped materials
were dried at 110°C for 16h and calcined at 500°C for 24h. The calcined catalysts were
pelleted and sieved (0.65-0.85mm). Catalysts (0.5g) were loaded in to six fixed-bed
laboratory reactors (Appendix 4). Catalysts were subsequently reduced in situ at 400°C
for 16h in a hydrogen atmosphere (GHSV = 600h™, atmospheric pressure). All catalysts
were tested under almost identical reaction conditions (CO/H, =1/1, T=220°C, P = 6 bar,
and GHSV = 600h™). A stabilization period of ~100h after initiation of FT synthesis was
allowed before mass balance data collection. Analysis of gas products was determined by
on-line gas chromatography capable of analysis of hydrocarbons (FID) and CO, H;, CO,,

N2 (TCD detector ) as detailed in chapter 2.

Catalysts doped with potassium and ruthenium were prepared and tested according to the

method detailed as above and their results will be discussed in the following sections.
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4.3 Potassium (K)

The impact of potassium addition on the performance of FTS catalysts has been studied
extensively. Potassium is known to promote the formation of olefins and longer-chain
hydrocarbons, and the suppression of methane [32-36]. The positive impact of potassium

addition on the activity of FT catalysts depends on the level of promotion.
4.3.1 Results
4.3.1.1 Catalytic activity results

The effect of potassium loading on the performance of Co/MnOx catalysts during the CO
hydrogenation is presented in table 4.1. The addition of small quantities of potassium
(0.09, 0.1, 0.12, 0.15 wt %) was shown to be enough to affect the performance of these
catalysts in a variety of ways. Potassium acetate was used as a salt precursor. Particular

attention was given to the selectivity of methane and alkenes to alkane ratio.

Table 4.1 shows that a small variation in potassium concentration with CoMnOx has a
remarkable effect on the activity and selectivity of catalysts during CO hydrogenation.
An increase in potassium concentration from 0.09 to 0.1 % drops CO conversion down
from 15 to 9.7% along with a decrease in methane selectivity. There is an increase in the
selectivity of ethylene with an increase in potassium concentration from 0.09 to 0.1%, but

selectivity of propene decreases from 29% to 22%.
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Table 4.1 CO hydrogenation over CoMnO, promoted with various concentrations of potassium

Concentrations of potassium (wt %)
0 0.09 0.1 0.12 0.15
Conversion of
CO 12 15 9.7 13 15.5
Selectivity / wt% (normalized using mass balance)

CH, 16.8 17.5 13 16.21 14.9
C,H, 3.2 3.7 5 2.5 2.5
C,Hg 9.1 10.4 2.5 8 5.7
CyHg 28.4 29.1 22.6 22.9 19.4
C;H; 7.4 7.6 3 6.63 6.6
Ca 17.6 14.8 17 14.5 15.4
Cs. 14.8 12.7 31 24.1 31

CO, tr tr tr tr tr
Alcohols 2.6 43 2 4.5 4.5

Reaction conditions: Catalyst wt = 0.5g, Time online 112h, 220°C, 6 Bar, CO/H, (1:1 mol ratio),
GHSV = 600 h! C¢, = Gaseous, liquid and solid C¢-C, + liquid oxygenates,tr=trace quantity

Further increase in K loading to 0.12% increases CO conversion along with an increase
in methane selectivity with a decrease in selectivity of ethylene. But propene selectivity
remains similar to 0.1% K loading. Further increase in K loading to 0.15% increases CO
conversion along with a decrease in the selectivity of propene. Methane decreases and
ethylene remains the same. Colley [2] has studied effect of potassium promoter with
CoMnOy in detail. A drop in CO conversion has been reported with an increase in
concentration of potassium from 0.01 to 0.5%. Methane trend was reported to drop down

to certain level with increase in K loading and then starts increasing again.

Results presented in table 4.1 show that only low levels (0.09 and 0.1%) of potassium
were required to increase olefin selectivities when compared with an unpromoted
CoMnO catalyst, while an increase in concentration of potassium increased selectivity of

higher hydrocarbons.

The amount of potassium required for an optimum catalytic activity depends on the

nature of the metals and catalyst support. Miller and Moskovits [36] have concluded that
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there must be a sufficient amount of alkali metal to enhance dissociative chemisorption of
CO, but there must not be a level such that the hydrogen adsorption is totally reduced.
Yang and Oblad [37] have found the alkali effect to approach saturation at 0.2g/100g Fe
which is consistent with the low levels of alkali content used for optimum catalytic

performance of CoMnOx catalyst.
4.3.1.2 Characterization of catalysts promoted with potassium
(i) BET

Table 4.2 shows surface areas of CoMnO; catalysts doped with various loadings of

potassium.

Table 4.2 Surface area of catalysts promoted with potassium

CoMnO, +K (%) Surface area (m°/g)
Before calcination After calcination
0.00 15 11
0.09 17 9
0.1 14 10
0.12 13 7
0.15 11 8

The BET data from the above table shows that K influences the surface area to some

extent. There is decrease in surface area with increase in concentration of alkali content.

These results are consistent with those reported by Dry and Oosthuizen [38] who showed
that the alkali promoter decreased the surface area of reduced iron catalysts and that a
greater loss in area was recorded the more basic the alkali added. They added alkali

promoters in the order between 0 and 2.0/100g Fe.
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(ii) XRD

An investigation of XRD pattern of catalysts promoted with different concentrations of
potassium and calcined at 500°C for 24h shows presence of typical mixed Co-Mn oxide

spinels identified as (Co,Mn)(Co,Mn),0j,.

500 _
400 _
202, 113 o4 d
300 %220 004 400 22633305170 440
g y
c 113
= 200 203 400 225 511404 440 c
311
100 202)70},13 400 225 333 517404 9440 b
. 31
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Figure 4.1 XRD comparison of catalysts promoted with potassium, CoMnO,+K (a) 0.00%, (b) 0.09%,
(c) 0.1%, (d) 0.12%, (e) 0.15% (°©) Mn;0,
This comparison presented in figure 4.1 shows that the incorporation of the alkali

affected the width of peaks.

A small concentration of potassium e.g. 0.09% does not affect the bulk structure a lot.
Most of the phases are similar to pure CoMnO;. There is slight change in the peak
intensities and shapes. Further increase in concentration of potassium to 0.1, 0.12 and

0.15% increases the intensity of peaks. CoMnO, catalyst with 0.15% potassium has
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shown highest intensities of all peaks. This catalyst was different in catalytic results, and

was especially highly selective to Css+ hydrocarbons and least selective for propylene.

(iii) SEM

SEM images in the following figures show affect of potassium dopants on the structure

and morphology of catalysts. There is no significant difference in the morphology of

these catalysts. All these images show cauliflower shaped particles which were well

arranged on the surface of catalyst.

EHT =25,00kV Signal A « SEI  Cutir'l7 z
AO» 95mm Ksg - 1270K* Ir5 :10 58 5:

(c) K=0.12% (d) 0.15%
Figure.4.2 SEM images of CoMnOx catalyst promoted with potassium
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4.3.2 Mechanism of promoter (K) action

The effect of potassium promoter on the product spectrum is consistent with its effect on
electronic properties of catalyst surface. Potassium, essentially affects the competition
between dissociative CO chemisorption and H; chemisorption on active surface site of

catalyst.

The CO adsorption mechanism during the FT reaction takes place via metal sigma
bonding and the simultaneous back donation of transition metal valence electrons into
anti bonding 27 orbitals of carbon in CO [39]. This back donation process causes a
strengthening of metal-carbon bond, and a simultaneous weakening of carbon-oxygen
bond. If there is sufficient weakening of C-O bond in the absorption process, then
dissociative CO adsorption will occur which generates the building blocks for the

formation of carbon chain.

Bonzel and Krebs [40, 41] have reported surface spectroscopic studies of CO adsorbed on
alkali metal doped transition-metal surfaces. These studies have indicated a significant
weakening of CO bond, and an increase in the extent of CO adsorption. A charge transfer
has been reported to take place from the alkali metal to the vacant d orbitals of the active
metal, as evidenced by the lowering of the work function [42]. The additional electron
density imparted to the metal serves to increase the extent of back donation into 27
orbitals of CO, which causes a weakening of CO bond. This trend was observed by a
noticeable decrease in the CO stretching frequency upon addition of alkali promoters [43,
44). An increase in AH,4s was indicated from measurement of heat of adsorption of CO

on Fe + K surface, with an increase in alkali metal content [45].
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The presence of an electron-donating species on the catalyst surface can suppress the
adsorption of hydrogen because hydrogen itself donates an electron to metal upon
adsorption [46]. It has been reported by Dry and Koel [45, 47] that the presence of CO
and surface carbide decreases the adsorption of hydrogen on metals. Furthermore, heat of
adsorption of hydrogen decreases with an increase in alkali metal [45, 48, 49] which
confirms that alkali-metal addition suppresses adsorption of hydrogen. Assuming that K
has a similar effect on the chemisorptive properties of the present CoMnOx catalyst, then
the observed reduction in methane formation and increase in selectivity of ethylene
(K=0.1%) can be attributed to the suppression in relative concentrations of H, with
respect to CO. This decrease in H, concentrations decreases the hydrogenating properties

of catalyst surface.
4.4 Ruthenium

Ruthenium metal has been reported to be a good promoter for an enhancement of
reduction of cobalt oxides and can inhibit the carbon deposition during FT reaction [50,
51]. Initially ruthenium catalysts were observed to be effective for “Polyethylene
synthesis” [52], later it was found that typical products of FT can be formed by using
ruthenium catalysts [51-56]. Ruthenium has been reported as a promoter which is not
negatively affected by water (a by product in FT) [57, 58], and inactive ruthenium oxides
are not formed. However, the exact reaction mechanism of Ru-promoted catalysts in FT

reaction has not been clear.

In the present studies ruthenium doped (0.05, 0.1 and 0.15%) catalysts with CoMnOy
were prepared and tested under similar conditions as detailed in experimental section 4.2.

Ruthenium nitrocyl nitrate was used as a salt precursor.
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4.4.1 Results
4.4.1.1 Catalytic activity results

Catalytic results for CoMnO, promoted with ruthenium are shown in table 4.3. Catalytic
activity increased with an addition of small quantity of ruthenium promoter along with a
considerable increase in methane selectivity. There was corresponding decrease in the
selectivity of olefins. But selectivity of Cs. hydrocarbons was increased with addition of
ruthenium. 0.1% addition of ruthenium showed highest catalytic activity with an
enhanced selectivity to Cs+ hydrocarbons. Interestingly, alcohols selectivity increased

with an addition of 0.05% ruthenium in CoMnO,, (ethanol was dominant).

Table 4.3 CO hydrogenation over CoMnO, doped with Ru (0.1%)
CoMnO, + Ru (wt %)
0 0.05 0.1 0.15
Conversion of CO 12 11.5 16.8 14.4
Selectivity/wt% (normalized using mass balance)
CH, 16.8 16.3 14.2 20.8
CH, 3.2 1.3 24 2.6
C,Hg 9.1 3.6 3.6 2.9
C;Hg 284 12.3 16.2 134
C,H, 7.4 1.9 2.5 2.1
Cq 17.6 14.5 19.3 15.3
Cs+ 15 39 41 38.7
CO, tr tr tr tr
Alcohols 2.6 11.1 0 44
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Figure 4.3 Effect of ruthenium promoter on selectivity of hydrocarbons

Figure 4.3 shows a clearer effect of ruthenium promoter on selectivity of methane,
propylene and Cs+ hydrocarbons. Cs+ hydrocarbons get enhanced with addition of
ruthenium and propylene selectivity decreases significantly. Methane selectivity
remained same for pure CoMnOx catalyst and Ru=0.05%, decreased for 0.1% but it was

enhanced with an increase in ruthenium to 0.15%.

Ruthenium is a very active catalyst for the CO hydrogenation. Its activity at lower
temperature is higher than Co and Fe. It is a versatile catalyst, in that at higher
temperature it is an excellent methanation catalyst (most active group VIII metals), while
at lower temperatures it produces large amounts of high molecular waxes [59]. The
addition of small quantity of ruthenium has been found to enhance both the initial
reduction and in-situ regeneration of the cobalt catalyst [60]. The influence of low level

of Ru promotion of Co on supports (TiC>, SiC>) has been thoroughly studied by Dry [60].
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From these studies, it was found that (at Ru/Co atomic ratios of 0.008) the overall activity

and Cs, selectivity increased in comparison with unpromoted cobalt catalysts.

The key role of ruthenium appears to be an enhancement in reduction of bulk and surface
oxides and of hydrocarbon contaminants which leads to higher active sites. This effect
results in an increased catalytic activity and also in long-chain hydrocarbon selectivity,
because FT chain growth involves ‘polymerization’ of neighboring ‘CH,’ surface

intermediates [61].

Increase in catalytic activity with addition of ruthenium was in consistence with the
results reported by Kogelbauer et al. [62]. They have observed an increase in number of
reduced atoms in catalysts promoted with ruthenium resulting in an enhancement in
catalytic activity during CO hydrogenation. Tsubaki et al. [63] have studied effect of
0.2% Ru on the catalytic activity of Co/SiO; catalyst. They have reported an increase in
catalytic activity with addition of Ru promoter by improving the reducibility of cobalt. Li
et al. [64] have reported an increase in CO conversion and a significant decrease in
methane selectivity upon addition of Ru with Co/TiO, catalyst. The difference in
selectivity of methane can be attributed to the different catalyst system. Cobalt has
different interactions with MnO system which is affected in slightly different ways when
promoted with ruthenium which can lead to new changes in catalyst system. Increased
CO conversion with ruthenium promoted catalyst has been reported mainly because of an

increased number of surface cobalt atoms [65].

Xiong et al. [66] have very recently studied effect of ruthenium promotion on Co-based

catalysts for FT reaction. The addition of a small amount of ruthenium promoter to Co-

119



Chapter 4

based catalyst shifted the reduction temperature of cobalt oxide to cobalt metal in two

steps and decreased the amount of Co*? species.
(Co304 — Co0 and CoO — Co°)

After reduction, ruthenium atoms were partially encapsulated within cobalt clusters with
ruthenium in direct contact with cobalt atoms. A part of the ruthenium atoms took part in
hydrogen spillover from ruthenium to cobalt oxide clusters. With increase in content of
ruthenium catalyst reducibility gets increased and cobalt atoms become enriched at the

surface.
4.4.1.2 Characterization of catalyst promoted with ruthenium
(i) BET

Surface area of catalysts promoted with different concentrations of ruthenium are shown
in table 4.4. There is no apparent affect of ruthenium addition on BET surface area

measurements.

Table 4.4 Surface area of catalysts promoted with ruthenium

CoMnO, +Ru% Surface area (m“/g)
Before calcination | After calcination
0 15 11
0.05 15 12
0.1 17 13
0.15 14 12
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A comparison of XRD pattern for catalyst doped with ruthenium and undoped CoMnOy

catalyst is shown in figure 4.4. Catalysts promoted with ruthenium show change in

shapes of XRD peaks. There is a slight broadening of some phases and decrease in the

intensity of peaks. All phases of typical mixed spinel oxides are present in catalysts

promoted with ruthenium. Different catalytic results with addition of ruthenium into

CoMnO, catalyst can be related to these differences in XRD patterns.
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Figure 4.4 XRD comparison of catalyst promote with ruthenium, (a). Unpromoted CoMnO,,
(b).CoMnO,+Ru=0.05%, (c).CoMnO,+Ru=0.1%, (d).CoMnO,+Ru=0.15% (o) Mn;0,
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4.5 Primary alcohols selectivity

Both ruthenium (Ru=0.05 and 0.15%) and potassium (0.09, 0.12 and 0.15%) promoters
have shown an enhancement in the selectivities of alcohols. The formation of these was
consistent with an observed shift of selectivity pattern towards longer chain hydrocarbons
coupled with the presence of increased concentrations of CO which is available for

possible CO insertion in the formation of alcohols [67, 68].

It is reported that the addition of alkali salts to methanol synthesis catalysts often increase
yields of higher alcohols [69]. It has been suggested that selectivity of alcohols during
CO hydrogenation on Rh catalysts varies with the basicity or acidity of support [70].
Storch et al. [71] also have reported an increase in the content of oxygenated products

with potassium promoter while studying Fe/Al,O; catalysts.

Ruthenium has been reported to enhance the selectivity of alcohols when used as a
promoter with Co catalysts [72, 73]. An enhancement in selectivity of alcohols has been
reported when using ruthenium and other transition metal promoters with Co-based
catalysts [74]. On the bases of extensive characterization studies it is noticed that highly
dispersed cobalt metal is the main active site in catalysts promoted with transition metals,
and that transition metals can promote the reduction of Co'"? cation to a metallic state by

hydrogen spillover mechanism.
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4.6 Conclusions

Effect of two different promoters on the catalytic performance of CoMnOy catalyst for

CO hydrogenation activity has been studied using potassium and ruthenium.

Promotion of cobalt manganese catalyst with potassium in the range of 0.09, 0.12 and
0.15% increased CO conversion and Cs. selectivity. Addition of 0.1% potassium

increased selectivity of light alkenes with decrease in methane selectivity.

From a literature survey the mechanism of promoter action was thought to be through the
influence of potassium on electronic properties of catalyst surface, which creates a
competition between dissociative CO chemisorption and H, adsorption on active catalyst
surface. An increase in CO dissociative adsorption accompanied by a suppression of H,
adsorption was due to the enhancement of electron-donating character of active metal

with alkali promotion.

Addition of ruthenium promoter increased catalytic activity with corresponding increase
in methane selectivity. Light alkenes selectivity was decreased with an addition of

ruthenium metal and selectivity of Cs; hydrocarbons was enhanced.

4.7 Future work

Various aspects of addition of alkali and transition metal promoters (K and Ru) can be
further modified by detailed investigation of actual mechanisms involved. Ru has been
reported to affect the reduction behaviour of cobalt catalysts; TPR studies will be useful

to get an idea of change in reduction temperature with addition of various concentrations
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of Ru. CO chemisorption studies can provide an evidence of change in metal dispersion

of these promoted catalysts which may have an effect on catalytic behaviour.

CO chemisorption studies on potassium and ruthenium doped catalysts will be very

useful for explanation of increased selectivity of alcohols.
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Chapter 5

Fischer Tropsch Synthesis on activated carbons
combined with cobalt/iron and manganese; the effect of
preparation and reaction conditions on CO

hydrogenation

5.1 Introduction

Activated carbon is a form of carbon which is extremely porous and has a large surface
area available for chemical reactions. Sufficient activation for useful applications may
come solely from the high surface area, though further chemical treatment often enhances

the adsorbing properties of the material.
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Earlier studies indicated that using carbon as a support could alter catalytic behavior of
metals in Fischer Tropsch reaction [1, 2]. In addition studies utilizing glassy carbons
(carbon molecular sieves) showed that the ultramicroporosity in these carbons could
affect selectivity in certain reactions [3, 4]. This lead to an initial study focused on the
preparation and catalytic behavior of iron/glassy carbon catalysts [5-7]. It rapidly became
apparent that these carbon-supported iron systems were quite interesting and a broader
base was required for comparison, so catalysts composed of iron dispersed on graphitic
carbon, carbon blacks and activated carbons were also prepared. In contradiction to
earlier studies of Fe/carbon CO hydrogenation catalysts, these carbon supported iron
catalysts were very active, and they typically had higher activities and olefin/paraffin

ratios than unpromoted Fe/Al,O; catalysts [5, 6].

Recently Van Steen and Prinsloo [8] have used catalysts composed of iron supported on
carbon nano tubes for synthesis of C;-Cs hydrocarbons from syngas hydrogenation.
However, the activity of these catalysts was quite low and declined quickly (from 45% to

15%) within 50h of testing.

In the last 20 years activated carbon has been widely used as a heterogeneous catalyst
support but it was not commonly applied in the FTS field [9-13]. Vannice et al. [14-17]
were pioneers of the use of activated carbon for supported FTS catalysts. They found that
only CH4 and C,-C4 olefins were produced selectively from syngas on activated carbon
supported catalysts. Ma et al. [18] have studied the FTS with activated carbon supported
iron catalysts. They found that catalyst activity was increased with increase in reduction
temperatures between 350 and 420°C and gas and liquid hydrocarbons were formed on

the catalysts with a Cs, weight percentage of about 35%.
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In recent years, studies over molecular sieves indicate that meso-porous materials are
very promising for primary production of diesel range hydrocarbons by FTS [19-22].
Production of hydrocarbons up to Cys has been reported by supported cobalt on these
materials at typical FT conditions. Activated carbon has been found to be another

promising catalyst support for restriction of hydrocarbon chain length [23-25].

The effect of molybdenum loading and four different types of activated carbon support
on activity, stability and selectivities to hydrocarbons and oxygenates during Fischer-
Tropsch synthesis have been studied by Ma et al. [26]. Addition of Mo promoter to the
Fe/CuwK catalyst supported on peat derived activated carbon leads to improved catalyst
stability and selectivity. Carbon support type has been reported to affect both catalyst

activity and selectivity.

In the present study two different types of activated carbons (peat and wood) have been
investigated in combination with cobalt and iron/manganese catalysts for CO

hydrogenation. The particular aim of these studies was to obtain:

—Low methane and CO, yield

— High selectivity of hydrocarbons

— High conversion of CO
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5.2 Experimental

The detailed preparation of catalysts and their testing has been discussed in chapter 2.
Two methods of preparation (Insipient wetness impregnation and co-precipitation) were

adopted for preparation of carbon supported/combined catalysts.

Impregnation method was used for the preparation of wood and peat derived activated
carbon supported catalysts with weight ratio of Co/Mn/C=20/20/60%. Weighed
quantities of cobalt and manganese nitrates were dissolved in water and impregnated on
carbon supports. Impregnated materials were dried at 110°C for 16h and calcined at

500°C under continuous flow of helium for 24h.

Activated carbon combined with cobalt manganese catalysts (Co/Mn/C = 40/40/20%)
were prepared by co-precipitation from a solution of mixed nitrates at 80°C. Carbon was
added in the mixed metal nitrate solutions (Co/Mn=1/1). Precipitation was done with
aqueous solution of ammonium hydroxide at 80°C. pH was varied from 4 to 8.0.
Precipitates were filtered and dried at 110°C and calcined at 500°C under continuous flow

of helium for 24h.

Exactly similar method was adopted for the synthesis of iron manganese catalysts with
activated carbons (Fe/Mn/C =40/40/20%). Iron nitrate was used as a salt precursor. pH

was varied from 0.21-8.00.

The calcined catalysts were pelleted and sieved (0.65-0.85mm). Catalysts (0.5g) were
loaded into six fixed-bed laboratory reactors (Appendix 4). Catalysts were subsequently
reduced in situ at 400°C for 16h in a hydrogen atmosphere (GHSV = 600h™). All

catalysts were tested under almost identical reaction conditions (CO/Hz = 1/1, T = 220°C,
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P = 6bar, and GHSV = 600h™”). A stabilization period of ~100h after initiation of FT
synthesis was allowed before mass balance data collection. Analysis of gas products was
determined by on-line gas chromatography capable of analysis of hydrocarbons (FID)

and CO,H;,CO,,N; (TCD detector ) detailed in appendix 5 and 6.

5.3 Results
5.3.1 Co/Mn supported on wood and peat derived activated carbons

Two catalysts were prepared with wood and peat derived activated carbons
(Co/Mn/C=20/20/60%) wusing incipient wetness impregnation method. Weighed
quantities of cobalt and manganese nitrates were dissolved in distilled water and
impregnated on wood derived activated carbon. Impregnated material was dried at 110°C

for 16h and calcined at 500°C under helium for 24h.

5.3.1.1 Catalytic testing results of Co/Mn supported on wood and peat activated

carbons

Table 5.1 shows a comparison of supported cobalt and manganese on wood and peat
derived activated carbon with a pure CoMnOy catalyst (prepared by co precipitation
method and calcined in an air atmosphere). All three catalysts were tested at 240°C.
Catalyst supported with 60% wood derived activated carbon was found to be more active
compared with pure CoMnO, catalyst along with an increase in selectivity of Cs.
hydrocarbons. Interestingly CO, selectivity was less with wood supported catalyst

compared with pure CoMnOx catalyst.
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Co, Mn catalyst supported on peat derived carbon has shown similar trend of activity and
selectivity during CO hydrogenation reaction. These results of CO hydrogenation with
wood and peat carbon supported catalysts are in good agreement with the results reported
by Ma et al. [26]. They have observed that catalysts supported on peat and wood derived
activated carbons are very active for CO conversion and increase the production of higher
hydrocarbons. An increase in reaction temperature from 220°C to 240°C increases CO;
selectivity for pure CoMnO catalyst (discussed in chapter 3). Co/Mn supported on wood
and peat carbons have added a positive effect to enhance the CO conversion and have

decreased the CO, selectivity along with a significant increase in Cs; hydrocarbons.

Table 5.1 Catalytic testing results of Co and Mn combined with wood and peat derived carbon

Co/Mn/C=20/20/60%
Pure CoMnO, Wood Peat
Reaction Temp(°C) 240 240 240
Conversion of CO 36 41.8 43.5
Selectivity / wt% (normalized using mass balance)

CH, 8 15.7 12.8

C,H, 0.1 0.4 0.3

C,Hg 3 7.9 5.9

C;H, 7 13.2 10.4

C;Hg 2 4.8 3.8

Cq 5 29 2.5

Cs. 17 32.2 38.1

CO, 51 14.9 18.8
Alcohols 7 8 7.5

Reaction conditions: Catalyst wt = 0.5g, Time online 116h, 6 Bar, CO/H; (1:1 mol ratio), GHSV = 600
h™ C¢, = Gaseous, liquid and solid C¢-C, + liquid oxygenates, Alcohols = C,-C; (gas phase)
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5.3.1.2 Characterization of Co/Mn supported on wood derived activated carbon
(i) BET

Surface area of catalyst prepared by impregnation of cobalt and manganese on wood
derived activated carbon with combination of Co/Mn/C=20/20/60% was 495m?*/g before
calcination which was decreased to 397m%/g after calcination. Surface area of wood

derived activated carbon itself was 1055m?/g.

Surface area of catalyst prepared by impregnation of cobalt and manganese on peat
derived activated carbon with combination of Co/Mn/C=20/20/60% was 315m?/g before
calcination which was decreased to 225m?%g after calcination. Surface area of peat
derived activated carbon itself was 459m?/g. Decrease in surface area of these catalysts

shows filling of pores with addition of metal precursors.
(ii) XRD

Catalysts prepared by impregnation of cobalt and manganese nitrates on wood and peat
derived activated carbon show some phases of mixed Co, Mn spinel oxides. Peak width
of these phases is increased in the impregnated catalyst compared with pure CoMnOy

catalyst.

135



Chapter 5

300 -
31 400

250 -

150 -

100 -

20 30 70 80
2 theta

Figure 5.1 XRD pattern comparison of CoMnOx with Co/Mn/C=20/20/60% (a)Pure CoMnO, (b)peat
derived activated carbon (¢)Co/Mn/C(peat)=20/20/60% (d)wood derived carbon (e)
Co/Mn/C(wo00d)=20/20/60% (o) Mn30 4

(i) SEM

Figures 5.2 (a) and (b) show SEM images of peat and wood carbons that allow a

qualitative comparison of morphologies of the supported materials.

(a) (b)

Figure 5.2 a) wood-based activated carbon b) peat based activated carbon
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The peat based carbon has slit like pores and the wood carbon has small pan like particles

in needle structures.

Figures 5.3 (a) and (b) show SEM images of Co/Mn/C (wood based) = 20/20/60% and
Co/Mn/C (peat based) =20/20/60%. In pure wood based activated carbon pan like
particles are uniformly arranged but in supported catalyst (Co/Mn/C) in figure 5.3 (a)
these pan like structures are in combination with other agglomerated particles which can
be CoMn metals combined with activated carbon. Similarly in peat based carbon slit like
particles are well arranged but supported in Co and Mn in figure 5.3 (b) small particles

appear along with original slit shaped particles of peat carbon.

(@) (b)

Figure 53 (a) Co/Mn/C (wood-based) =20/20/60% (b) Co/Mn/C (peat based) =20/20/60%
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(iv) EDX

Table 5.2 summarizes EDX results of wood and peat based carbons.

Table 5.2 Elements observed on activated carbon on EDX in order of abundance

Activated carbon type Elements
Wood C,S,Na,Si, K
Peat C,Mg.S,Si,ALFe,K.P

Wood-based carbon shows C in abundance along with trace amounts of S, Na, Si, and K

while peat-based carbon has shown additional Mg, Al, Fe, K and P.

Table 5.3 summarizes EDX results of supported Co/Mn/C (wood and peat) catalysts.

Table 5.3 Elements observed on supported Co/Mn activated carbon on EDX in order of abundance

Co/M1/C=20/20/60% Elements
Wood C,0,CoMn
Peat C,0,Co,Mn,Mg S,Si,

Co/Mn supported on wood carbon has shown C, O as major elements in addition to Co
and Mn. Other metals detected in wood carbon shown in table 5.2 could not be detected
in catalysts. On the other hand Co/Mn supported on peat based carbon has shown C, O,
Co, Mn and Mg as major elements and S, Si are in trace amounts. Al, Fe, K and P could

not be detected in the supported peat carbon catalyst.
5.3.2 Co/Mn/C (wood and peat derived) by co-precipitation method

Further two more catalysts were prepared with higher ratios of Co and Mn metals
combined with wood and peat derived activated carbons using co precipitation method.
The ratio of Co/Mn/C was 40/40/20%. Detailed preparation procedure has been discussed

in experimental. 0.5 g of each of catalyst was tested in 6-bed reactors (appendix 4).
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Reduction was done with pure hydrogen at 400°C for 16h followed by syngas reaction at

6 bar pressure and 220°C as reaction temperature.

5.3.2.1 Results

5.3.2.1.1 Catalytic testing results

Table 5.4 shows catalytic testing results of Cobalt and manganese prepared in
combination with wood and peat derived activated carbons in comparison with pure

CoMnOx catalyst prepared and tested under similar conditions.

Co/Mn/C catalyst prepared with wood based carbon was less active for CO conversion
and showed higher selectivity to CO,. Other selectivity pattern was similar to pure
CoMnO; catalyst. Catalyst prepared with peat based carbon was more active for CO

conversion and was highly selective to CO,.

Table 5.4 Catalytic testing results of Co and Mn combined with wood and peat derived carbon

Co/Mn/C=40/40/20%
Pure CoMnOx wood peat
Reaction
Temperature(°C) 220 220 220
Conversion of CO 12 3.8 14.6
Selectivity / wt% (normalized using mass balance)

CH, 16.8 19.8 19.6
CH, 3.2 2.6 1.2
C,H, 9.1 7 5.8
C:Hg 28.4 20.5 15.5

C;H; 7.4 4.1 3.5

Cq 17.6 7.9 7.3

Cs. 14.6 18 9.3
CcO; tr 20 31.7
Alcohols 2.6 0 6.3

Reaction conditions: Catalyst wt = 0.5g, Time online 86h, 6 Bar, CO/H; (1:1 mol ratio), GHSV = 600
b C¢. = Gaseous, liquid and solid C¢-C, + liquid oxygenates, Alcohols = C;-C; (gas phase)
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Ideally, comparison of Co/Mn/C (peat) catalysts presented in table 5.2 and 5.4 cannot be
made because of different catalysts and reaction conditions. But, it can be argued that
Co/Mn supported on wood and peat activated carbons by method of incipient wetness
impregnation are better with respect to CO conversion and CO; selectivity compared with
catalysts prepared with both types of carbons in combination with Co and Mn by method

of co-precipitation.

5.3.2.1.2 Characterization of Co and Mn precipitated with peat and wood derived

activated carbon
(i) XRD

Figure 5.4 shows XRD pattern of Co/Mn/C =40/40/20% in combination with peat and
wood based carbons. Both catalysts (Co/Mn/C, with wood and peat carbons) show typical

phases of Co, Mn mixed spinel oxides along with carbon.

Interestingly, XRD pattern of Co/Mn/C supported catalysts shown in figure 5.2 shows
more phases of Co, Mn spinel oxides compared with higher loadings of Co, Mn with

carbons shown in figure 5.4.

It can be argued that metals were more homogeneously dispersed on carbons by
impregnation method compared with co-precipitation of Co and Mn with activated
carbons. This is worth mentioning here that during co-precipitation of metal salts,
although carbon was mixed and stirred with solutions but most of the carbon particles

were not mixed thoroughly with precipitates.
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Figure 5.4. XRD pattern comparison of (a) Pure CoMnO, (b) peat derived activated carbon (c)
Co/Mn/C(peat)=40/40/20%(d)wood carbon (e)Co/Mn/C(wood)=40/40/20%(0)Mn;0,

Surface area of Co/Mn/C (wood) was 187m?%g which increased to 260m%g after
calcination. And surface area of Co/Mn/C (peat) was 93 m’/g which increased to 120
m?/g after calcination. Surface area of pure CoMnO, is 12m%/g. These results of BET
show that addition of carbon has affected surface of catalyst but there is no particular

effect observed relevant to catalytic activity.
5.3.4 Iron/manganese/carbon (wood and peat derived)

At the end stage of project iron was used with manganese precipitated along with peat
and wood based activated carbons. Iron has been an important Fischer Tropsch catalyst,
mostly active in the form of reduced or promoted bulk oxides [27-29]. Activity of various

small iron particles dispersed on oxide supports has been studied for CO hydrogenation.
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It has been observed that strong interactions of iron with oxide surfaces prevent the
complete reduction of iron [30-33]. Jung et al. [34, 35] have reported that the use of
carbon support can prevent the reducibility problem and can also provide high dispersion
of iron. They have reported very interesting activity results of iron/carbon catalysts for

CO hydrogenation.

Two catalysts were prepared using Fe/Mn/C (wood and peat) = 40/40/20% by co
precipitation method. Briefly carbon was added into mixed solutions of iron and
manganese nitrates and precipitated with aqueous ammonia solution at 80°C. pH was
varied from 0.21-8.00. Precipitates were filtered, washed, dried and calcined under
standard conditions. Both catalysts were pelleted and sieved to 0.65-0.85mm, reduced
under pure hydrogen at 400°C for 16h followed by syngas reaction. Iron catalysts were

found to be inactive at 220°C and were tested at 300°C.

Fe/Mn catalyst prepared with wood based carbon was not very active even at 300°C
compared with peat based carbon catalyst. Major product with Fe/Mn/C (wood based
carbon) was CO,. Fe/Mn/C (peat based carbon) was very active for CO conversion and
showed CO, as main product along with alkanes selectivity pattern similar to wood based
carbon catalyst. Iron has been reported to be an active water gas shift catalyst which
results in higher CO, formation during FT reaction. Relatively very few studies have
been published to discuss the formation of CO; in the FT synthesis. There are different
phases of iron in iron-based catalysts. i.e., magnetite and carbide. XRD pattern of
Fe/Mn/C catalysts in present studies has shown magnetite phases along with mixed

phases of Fe and Mn.
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5.3.4.1.1 Testing results
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Table 5.5 Catalytic testing results of Fe and Mn combined with wood derived carbon

Fe/Mn/C=40/40/20%

wood peat
Reaction

Temperature(°C) 300 300

Conversion of CO 2.3 31
Selectivity / wt% (normalized using mass balance)
CH, 16.4 19.9

CH, 1 0.2

C,Hg 10.2 94

C;H, 24 1.7

C3Hg 3.7 6.2

Cs 1 24

Cs. 1 2.9

CO, 64.2 54

Alcohols 0 3.1

Reaction conditions: Catalyst wt = 0.5g, Time online 76h, P = 6 Bar, CO/H; (1:1 mol ratio), GHSV =
600 h* C¢, = Gaseous, liquid and solid C¢-C, + liquid oxygenates, Alcohols = C;-C; (gas phase)

Some studies have assumed CO, formation as a secondary reaction which mainly takes

place at magnetite phase [36, 37]. Although magnetite phase has been assumed to be

responsible for water gas shift reaction but it is not clear from literature whether or not

CO, is formed by water gas shift reaction of water, a main by product in FT synthesis.

5.3.4.1.2 Characterization of Fe and Mn precipitated with peat and wood derived

activated carbon

(i) XRD

Figure 5.5 shows a comparison of Fe/Mn/C (wood and peat based carbons).Both catalysts

show presence of FeMn;O3 along with carbon phases. There are some additional phases
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of magnetite (Fe;0,) indicated with small circles. Presence of magnetite phases of Fe;0,
can be related to an increase in CO; selectivity with iron manganese and carbon catalysts

during CO hydrogenation [37].

intensity
3

Figure 5.5. XRD pattern comparison of a) peat derived activated carbon b)
Fe/Mn/C(peat)=40/40/20%c)wood carbon d)Fe/Mn/C(wood)=40/40/20%, () =magnetite Fe;0,

(ii) BET

Surface area of Fe/Mn/C (wood-based carbon) was 225 m?/g which decreased to 217m%/g
after calcination while surface area of Fe/Mn/C (peat-based carbon) was 175 m?/g which

decreased to 158m?/g after calcination.
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5.4. Conclusions

Effect of two different types of carbon (wood and peat derived) on the catalytic
performance (activity and selectivity) of cobalt and manganese catalysts is discussed in
this chapter. Impregnation method was used for supporting cobalt and manganese on
peat and wood carbons and their catalytic activity was compared under similar reaction
conditions. Both types of carbons combined with metals were found to be more selective
to the production of Cs. hydrocarbons with far higher CO conversion and low selectivity

to CO, in comparison with pure CoMnO, at 240°C.

Further metal concentrations were increased along with both wood and peat carbons and
were tested at lower temperature. Catalysts with higher concentrations of cobalt and
manganese with 20% carbons were found to be less active at 220°C along with very high
selectivity to CO, and low productivity of hydrocarbons compared with pure CoMnOy at

220°C.

Two iron catalysts have been prepared and tested with wood and peat based carbons and
are found to be highly selective for CO, formation. Over all cobalt and manganese
catalysts supported with wood based carbon, Co/Mn/C = 20/20/60% has been found to be
less selective to CO, and more selective to hydrocarbons, particularly propylene, at
higher temperature. Present studies have shown that increase in temperature from 220°C
to 240°C with pure CoMnO, catalyst shifts the selectivity pattern to CO, but very
interesting character for reduction for CO, formation with Co/Mn and wood based carbon
has been observed. There is very limited literature available on effect of wood based

carbon with FT catalysts, particularly cobalt catalysts. EDX analysis of wood and peat
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carbons has shown different combination of metals present along with carbon which can

lead to difference in catalytic activity.

5.5. Future work

A different catalyst system for CO hydrogenation reaction has been studied with cobalt,
manganese in combination with wood and peat based carbons. Main emphasis was
catalytic activity. Very big differences have been observed in the testing results. There is
further need of detailed studies on actual mechanism involved with particular types of
activated carbons. CO chemisorptions can provide good information on dispersion of
active sites present with these particular catalysts. TPR studies can give an idea about the
change in reduction behavior of carbon supported catalysts. XPS studies will be useful
for an identification of oxidation states of cobalt and manganese before and after the
reaction. TPR studies of Fe/Mn/C catalysts will be interesting to see if carbon has

changed the reducibility of iron.
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Chapter 6

An investigation of synthesis of higher alcohols from

syngas using modified molybdenum sulphide catalysts

6.1 Introduction

Much attention has been given to the synthesis of mixed alcohols due to its properties as
the gasoline blend or alternative motor fuel for the reduction of exhaust emission in the
last 20 years. The addition of alcohols and other oxygenates into gasoline gives rise to
decreases toxic exhaust gases (CO, NOy) and in some cases increases octane number. Use
of methyl tent-butyl ether (MTBE) has been prohibited recently in some countries as

additive of oil-based fuel due to the new legal requirements in environmental protection.
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So, the catalyst conversion of synthesis gas to mixed alcohols is attracting renewed

interest for industrial applications as well as fundamental research.

6.2 Alkali-doped molybdenum sulfide based catalysts

Molybdenum based catalyst was first discovered by Dow [1, 2] and Union Carbide [3].
These catalysts are highly selective to C,+ alcohols synthesis and are naturally resistant
against sulphur. Molybdenum sulphide based catalyst system has been studied by various

researchers [4-6].

First of all Dow investigated Co-MoS$; catalysts for the synthesis of higher alcohols from
syngas. This catalyst was prepared by the method of co precipitation. They presented
effects of different reaction parameters on the catalytic activity and selectivity of these
catalysts. Alcohols selectivity was reported to be increased by an increase in reaction
pressure and decreased feed ratio of syngas. Iranmahboob et al. [7, 8] have also reported
an investigation of Co-MoS, catalysts. They have reported effect of temperature on
selectivity of alcohols and they have concluded a temperature range of 563-583K as
suitable condition for clay to act as a modifier which increases the activity and selectivity
of catalysts [6]. They have also studied an effect of potassium and cesium promoters on
Co-MoS;/clay catalyst. They found that an increase in reaction temperature increased the

alcohols yield but decreased alcohol selectivity [7].

Attempts have been made to develop new catalysts to improve the catalytic performance
for selectivity of mixed alcohols. Recent studies have revealed that both the activity and

selectivity to higher alcohols can be improved by addition of effective promoters, such as
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Fischer-Tropsch components and alkali metals into MoS,-based catalysts [9-11], change

in nature of supports [12-17] and modification in catalyst preparation method [18,19].

Murchison et al. [1] and Xie et al. [20] have studied effect of potassium promoter on
MoS; based catalyst. They have reported a decrease in catalytic activity upon addition of

potassium and a shift of products to alcohols from higher hydrocarbons.

Very recently other new catalysts were also developed and a good activity and selectivity
could also be obtained. For example, Kaliaguine et al. [21, 22] reported conversion of
syngas to higher alcohols over nanocrystalline Co-Cu-based perovskites as catalysts.
Xiang et al. [23, 24] have reported synthesis of higher alcohols from syngas over Fischer
Tropsch elements modified molybdenum carbides. However up till now, alkali doped
catalysts are still considered the most promising catalysts due to their resistance to

sulphur poisoning and higher activity for the water-gas shift reaction.

Basically the function of cobalt in Co-MoS; catalyst is considered to modify the
selectivity to the products (alcohols). This can be related to the capability of cobalt to

enhance the chain growth [25-27].

In the design of unsupported Mo-S; based catalysts, it is important to properly introduce
the modifier and preparation method to improve its catalytic activity. In literature [28-31]
the 3™ row transition metals such as Co, Fe, Ni, Rh, have been introduced into alkali-
doped MoS,; catalyst systems. It has been considered that at least two forms of transition
metal promoters simultaneously existed in MoS, based catalysts, namely, separate phases
of transition metals and mixed phases such as so-called “ Mo-M-S (M=transition metals)

[32,33]. It has been concluded that the close interaction between Mo and promoter atoms
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also exerted a strong effect on the promotion effects for mixed alcohols synthesis from
syngas. Moreover, the structure and morphology of metal promoter and MoS; support
was closely related to the promotion effects. It has been reported that the addition of La
or Ce, into supported Ni and supported cobalt catalysts gave an increase in catalytic

activity [34-36].

In present studies, CoMo$S; catalyst has been doped with three metal promoters, namely,
Ni, Ti and Zr and their effect on morphology and catalytic performance has been studied

for the synthesis of alcohols from syngas.

6.3 Experimental

Alkali-promoted cobalt molybdenum sulfide solid (Co-MoS;/K;COs3;) mixed with
bentonite clay and sterotex® lubricant was used for the Co-Mo$S,; based catalyst in this
study. The Co-MoS; (Mo: Co = 2:1) solid was prepared by co-precipitation as described

in Chapter 2.

Catalytic tests were carried out using high pressure reactor which is described in Chapter
2. The dilution of catalyst was performed by intimate mixing of the catalyst with silicon

carbide (4.8 ml/5.2 ml for Co-MoS; based catalyst).

Prior to the catalytic run, system leakage test was carried out using nitrogen (Oxygen free,
BOC). After the system was found safe and leak-free, syngas was gradually introduced to
the system, replacing the nitrogen. Following the complete replacement, the system was
brought up to the required pressure, followed by heating with a ramping rate of 1 K/min

until it reached the desired temperature.
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All catalysts were studied under identical reaction conditions. Reaction pressure was 75

bar and temperature of reaction was 580K.

6.4 Results on Co-MoS; based catalyst system

6.4.1 Catalytic testing results

The present section describes the CO hydrogenation activity of Co-
MoS,/K,COs/clay/lubricant catalyst. Silicon carbide intimately mixed with catalyst was
used for the catalytic reaction. Before catalytic test, a blank run with silicon carbide was
carried out. There was no catalytic activity observed with the blank run. This suggests
that silicon carbide is an inert material with respect to CO hydrogenation and hence can
be used as diluent for catalytic test. Reasons of diluting the catalyst bed are: 1) to achieve
and maintain an isothermal regime for the reaction; and 2) to avoid possible hot spot

developing in the catalyst bed.

Table 6.1 shows catalytic testing results of pure CoMoS; mixed with K,COj/bentonite
clay/sterotex and SiC. This catalyst showed very high activity and it took almost 45h to
get stabilized. Methane selectivity was high and hydrocarbon selectivity was less when
compared with previously reported results of same catalyst under similar reaction
conditions [37]. Selectivity of ethanol was similar as was reported earlier. Interesting
characteristic of present catalyst preparation was increased CO conversion and selectivity
to propanol. Better activity of catalyst can be attributed to the improved preparation
conditions like controlled flow rate of reagents with the help of peristaltic pump, use of a

proper reaction vessel instead of beaker and mechanical stirrer instead of magnetic stirrer.
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Table 6.1 Comparison of CO hydrogenation over Co-MoS,/K;COy/clay/lubricant catalyst (previous

[37] and present)
a b
Conversion of CO
(exclusive CO,) 48.5 18.9
Product (mol %)

CH, 25.62 24.9
C,H, 0 0.24
C,H¢ 0.35 8.87
C3H, 0 1.03
C;Hy 0.32 4.91
C.H;s 0 0.15
C4H|o 0.03 1.53
CsHjo 0.17 0.12
CsH;, 0.17 0.43

CO, 2.16 c
Methanol 13.78 26.7
Ethanol 324 23.3
1-Propanol 13.78 6.28
2-methyl, 1-Propanol 0.27 0.55
1-butanol 8.26 0.91

Carbon mole selectivity (%)

CH, 39.53 14.1
C, 0.55 25.9
Methanol 21.28 15.2
Ethanol 25 26.5
1-Propanol 7.09 10.7
2-methyl, 1-Propanol 0.1 1.26
1-Butanol 2.55 2.07

CO, 3.33 c

Reaction conditions: 580 K, 75 Bar, CO/H; (1:1 mol ratio), GHSYV = 1225 h?!
(a) Present data (b) Previous data (c) Not reported

Figure 6.1 shows CO conversion after every 2 hours of reaction over period of 60h. From
the CO conversion data, it can be seen that there were circa 40 — 45 hours needed for the
reaction to reach stable condition. This induction period was different than was reported
by Woo et al. [38] and Iranmahbood and Hill [39]. They have observed that 20-30h was

induction time period for stabilization. The induction period could be the time required

154



Chapter 6

for the alkali promoters and/or clay to spread onto the Co-MoS; surface. After this period,

both catalytic systems show rather stable activities during entire catalytic run.

O-M T 1711+ T T1T17 11t 7T 17 1T U 17T V11T 17T T 1T 1T 17T 71T
VO DD DD DD O S PP

Time online(h)

Figure 6.1 Time online data of CO hydrogenation on CoMoS; catalyst

Due to the restriction of current set-up, it was not possible to obtain online liquid analysis.
All the liquid was analyzed together after the reaction completed. There was no

hydrocarbon detected in the liquid product. It mainly consisted of alcohols and water.

This work was a repetition of previously reported catalyst [37]. Further modification of
this catalyst was done by addition of various metal promoters like Zr, Ni and Ti. The
effect of addition of these promoters on the catalytic activity of CoMoS, catalyst will be

discussed in the following paragraphs.
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6.5 Effect of metal promoters on catalytic performance of CoMoS;

CoMoS,; catalyst has never been reported in combination with Zr, and Ti. There is some
patent literature specifically with Co/activated carbon and various bimetallic catalysts

promoted with Zr, Ti and various other metals [40- 42].

Nickel is active catalyst for methanation reaction in the Fischer Tropsch Synthesis. The
development of Co and Ni catalysts was reviewed by Anderson [43]. Fraga and Jordao
[44] have reported the bulk AINiCu catalysts being extremely selective for the synthesis
of higher alcohols in the syngas reaction. They have also observed that change in salt
concentration changes the selectivity pattern to greater extent. In 1934, Fischer and
Meyer [45] reported active catalysts from alloys of 50% Co or Ni and 50% Al or Si with
NaOH. Similar Si alloys with half Ni and half Co gave catalysts producing larger yield of
liquid hydrocarbons. Lucero et al. [46] have patented a crystalline Mo,C catalyst with Ni
for the production of alcohols from syngas. Similarly, Zr is an effective promoter for Co-
based catalysts which can improve the reducibility of cobalt-based catalysts. Zr-promoted
Co catalysts were found to have higher activity and Cs, selectivity for FTS than
unpromoted catalysts [47]. Ali et al. [48] reported that zirconium promotion possibly
creates an active surface with cobalt that increases activity and selectivity to
hydrocarbons. Titanium has also been reported to be a good promoter for FTS leading to
high catalytic activity [49, 50]. Because of positive effects of Ni, Ti and Zr on FTS
performance these metal promoters were used in combination with CoMoS; catalyst for
reaction of CO hydrogenation. The details of their effect on activity and selectivity of

alcohols is detailed in the following section.
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6.5.1 Experimental

Pure CoMoS; catalyst was prepared by co precipitation method. Detailed procedure has
been mentioned in chapter 2 and above. Catalyst precursor was promoted with Ni, Zr and
Ti (0.2%) using nitrates (acetyl acetone for Ti) as salt precursors by impregnation method.
Briefly, weighed quantity of metal salt was dissolved in distilled water and was
impregnated on CoMoS,. This impregnated material was dried at 110°C for 16h followed
by calcination at 500°C for 1h under continuous flow of nitrogen. Catalysts were mixed

with potassium carbonate (K2CO3), bentonite clay and sterotex® lubricant.
6.5.2 Results
6.5.2.1 Catalytic testing results

Table 6.2 shows a comparison of catalytic testing results of Ti, Zr and Ni doped on
CoMoS;. All these catalysts were premixed with K,COj/Bentonite clay/sterotex lubricant,

diluted with SiC and were tested under similar conditions.

CoMoS, doped with nickel (0.2%) was very active for CO conversion. The major product
with this catalyst was CO,. CoMoS, doped with titanium was more active compared with
pure CoMoS; catalyst (results shown in table 6.1) but was highly selective to CO, like
nickel. CoMoS; impregnated with zirconium was found to be less active in comparison
with other catalysts. This is worth mentioning here that all these catalysts were premixed

with potassium carbonate.

157



CoMoS; doped with
Ni Ti Zr
Conversion of CO
(exclusive CO,) /% 74.11 54.7 23.52
Products (mol %)
CH, 16.40 24.5 28.79
C,H, 0.01 0.005 0.02
C,Hg 5.09 297 8.53
C,H; 0.03 0.49 0.28
C;Hg 3.87 11.02 13.95
C.Hs 0.13 0.053 3.63
CH,yo 0.08 0.31 9.55
CsHyo 10.63 0 8.68
CsH,, 11.95 0 8.68
CeHi2 0.03 0.002 0.02
CeHys 0.08 0.6 0.06
CO, 46.84 59.8 6.64
Methanol 1.48 0 2.35
Ethanol 1.61 0 2.56
1-Propanol 1.87 0 2.98
2-methyl, 1-Propanol 0.98 0 1.55
1-butanol 0.90 0 1.43
Carbon mole Selectivity (%)
CH, 21.98 27.12 50.64
Cs2 10.71 6 28.03
Methanol 1.99 0 4.26
Ethanol 1.08 0 2.27
1-Propanol 0.84 0 1.76
2-methyl, 1-Propanol 0.33 0 0.69
1-Butanol 0.24 0 0.51
CO, 62.79 66.18 11.74

Chapter 6

Table 6.2 CO hydrogenation over Co-MoS; + Ni, Ti, Zr/K,COy/clay/lubricant catalyst

Reaction conditions: 580 K, 75 Bar, CO/H; (1:1 mol ratio), GHSV = 1225 h™

Alcohols selectivity was less compared with pure CoMoS; but was found to be more
selective for hydrocarbons synthesis. The combined effect of alkali addition along with

nickel, zirconium and titanium can add into selectivity pattern.
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Nickel is considered a good methanation catalyst and can also dissociate hydrogen very
fast and forms stable carbides [51, 52]. Ponec [53] has reviewed effect of Rh based
catalysts on alcohol selectivity. An enhancement in alcohols selectivity (particularly
ethanol) was reported over Rh/supported SiO;, catalysts doped with titanium and
zirconium. Recently Ni doped B-MoC; catalysts have been reported for syngas
conversion to higher alcohols [54, 55]. The undoped and unmodified B-MoC; exhibited a
high CO conversion but produced CO; and hydrocarbons as a major product. But
alcohols selectivity was improved upon addition of K and Ni promoters. Conversely
doping the same catalyst (K-Ni- B-MoC,) with cobalt instead of nickel increased the

selectivity of hydrocarbons.

Present studies have shown an enhancement in hydrocarbons and CO; selectivity upon
addition of nickel promoter into CoMoS; catalyst. This catalyst has been mixed with
potassium carbonate. A combined effect of Co, Ni and K along with MoS; leads to many

possible reactions during CO hydrogenation.

Although undoped MoS, produces only hydrocarbons, commonly methane, the
selectivity dramatically shifts to alcohols upon addition of alkali promoters. The role of
alkali promoters into these catalysts is to shift the products from hydrocarbons to alcohols.
Several researchers have studied MoS;-based catalyst for higher alcohols synthesis (HAS)
[56-65]. The selectivity of hydrocarbons and alcohols varies depending on type of metal
promoters used. A combination of Ni with MoS; catalyst has been studied along with
K>COj; [66]. This catalyst has been found to be highly reactive for CO conversion and has
shown good selectivity to hydrocarbons. CO; selectivity data is not available for these

catalysts. Alcohols selectivity has been found to be very low compared with pure
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CoMoS; catalyst. Present studies have shown similar trend with respect to hydrocarbons
selectivity. This trend is expected, taking into account the fact that nickel is a very well

known methanation catalyst [67].

From the present studies it can be argued that the promotional activity of nickel in these
catalysts is due to the bifunctionality of Ni; one is catalyzing the formation of alcohols
and second is CO insertion reactions. Depending on the dominant reaction, product

stream shifts to CO; or alcohols.

Titanium addition into CoMoS; has resulted in formation of CO,, while addition of
zirconium in CoMoS$S; has shown an increase in the formation of hydrocarbons, methane

being the main product.

In CO hydrogenation, it is reported generally that CO molecules adsorbed in a
dissociative pattern are responsible for the synthesis of hydrocarbons while those
adsorbed associatively result in the formation of alcohols [68]. In alcohols synthesis
catalysts, alkali metals can reduce availability of active hydrogen by blocking the active
sites for dissociative chemisorption of CO. This blockage of active sites decreases the
interaction of CO with catalyst surface. The associatively adsorbed CO will be directly
hydrogenated to alcohols. From the present results (of CoMoS,/K,CO; + doped with Ti,
Ni, Zr), none of these catalysts was found active for alcohols synthesis compared with
pure CoMo0S,/K,COs. This can be argued that K combined with CoMoS; pure catalyst
blocks the active sites for CO to adsorb dissociatively and leads to direct hydrogenation
for alcohols formation. But addition of transition metals affects the basicity of surface

species leading to different reaction. Again it is hard to emphasize the existence of a
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single possible reaction responsible for alcohols or hydrocarbons formation because of a

lot of possibilities of various other reactions.

6.5.2.2 Characterization of CoMoS; doped with various metal promoters

(i) XRD

A comparison of XRD patterns of CoMoS; catalyst doped with Ni, Zr and Ti has been

shown in figure 6.2.
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Figure 6.2 XRD comparison of CoMoS; doped with various metals a) pure CoMoS; b) Ni ¢) Zr d) Ti

The solid pure sample was identified as belonging to MoS,.This was concluded because
of the characteristic reflections at 2 theta of 33.4, 39.4,50 and 59. There is one peak at

26.2 which is characteristic of cobalt molybdenum oxide sulphide (CoMoOS). XRD
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pattern of catalyst doped with nickel is different than others. All peaks get more intense
and crystalline compared with pure CoMoS;. Catalysts with Zr and Ni do not show any

change in XRD patterns when compared with pure CoMoS,.

(i) BET

Table 6.3 shows BET surface area measurements for CoMoS, doped with Ti, Ni and Zr.
Catalysts promoted with Ni and Ti have shown an increase in surface area compared with
pure CoMoS; catalyst. CoMoS,; impregnated with zirconium has shown lowest surface
area in comparison with other catalysts. Zr doped with CoMoS; has shown the lowest
activity for CO conversion while Ni doped with CoMoS, was highly active for

conversion of CO.

Table 6.3 BET surface areas of CoMoS, doped with various metals

Surface area (m’/g)
Catalysts Before calcination | After calcination
CoMoS, 48 35
CoMoS,+Zr 35 24
CoMoS,+Ti 55 49
CoMoS,+Ni 67 59

(iii) SEM

Figure 6.3 shows a comparison of pure CoMoS, and doped catalysts. Addition of
promoters has definitely affected the surface morphology and geometry of catalysts.
Some remarkable differences can be observed in these images. For pure catalyst CoMoS,,
spongy like structures were observed. Size and geometry of these particles was uniform.
There were big lumps of particles and various small sized particles were arranged on top

of them. For the zirconium doped catalyst the morphology of surface was completely
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changed. It consisted of various particles of different sizes and shapes. Catalyst doped
with Ti has shown a uniform distribution of very big particles along with small spherical
objects scattered on the surface. Catalyst doped with nickel was completely different
compared with other three catalysts. It consisted of spongy shaped structures of different

sizes.

(a) Pure CoMoS2 (b) CoMoSAHZr

100pm

(¢) CoMoS2+Ti (d) CoMoS2+Ni

Figure 6.3 SEM images of CoMoS2 and doped CoMoS2with various metals
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The evident morphological differences between pure CoMoS, and doped CoMoS,
suggest that addition of Zr, Ni and Ti addition has effectively changed the surface
composition. Similar differences were observed in BET measurements. Although XRD
patterns were similar for Zr and Ti doped catalysts and pure CoMoS; but there was clear
difference in XRD of nickel promoted catalyst. These similarities in surface
characterization suggest that addition of Zr and Ti have affected the surface composition

while it can be argued that addition of Ni can modify the surface and bulk both.

6.6 Conclusions

One particular catalyst system of CoMoS; has been reproduced under improved
preparation conditions. This catalyst has shown very good activity along with similar
selectivity of alcohols as was reported earlier. Further this catalyst system has been
modified by addition of various metal promoters. CoMo$S,; promoted with 0.2% Ni was
found to be highly active for CO conversion but was more selective to hydrocarbons.
Titanium addition shifted the products completely to hydrocarbons instead of alcohols.
Zirconium addition into CoMoS, catalyst has shown low water gas shift reaction and
major product was methane, along with other hydrocarbons(C>2).Nickel promoter was
found to be highly active for water gas shift reaction. Combined effect of alkali (K from
K,CO;) along with these transition metal promoters lead to a change in surface
composition leading to a big shift of product stream from alcohols to CO, and
hydrocarbons. SEM images and BET measurements of promoted catalysts have shown
clear differences between doped and pure CoMoS, catalysts. These differences in
characterization of promoted catalysts can be related to the differences in catalytic

activity.
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6.7 Future work

This work was a continuation of previously reported catalyst (CoMoS;). Further
modification was done by addition of metal promoters but the reaction conditions were
not changed. Variation in reaction pressure, temperature and syngas ratio can be studied
in future. Testing pure catalysts (without mixing with potassium carbonate) can give
different activity. Surface composition has a strong effect on selectivity pattern which can
be studied and related by XPS. CO chemisorption studies will be useful for understanding
the active sites on catalyst surface. TPR will be useful for further information about the
reduction behavior of these catalysts. Only one particular concentration (0.2%) has been
studied so far, it can be useful to vary the concentrations of these metals which can
influence the surface basicity or acidity leading to different reaction pathways. Further, a
combination of different metals can be studied on CoMoS; catalyst, e.g. the hydrocarbon
formation from Ni/CoMoS; can be suppressed by addition of lanthanum. The
promotional effect of La metal with Ni has been reported that leads to a strong interaction
of Ni and La improving the Ni dispersion on surface of catalyst [67]. Addition of

lanthanum has been reported to enhance the selectivity for higher alcohols.
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Chapter 7

Conclusions

An increased interest to develop non-petroleum based alternative methods for the
production of fuels and chemical feedstock has led to a need for Fischer Tropsch (F-T)
technology. The production and sales of chemical feedstock (by products of the FT

synthesis) have significantly increased the economic viability of the FT process.

This thesis has attempted to examine some important advances in Fischer Tropsch
reaction since its initial development. A historical review is provided in first chapter in
which a detailed comparison of the commonly used catalysts is given along with
proposed mechanisms for CO hydrogenation. Chapter 2 is devoted to a detailed

description of the equipment and methods used during this study.
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One of the main objectives of the current thesis was synthesis of a catalyst which is
highly selective to hydrocarbons with a lower selectivity to methane and longer life time.
We have investigated an already studied CoMnOj catalyst. Various preparation variables
for this catalyst have been studied in detail in order to find out the best preparation
conditions. Variable pH method of co-precipitation has been found to be better compared
with an already studied method of constant pH. Precipitation of cobalt and manganese
metals at pH=2.8 - 8.00 at 80°C with 0 h ageing was found to be the best method for
synthesis of CoMnOx catalyst. A detailed investigation has been done for the optimization
of reaction conditions. Best reaction temperature was found to be 220°C and the best
reaction pressure was 6 bar. It has been observed that CO, selectivity was very low
(almost negligible) for the reactions done at 220°C. While an increase in temperature
from 220°C to 240°C increases methane and CO, along with an increase in selectivity

towards Cs; hydrocarbons.

A strong requirement for improved catalysts for the synthesis of more selective products
from syngas encouraged an investigation of the effects of metal promoters on an existing
but modified CoMnO, catalyst. Three different concentrations of ruthenium with
CoMnO, catalyst have also been studied. Methane selectivity has been found to be
enhanced by the addition of 0.15% Ru, this also giving an increase in the formation of
higher hydrocarbons. A small change in concentration of ruthenium gave a large
difference in catalyst behavior. Addition of ruthenium, overall, has shown an

enhancement in the formation of hydrocarbons.

We have also studied an effect of different concentrations of potassium addition on

CoMnO, catalyst. A particular concentration of 0.15% has found to be good for synthesis
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of light hydrocarbons along with the lowest selectivity to methane. Most of the results of
potassium addition were found to be similar to the previously reported results. A detailed

investigation of the effect of addition of these promoters has been discussed in chapter 4.

The effect of the use of two different types of activated carbons (peat, wood) as support
for Co/ Mn and Fe/ Mn catalysts was reported in chapter 5. Co/Mn with addition of both
wood and peat derived carbons was found to be more active compared with our pure
CoMnO catalyst. Co/Mn/C (peat source) was found to be highly selective to synthesis of

propylene with higher catalytic activity compared with Co/Mn/C (wood source).

A comparison of Co/Mn and Fe/Mn along with peat and wood carbons has also been
given in chapter 5. Fe/Mn/C had low activity at low temperature so these catalysts were
tested at 300°C. Fe/Mn/C (peat source) has been found to be highly active with dominant
products of alkanes along with high CO, and methane compared with Co/Mn/C (peat

source).

A combination of activated carbon derived from wood with Fe/Mn (300°C) and Co/Mn
(220°C) showed very low activity for CO conversion. Co/Mn/C (wood source) was more
selective to propylene with less CO, compared with Fe/Mn/C (wood source) which was

highly selective to CO,.

An additional effort has been made for the study of alcohols synthesis from syngas using
the well known CoMoS, catalyst for this reaction. The CoMoS; catalyst has been
prepared under improved conditions and was tested under similar reaction conditions as
have already been reported in patent literature. This catalyst has been found to be more

active with respect to CO conversion and has shown higher selectivity to 1-propanol and
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was less selective to methanol and hydrocarbons. Further CoMoS; has been modified
with Zr, Ti and Ni metals. One particular concentration (0.2%) of these metals has been
tested. All three metal promoters have shown low selectivity for alcohols formation. Ni
and Ti have been found to be very active for water gas shift reaction while Zr doped
catalyst was more active for hydrocarbons synthesis (methane being the main product).
Clear differences have been observed in the surface geometry and morphology of these
doped catalysts along with a change in surface area measurements. Actual mechanism of

these catalysts cannot be argued because of lack of characterization of these catalysts.

An important characteristic of the present studies is that a lot of effort has been made to
collect all the products, including liquids and waxes. CO; is included in the products and
attempts have been made to get a catalyst with the lowest possible selectivity of CO,.

Most of the reported studies do not include liquids, waxes and CO,.

The reaction of CO hydrogenation by FT technology has provided an indirect route for
the production of fine petrochemicals from syngas. This fact alone makes the process
very important for future investigation of synthetic fuels production. Since the
development of the first methanation catalyst 106 years ago, the Fischer Tropsch process
has reached a stage when researchers are able to operate it on the commercial scale.
However, there is very little understanding about the actual mechanism of reactions

leading to final products.
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Appendix 1

Single bed reactor

A schematic representation of the single bed reactor rig is shown in figure 2.3. This was
a simple lab-reactor made of a stainless steel tube (3/16-in i.d.) housed within a single
zone furnace. The furnace controlled the temperature of the reactor through a

thermocouple dipped inside the catalyst bed.

product out

Figure 23 Single bed reactor, 1: reactor chamber; 2: thermocouple; 3, 5: quartz wool; 4: catalyst bed.

In this reactor, the catalyst bed was sandwiched between quartz wool plugs.
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Appendix 2

High pressure reactor for alcohols synthesis

Flow diagram of high pressure reactor and single bed reactor was exactly similar which is
shown in figure 2.5, while schematic of this reactor was different (figure 2.4). It consisted
of a stainless steel tube (3/8-in i.d., 27-in length) and a thermo-well (3/16-in o.d.) fitted
with an axial thermocouple. The reactor fitted inside a three-heating-zone heated furnace.
Temperature control of the furnace was achieved by a control panel that consisted of
three Eurotherm controllers (2116). Each controller linked to a single zone.

The middle zone of the reactor was the reaction zone and placed within it the catalyst bed
which typically consisted of catalyst and SiC (80 grit, Fischer Scientific). The ratio of
volume of catalyst and SiC is detailed in the experimental part of the relevant chapter.
The bottom zone had a support tube to hold the weight of the materials in the middle

zone above.
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gas in

product out

Figure 2.4 Schematic representation of high pressure reactor; 1: cross fitting; 2: connector; 3:
reactor chamber; 4: thermocouple; 5: thermowell; 6, 9: quartz wool; 7: catalyst bed; 9: support tube.
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Figure 2.5 Flow diagram of single bed reactor and high pressure alcohols reactor
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Appendix 3

Product Analysis for catalysts tested in single bed and high pressure alcohol reactor

Analysis of gaseous product was achieved by an online gas chromatograph (GC, Varian
3800). A 5Sm*1/8 inch stainless steel Porapak-Q column (mesh size 80-100) was used to
separate the reactants and products. Concentrations of hydrogen, carbon monoxide,
carbon dioxide and nitrogen were analyzed by a thermal conductivity detector (TCD).
The TCD compares the conductivity of the analyzed gas to that of a reference gas.
Conversion was determined using an internal standard, nitrogen. Organic compounds
such as hydrocarbons and oxygenates were determined by a flame ionization detector
(FID). By using a hydrogen and air flame, the FID burns the organic compounds into ions
whose amounts are roughly proportional to the number of carbon atoms present.

Liquid products from alcohols reactor were identified by gas chromatography mass
spectrometer (GC-MS, Perkin Elmer TurboMass). Quantification of liquid products was
determined by an offline GC equipped with a Chrompack capillary column (CP-Sil 8CB,

30m, 0.32mm, 1pum) and an FID detector.
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Appendix 4

6-bed reactors

CO hydrogenation for most of the catalysts for light alkenes synthesis was carried out
using six fixed-bed laboratory reactors as shown schematically in figure 2.6, which

enabled the testing of catalysts under identical experimental conditions.

The reactors were constructed from 316 stainless steel with an internal diameter of 14mm.
Test experiments showed that blank thermal reactions in the absence of catalysts were
negligible at and below 300°C. The reactor consisted of two main parts: (i) the reactor
section containing 0.5g of catalyst and (ii) a post reactor liquid and wax trap. Overall,
figure of these reactors was similar to the single bed reactor presented in figure 2.3.
Preheated gas and catalyst temperatures were measured using K-type thermocouple
positioned in the centre of catalyst bed. Premixed synthesis gas (typically CO 47.5%, H;
47.5%, N2 5% v/v) and H; (for reduction) were fed to the combined reactors at flow rates
controlled using mass flow controllers (BROOKS 5850S). The pressure was controlled
using a back pressure regulator (Pressure rang 1-30 bar) located down stream of the
reactor and wax/liquid trap. High boiling wax products were trapped in the post-reactor
trap which was held at about +/- 140°C reaction temperature. Lower boiling waxes and

liquids passed through into the trap which was held at room temperature.
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Fig.2.6 Schematic of one set of 6-bed reactors

Six reactors were arranged in set of 2 ovens, three reactors in each oven. Figure 2.6

presents one set of these reactors and the other one was exactly similar to this.
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Appendix §

Data Evaluation

A procedure of data manipulation was required, in order to obtain quantitative data in the
form of individual product selectivities from the integrated response of the respective gas
chromatographs. Two types of calculation methods were used for the evaluation of data.
One method was based on used of a correction factor, outlined by Dietz [4], while the
other method was based on use of online response factors of particular products in gas

phase. Both of these methods have been detailed below:
i) Data collection by use of Dietz’s correction factors

The varying response of the detector to each product component was corrected by
multiplying each component’s area counts by Dietz’s correction factors. Since the
selectivity of each component of the product yield from a catalyst was quoted in percent

mass derived from equation (1).

Selectivity of component i = mass of i/ total mass of all components*100/1 1)

Gas product’s concentration was converted from mass percent into volume percent, using
standard gas mixtures with known volume percent; with the method detailed by Mike [5],
as detailed in eq. (2) and (3). The volume percent of gas components was then converted

into grams per component shown in eq (4).
Factors for correcting %m/m to %v/v
€ = (%V/V*My)/%m/m )

184



Appendix

where M,, = molecular weight of the component
e factor was calculated by using a standard gas calibration for a 1%v/v for a given gas.

Volume percent of the gas components can be calculated from eq (3).
%v/v = (Y%em/m* €)/M,, 3
Ideal gas law was used for calculation of grams of gas products per component
n=PV/RT

where n (the number of moles) is used to calculate the mass percent per component using

the following equation
mass of component i = N; * M,,;

and V= inlet flow rate (ml/hr)*mass balance period (hrs)*%v/v

After addition of weight of liquids and solid masses, the percentage of each compound
was calculated.

Calculation of conversion

An indication of the activity of the catalyst was determined by the extent of conversion of
the carbon monoxide or for more active catalysts by the extent of volume reduction of the

reagent gases (using nitrogen as internal standard). The basic equation used was

Conversion % = Moles of CO;, — moles of COgq/moles of COy, * 100/1
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ii) Data collection by using the online response factors

First of all, the varying response of the detector to each product component was
converted into %v/v by, multiplying them with online calibration factors. Then these
were converted into moles by taking account the flow out of internal standard, moles of
feed in and time in hours. Moles of each product were converted into moles% and
selectivity % was measured by taking carbon numbers into account. Mass of gas products
was measured by multiplying the number of moles with molecular weight of particular
product. Mass of gas products was combined with the mass of liquids and solids.
Selectivity by mass was calculated for all products by normalization with the total mass

of gases, liquid and solids.

A simplistic example is presented below for data evaluation of hydrocarbons by using

both methods.

i) Dietz’s factors
Total catalyst run time=58 hours; mass of liquids accumulated =0.09 g’mass of solids
accumulated = 0.1g; gaseous flow rate = Sml/min

Gas analysis:

Components Area CF. Corrected area | %m/m | %vA° | Actual mass(g)® |

CH, 51566.2 | 0.97 53161 26.4 24 0.49
C,H; 18941.7 [ 0.97 19527.5 9.6 0.2 0.18
CH, 8184.1° 1.07 7648.7 3.8 0.4 7*10*
C;H, 22566.7 | 0.98 23027.2 11.3 0.3 0.21
C;H, 75396.2 1.02 76934.9 38.2 1.3 0.71

C, hydrocarbons | 13358.1 1.09 12255.1 6.06 0.15 0.11

Cs hydrocarbons | 10216.8 1.03 9823.8 4.85 0.1 9+10?
CO, 267 44 6.07 0.05 | 1.2*10° 2#10°
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Mass of gases’liquids’solids = 1.862 + 0.09 + 0.01 = 1.962g. Therefore final mass

distribution (%m/m) is:
CH, 24.9%
CH, 3.6%
C,Hy 9.1%
C;H, 36.1%
C3H, 10.8%
C,4 hydrocarbons |  5.7%
Cs hydrocarbons | 10.1%
CO, 0.12%

Factor for correcting %m/m to %v/v, € = (%v/v*M,,)/%m/m - (1), where M, = molecular

weight of component.

(a) 1% v/v C,H4 has an integrated peak area of 252847 unit from calibrations.

Therefore from eq. (1)
£=((8184.1/252847)*28.1)/2.4 =0.38

(b) From (1), %v/v = %m/m* ¢ /My,

(c) Using mass = n * M,,, where n=number of moles = PV/RT (Ideal gas equation),

and V is calculated from

Total gas volume * %v/v = 10ml/min * 58 hours *%v/v

Definitions: C.F. = Correction factor; Area=integrated GC response; %m/m=% by

mass’%v/v=%by volume.
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ii) Calculations using the online GC calibration factors:

mass of gas
Components Area | V/V (%) Mole (%) Selectivity (%) produced (g)
CH, 51566.2 | 2.68 40.29 22.55 8.1*10?
C,H, 18941.7 | 0.48 7.26 8.12 6.2*10°
C,H, 8184.1 0.09 1.35 1.51 1.0*10°
C;Hg 22566.7 | 0.41 6.28 10.55 7.5*10°
C,H, 75396.2 | 1.34 20.23 33.96 2.3*10?
C.hydrocarbons | 13358.1 [ 0.22 3.39 7.58 5.6*10°
Cs. hydrocarbons | 10216 0.11 1.72 4.82 2.7*10°
CO, 267 1.30 19.48 10.90 2.4*10™

Mass of gases’liquids’solids = 0.089 + 0.09 + 0.01 = 0.19g. Therefore final mass
distribution (%m/m) is:

CH., 9.8
CH, 0.6
CHs 33
C,H 12.2
C,H, 4.0

C,4 hydrocarbons 3.0
Cs. hydrocarbons | 54.2
CO, 12.98

Calculations for data evaluation of alcohols

For gas phase product, the concentration (v %) of component i at time x (x = 1-60) can be
obtained from GC analysis. The flow rate at time x (x = 1-60) of effluent out gas can be
calculated using internal standard (N,). With these two parameters known, the molar rate
of component i at time x can be obtained. For example, at time 20 hour, the concentration
of CO is 45.1% and the calculated flow rate (out) is 89.3 ml/min, the molar rate of CO at
time 20 hour can be obtained as below.

Molar rate of component CO = 45.1% * (89.3 mI/min)*(60 min/hour)

*(1liter/1000ml) *(1 mole/24.2liter)
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= 0.10 mole/hour
The molar rate of other components at 20 hours can be calculated in a similar way.
Method of online response factors was used for calculation of alcohols selectivity. For
liquid phase product, composition of the liquid can be obtained from GC. With the total
weight known (for example weight of total liquid collected = y g), the moles of each
component can be calculated. With the moles of gas product and liquid product known,

the total moles of carbon out of system can be calculated.

60 60
Carbon mole (out) = Y CO(mole),,, + D CO,(mole) +
J=1 Jj=

60 60
Y CH ,(mole)+2* " C,H ,(mole) +
J=l Jj=1

60 60
2% C,Hg(mole) +3* ) C,H,(mole) +
Jj=l J=1

60
3*) C;H,(mole) + ...+ CH;OH (mole) +
J=l

2* C,H;sOH (mole) +3* C;H;OH (mole) + ...
=z mole

Carbon(in) — Carbon(out) ,, 100
Carbon(in)

Error percentage =
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Gas analysis:

Components Area counts VIV (%) moles
CH, 3813988 30.91 0.70
C,H, 475 1.96*10° 4.49*10°
C,H, 69098 0.46 1.1*102
C,H, 3980 0.02 4.1*10*
C,Hg 95388 0.99 2.3*107
C.H; 1125 4.2%10° 9.6*10*
CHjp 53777 0.21 5.1*10°
CsHo 666 0.08 2.3*10°
C:H,; 25698 1.39 3.2*102
CeH)2 1999 0.01 1.7*10*
CsHiq 3958 0.01 3.3*10*
CO, 42267 11.20 0.25

Liquids analysis:
Components Area counts Moles
Methanol 1667982 52124.43
Ethanol 645511 14002.40
1-Propanol 261344 434848
2-methyl, 1 -propanol 19395 261.67
1-butanol 120823 1369.87

In next step, moles of all products can be converted into moles% in order to calculate

selectivity%e.
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Components Moles (%) Carbon moles Carbon mole selectivity (%)
CH, 45.17 0.70 50.8
C,H, 2.8¢10° 2.2*10™ 1.61*10°
C,H, 0.68 5.29*10° 0.4
C;H, 0.03 1.36*10* 9.8*10°
C;H; 1.44 8.1*10° 0.5
C.H; 0.01 2.4*10° 1.7*10°
C.Hjo 0.30 1*107 0.1
CsHyo 0.11 3.5*10* 2.5*102
CsH;, 0.11 3.58*10* 2.6*102
CeHi, 0.01 2.8*10* 2.0*10°
[ 0.02 5.5*10" 3.9*10°
CO, 16.3 0.25 18.4

Methanol 19.42 0.3 21.8
Ethanol 10.43 8.2*10° 59
1-propanol 4.23 2.2*10° 1.6
2-methyl1-propanol 0.22 1*107 0.1
1-butanol 1.40 4*10° 0.3
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Appendix 6

Product Analysis of catalysts tested in 6-bed reactors

Analysis of gaseous product was achieved by an online gas chromatograph (GC, Varian
3800). Three columns were used for analysis of gaseous products, (Front-Varian CP-
ALOy/KC, 25m, 0.32mm, Sum, CP7519, Middle-Mol sieve 13X, 60-80 Mesh, Rear-
Hayesep C, 80-100 Mesh).

Concentrations of hydrogen, carbon monoxide, carbon dioxide and nitrogen were
analyzed by a thermal conductivity detector (TCD). Conversion was determined using an
internal standard, nitrogen. Organic compounds such as hydrocarbons and oxygenates

were determined by a flame ionization detector (FID).
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