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Abstract

The Fischer Tropsch (FT) reaction is hydrogenation of carbon oxides (mainly 

carbon monoxide) to produce hydrocarbons and alcohols. The produced alcohols can 

be used as substitutes to motor fuel or as fuel additives to enhance the octane number. 

The use of alcohols significantly reduces the environment related pollution. This 

thesis was aimed to investigate the alcohol synthesis via the FT reaction.

Cobalt molybdenum based catalyst and cobalt copper based mixed oxide 

catalyst are two patented catalyst systems for alcohol synthesis. This study 

investigated the preparation and evaluation of these two catalyst systems. The highest 

activity (30% CO conversion) and alcohol yield (methanol: 8 %; higher alcohols: 

13%) was obtained with an operation condition of 580 K, 75 bar, GHSV = 1225 h' 1 

and syngas ratio of 2  for cobalt molybdenum based catalyst.

Carbon monoxide hydrogenation to synthesize alcohol was also investigated 

over gold containing catalyst. When ZnO was used as a support, it was found that the 

addition of gold could shift the alcohol distribution towards higher alcohol side.

The carbon monoxide and hydrogen used for the FT reaction is mainly 

generated by steam reforming reaction. This thesis investigated the possibility of 

combining the steam reforming reaction and the FT reaction together. Ruthenium 

supported catalysts were investigated for this purpose. The obtained results 

demonstrate that both steam reforming and the FT alcohol synthesis can be performed 

over the same catalyst in the same reactor.
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Chapter 1

Chapter 1 Introduction

1.1 General introduction of the Fischer Tropsch synthesis

The world economy as we know has a strong dependence on energy resources. 

A recent review [1] estimates that 80% of the global energy consumption proceeds 

from 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 as a 

consequence of the growing population and the world development. More than 60% 

of oil is consumed in the transportation sector in the form of gasoline, diesel and jet 

fuel. The remaining oil is used mainly for the production of petrochemicals including 

plastics, solvents, fertilizers and pesticides, and the production of electricity. In the 

foreseeable future, the transportation industry is expected to remain highly dependent 

on oil.

The limited natural reserves of oil combined with the increasing demand will 

drive the world rapidly to peak production and consumption, after which a permanent
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______________________________________________________________ Chapter 1

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 [2 ] to offer a solution to this problem.

The FT process is a method developed to utilize some types of fuel reserves 

other than oil, e.g. coal, natural gas and biomass, and transform them to synthetic 

fuels by passage over an appropriate catalyst. Synthetic fuels mainly include gasoline, 

diesel, wax and oxygenates. Among them, liquid fuels have significant application in 

transportation industry. Bearing this in mind, FT technology can be classified 

according to the syngas used as follows: coal to liquid (CTL), gas to liquid (GTL) and 

biomass to liquid (BTL).

1.2 FT technology

1.2.1 Historical background

The FT process was discovered by two German scientists, Franz Fischer and 

Hans Tropsch in 1923. The process was intensively investigated and widely employed 

to produce liquid hydrocarbons in Germany during World War II. By 1944, there 

were nine plants in operation using cobalt based catalysts in Germany with a capacity 

of 700,000 tonnes of hydrocarbons per year. In the mid 1950’s, the plants in Germany 

were shut down. With plenty of cheap oil supply from middle-east, only marginal 

interest was left in the FT synthesis except in South Africa.

Strategic reasons led a world leading company, Sasol, to invest a considerable 

amount of resources in a project called ‘Sasol I’, consisting mainly of producing 

liquid fuel from coal over iron based catalysts. This project commenced commercially 

in 1955. Following the success of Sasol I, subsequent plants Sasol II and III came into

2



______________________________________  Chapter 1

operation in 1980 and 1982 respectively, which enabled South Africa to be partially 

independent from oil imports.

The oil crisis and fear of oil shortages in mid 1970’s revived interest in the FT 

process across the world. For example, Statoil (Norway) developed a Gas to Middle 

Distillates (GMD) process in the mid/late 1980’s that has been in operation since then.

Recent major processes developed by companies, such as Sasol and Shell are 

focused mainly on the natural gas related FT technology, and this topic is addressed in 

a later section of this chapter.

In general, interest in the FT process and its development are strongly 

influenced by the price and the accessibility of petroleum oil.

1.2.2 Chemistry involved in the overall FT process

Syngas

The FT process, strictly speaking, consists of three steps which are syngas 

generation, the FT synthesis and product up-grade. Currently capital cost in syngas 

generation is the major contributor to the cost of the FT process.

Syngas, also called synthesis gas, which consists of a mixture of carbon oxides 

(mainly carbon monoxide) and hydrogen, is the starting material for FT synthesis. It 

can be obtained from different resources. For example, it can be derived from coal or 

biomass by gasification process. It also can be obtained from natural gas by several 

processes: steam reforming, dry (CO2) reforming, partial oxidation (POX) or 

autothermal reforming (ATR). Reactions involved in generating syngas from coal and

3
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natural gas are shown in Table 1.1. With proven reserves of coal and natural gas, the 

FT process could provide a solution for the oil crisis, at least in the short term.

The quality of syngas is normally closely related to its source. Syngas obtained 

from coal has a high percentage of sulfur which is detrimental to FT synthesis. Syngas 

produced from natural gas, however, is sulfur-free or has a relatively low content. 

Normally, a de-sulfurization unit is employed to remove sulfur compounds from 

syngas if necessary.

Table 1.1 Syngas generation processes

Process Equation a h w298
(k J m o l1)

Coal gasification c  +  h 2o < * c o + h 2 131 (1.1)

Steam reforming o f methane C H a +  H 20  <-» C O  +  3 H 2 206 (1.2)

C 02 reforming o f methane C H 4 + C 0 2 < r > 2 C 0  +  2 H 2 247 (1.3)

Methane partial oxidation C H A + ^ 0 2 < r > C 0  +  2 H 2 -38 (1.4)

Autothermal reforming 2 C H a + ^ 0 2 +  H 20  <-> 2 C O  + 5 H 2 168 (1.5)

The FT synthesis

By definition, the FT synthesis is hydrogenation of carbon oxides (carbon 

monoxide and/or carbon dioxide) generating higher hydrocarbons and/or alcohols [3]. 

Small amounts of other oxygenates such as aldehydes, acids, ketones and esters may 

also appear in product stream. The main reactions involved in the synthesis of 

hydrocarbons and alcohols are shown in Table 1.2.

The enthalpies of formation per carbon of hydrocarbons and alcohols at 

different temperatures have high negative values (Table 1.3). This indicates that the 

FT synthesis of hydrocarbons and alcohols from syngas is highly exothermic. From

4
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Table 1.3, it can also be seen that the formation of alcohols becomes more exothermic 

with increasing carbon number.

Table 1.2 Main reactions involved in the FT synthesis

Products Equation
1-paraffins (2yi + X)H2 wCO 4“̂  CnH 2n+2 "1" n H 20 (1.6)
a-olefins 2nH 2 +  nCO  CnH 2n +  yiH 20 (1.7)
alcohols 2n H 2 +  nCO  <-> CnH 2n+xO H  + ( n - 1 ) H 20 (1.8)

Table 1.3 Enthalpies of formation of hydrocarbons and alcohols per carbon for reactions listed in 
table 1.2 (original data used for calculation from ref. 4)

Product ArHe (kJ mol'1)
298 K 300 K 500 K 700 K

1-paraffins
c h 4 -206 -206 -215 -221

C2H6 -174 -174 -181 -185
c 3h 8 -166 -166 -172 -176
C4H10 -163 -163 -169 -173

a-olefms
C2H4 -105 -105 -111 -114
C3H6 -125 -125 -130 -133
c 4h 8 -131 -131 -137 -140

alcohols
CH3OH -91 -91 -98 -102
c 2h 5o h -128 -128 -134 -137

i -c 3h 7o h -137 -137 -142 -146

i -c 4h 9o h -140 -140 -145 -148

For exothermic reactions, great attention has to be paid to heat removal and 

thermal control. Poor heat removal and thermal control are often accompanied by 

local overheating of the catalyst, resulting in hot spots, catalyst deactivation and short 

catalyst lifetime. These factors can have a significant impact on the conversion of 

carbon oxide(s) and selectivity to final products. For example, excessive unwanted 

methane formation is one of the consequences of inadequate heat removal [3, 5].

5
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Another feature of exothermic reactions is that lower temperature is preferred. 

This is because that by applying Le Chatelier’s principle, lower temperature can drive 

the equilibrium towards products. However, the temperature required for the FT 

reaction can not be too low since the temperature has to be high enough to provide a 

sufficient reaction rate.

By following the Le Chatelier’s principle, it can also be seen that the FT 

synthesis is favored by high pressure because this reaction involves a reduction in the 

number of molecules. However, too high a pressure could significantly increase the 

capital cost of the reactor system including reaction vessel, pipeline etc.

Side reactions

In most instances, FT synthesis is accompanied by side reactions which occur 

at different levels (Table 1.4). Carbon produced by some of the side reactions may 

have a detrimental effect on the catalyst performance by blocking the active sites of 

the catalyst, e.g. carbide formation.

Table 1.4 Possible side reactions accompanying FT synthesis

Process_______________________________________ Equation
Water gas shift CO + H 20  C 0 2 + H 2 (1 .9 )
Methane decomposition C/ / 4 C + 2H2 (1 .1 0 )
Boudouard reaction 2CO<->C + C 0 2 (1.1 1 )
CO reduction C 0 + H 2 <*C + H20  (1.12)

Metal carbide formation xfo{ + C M  C (113)

Product distribution

Hydrocarbons and alcohols produced by the FT process can be used as 

synthetic fuels. Hydrocarbon products cover a broad range of chemicals including fuel 

gas (C1-C2), LPG (C3-C4), gasoline (C5-C12), diesel oil (C13-C17), middle distillates

6
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(C10-C20) wax (C19+). Alcohol products mainly consist of Ci to C6 alcohols. The 

composition of the FT product is dependent on the catalyst formulation as well as the

also compatible with the existing infrastructure. FT alcohols, typically higher 

alcohols, can be used as fuel additives to boost the octane number.

Anderson [6 ] reported that the distribution of products follows the so-called 

Anderson-Schulz-Flory (ASF) equation which is based on the assumption that FT 

synthesis is a polymerization process.

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

follows:

Where rp and rt 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 [7]. The higher the value of a, the longer the chain length is. 

For practical reasons, equation (1.14) is often re-written as:

A plot of log— ~n is the well-known Schulz-Flory diagram. It gives a linear plot 
n

with a slope of log a .

operating conditions employed. FT diesel can be used in existing diesel engines and is

Wn _ ( \ - a f  a (1.14)
n a

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

(1.15)

(1.16)

Wm

1
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Experimental data that deviates from the ASF distribution usually have Ci 

yields that are higher than the predicted value and have C>2 yield that are lower. 

Schulz and co-workers [8 ] explained the high methane yield by assuming that there 

was a different catalytic site for the methanation reaction, whereas Dry et al. [7] 

suggested heat and mass transfer limitations could result in thermodynamically 

favored products.

Product distribution is also affected when secondary reactions, such as 

hydrogenation, isomerization, reinsertion and hydrogenolysis are involved [9-13]. So 

far, there has been no single model that can explain all the observed catalytic results.

FT products are better able to meet the increasingly tighter demands of laws 

designed to protect the environment. Compared with conventional refinery fuel, the 

FT fuel is essentially sulfur and aromatic free (except for high temperature processes) 

and has low nitrogen content, releasing much lower emissions of principle pollutants, 

such as CO, CO2, SO2, and NOx and with little or no particulate emission. FT alcohols 

have a higher octane rating than hydrocarbons and thus can bum more completely 

which dramatically decreases environmental pollution.

1.2.3 Reactors for FT synthesis

Reactor design in FT synthesis is very closely related to the highly exothermic 

nature of the reaction. Since poor heat removal leads to rapid temperature build up 

inside the reactor resulting in high selectivity towards unwanted methane, heat 

transfer is a priority in designing an FT reactor. Other considerations include capital 

cost for construction and operation, ease of loading/unloading catalysts, 

capacity/productivity, ease of product separation, and product selectivity.

8
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There are three main types of reactor that have been developed for FT 

synthesis: the tubular fixed bed reactor, the fluidized bed reactor and the slurry bed 

reactor.

(1) Tubular fixed bed reactor

The tubular fixed bed reactor is the simplest reactor type (Figure 1.1.a). 

Typically the catalyst is packed inside the reactor tube(s) with syngas flowing through 

from top to bottom. The reaction products are collected at the bottom. Heat removal is 

achieved by circulating cooling medium outside of the tubes. The fixed bed reactor is 

easy to operate and scale-up, however, it has a relatively low capacity. Catalyst 

replacement is very labor intensive. Pressure drop along the bed may be experienced 

as well as diffusion limitations. The first well studied commercial reactor, the Sasol 

Arge reactor belongs to the tubular fixed bed reactor type. Shell’s Middle Distillate 

Synthesis (SMDS) process in Malaysia also employs this reactor type.

(2) Fluidized bed reactor

There are mainly two kinds of fluidized bed reactor: the circulating fluidized 

bed (CFB) reactor and the fixed fluidized bed (FFB) reactor.

In the circulating fluidized bed reactor (Figure 1.1.b), the catalyst is initially 

dropped down by gravity, and then mixed with feed gas and circulated through the 

reactor zone. The temperature of the reaction is maintained at the desired level by a 

cooling medium. Following the reaction zone, the mixture of feed gas, products and 

catalyst is passed to the hopper where products are separated out and lost catalyst is 

replaced. The operation of a CFB reactor is much more complicated than that of a 

fixed bed reactor. However, the CFB reactor provides better temperature control and a 

lower pressure drop compared to the fixed bed reactor. It also has the advantage of

9
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online removal/addition of catalyst. A typical example of a CFB reactor is Sasol’s 

Synthol reactor.

The fixed fluidized bed (FFB) reactor (Figure 1.1.c) is simpler than the CFB 

reactor. Feed gas is introduced to the reactor from the bottom of the reactor and flows 

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. An FFB 

reactor was used at Brownsville (Texas) by Hydrocol. A recent example is Sasol’s 

SAS (Sasol Advanced Synthol) reactor which is based on this technology.

The fluidized bed reactor has a much higher capacity than that of a fixed bed 

one. However, both the CFB reactor and the FFB reactor are more difficult to scale-up 

than the fixed bed reactor due to the complexity of gas-solid contacting as a function 

of reactor diameter. Furthermore, they require the desired products to have low 

molecular weight and volatility.

syngas in

gas out

liquid product

(a)

catalyst

coolant

syngas m

gas out

coolant

syngas m

(b) (c)

gas out

syngas in

coolant

(d)

Figure 1.1 Types of FT reactors a) Tubular fixed bed reactor; b) Circulating fluidized 
bed reactor; c) Fixed fluidized bed reactor; and d) Slurry reactor
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(3) Slurry reactor

The slurry reactor (Figure 1.1.d) is similar to the FFB reactor except that 

syngas bubbles up through a suspended mixture consisting of catalyst and liquefied 

hydrocarbon wax. The slurry reactor has the advantage of large single reactor 

capacity. It also provides excellent heat transfer, which leads to better selectivity 

control. Most companies nowadays employ this type of reactor, such as Sasol’s SSPD 

(Sasol slurry phase distillate) process and Exxon’s AGC-21 project. Other companies 

using this reactor type include Rentech, Statoil and Conoco Phillips etc. In all these 

cases, the technology details have not been revealed to the public so far.

1.2.4 Thermodynamics for the FT synthesis

The thermodynamic constraints of these reactions are described in Figure 1.2 

which shows Gibbs free energy as a function of temperature.

150

100 -

<  -50

-100

-150
300 400 500 600 700 800 900 1000

Temperature / K

Figure 1.2 Standard free Gibbs energies of reaction per carbon of the product in equations (1.6- 
1.8) as a function o f temperature 0 Methane; □ Ethene; o Ethane; A Propene; * Butane; 4 
Methanol; •  Ethanol; A 1-Propanol
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The conversion of a reaction at equilibrium can be calculated according to the 

equilibrium constant obtained from equation (1.17). It can be seen that at a fixed 

temperature the conversion is directly related to the Gibbs free energy of reaction.

K = e x p Z ^ ~  ( U 7 )

At a low temperature range (<400 K), most of standard Gibbs free energies of 

reactions are negative, which indicates the process is thermodynamically favorable at 

this condition. Unfortunately the reaction rate is so low that, as a consequence, the FT 

reaction does not spontaneously produce large amount of ‘petroleum’. Industrial FT 

synthesis is carried out at certain temperatures over catalysts which accelerate the 

reaction rate by modifying the kinetics of the catalyzed system by opening alternative 

mechanistic pathways. FT synthesis involves a decrease in the number of moles of the 

system when the forward reaction proceeds, suggesting that the obtained equilibrium 

can be driven to the product side through the action of Le Chatelier’s law by applying 

high pressure. In this sense, industrial FT synthesis is a highly regulated reaction to 

produce ‘petroleum’.

From the thermodynamic data, it can be seen that in general, changes in the 

standard Gibbs free energy for the formation of methane are the most negative 

compared to the formation of other hydrocarbons and alcohols. Therefore, in most 

cases, methane is one of the major components of the FT product when the system 

reaches its equilibrium.

With increasing temperature, standard Gibbs free energy of reaction becomes 

less negative, leaving the reaction more kinetically than thermodynamically 

controlled.

A comparison of the Gibbs free energy of formation of hydrocarbons and 

alcohols at 600K is displayed in Figure 1.3. These data indicate that hydrocarbons are

12
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more thermodynamically favored than alcohols. In order to obtain the 

thermodynamically un-favored alcohol product, an alternative reaction pathway for 

alcohol synthesis with lower activation barriers has to be created, which requires 

careful selection of catalyst and reaction parameters.

40 -

20 -

-40-

-60 -

-80
0 2 3 41 5

Carbon number

Figure 1.3 Standard free Gibbs energies of reaction per carbon of the product in equations [1.6- 
1.8] at 600K as function of carbon number, o Alcohols; □ a-olefins; 0 1-paraffins

1.2.5 Mechanism of the FT synthesis

Since the FT synthesis involves a wide range of products, the intrinsic 

mechanism is very complex. To date, the exact mechanism is still under debate. The 

mechanism of the synthesis of hydrocarbons and alcohols has been reviewed by 

several research groups [2, 3, 14-17].

The FT synthesis has been recognized as a polymerization process following 

these steps: reactant adsorption; chain initiation; chain growth; chain termination;

13
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product desorption and re-adsorption for further reaction. With so many mechanisms 

suggested so far, this section describes the most popular mechanisms.

(1) Carbide mechanism

The carbide mechanism was first proposed by Fischer and Tropsch [18]. They 

suggested that the CO molecule was dissociated into carbon and oxygen and 

chemisorbed on the catalyst surface forming surface carbide. The surface carbide was 

then hydrogenated to M-CHX species. The chain growth was realized by insertion of 

two adjacent CHX species into the metal-carbon bond. The carbide mechanism was 

challenged when direct hydrogenation of metal carbide was investigated by Kummer 

et al.[ 19] using labeled 14CO over reduced iron catalysts. Their results show that the 

carbide hydrogenation could be responsible for no more than 8 -  30% of the methane 

formed. Another limitation of the carbide mechanism is that it could not explain the 

formation of oxygenated products.

Development of surface science instruments led to a revival of the carbide 

mechanism. When CO adsorbs on a single crystal metal surface, it was found that 

carbon was produced on the catalyst surface but little oxygen. These findings 

indicated restricted carbide formation on the metal surface [2 0 , 2 1 ].

(2) Hydroxy-carbene mechanism

The hydroxy-carbene mechanism was proposed by Storch et al. [22]. This 

mechanism assumes that CO chemisorbs on the metal atoms without dissociation. The 

adsorbed CO undergoes partial hydrogenation giving an M-CHOH species. Chain 

growth, carbon-carbon bond formation is achieved by condensation of two adjacent 

hydroxyl-carbene groups. One simple illustration of this mechanism is shown in 

Figure 1.4. This model successfully explains the formation of both hydrocarbons and 

alcohols and thus was supported by several research groups [23-27].
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H OH H OH 
adsorption CO + h  \  /  \  /

CO -------------- ► II    ► C + C.
M

M M

- H20

v

CH3CH2OH

CH3CH3

c h 2c h 2

+ H'
CH3 o h  
\ /

II
M

+ H'

+ H- - h 2o

+ H'
CH3CH

M

H
\

M

/
OH

M

Figure 1.4 The hydroxy-carbene mechanism

(3) CO insertion mechanism

The CO insertion mechanism was proposed by Pichler and Schulz [28]. The 

mechanism suggests that the CO molecule does not dissociate but is incorporated into 

an M-H or M-C bond, forming a metal carbonyl which is the main intermediate 

involved in the FT synthesis. The metal carbonyl then reacts with hydrogen to form a 

metal-alkyl species. Chain growth is achieved by insertion of a CO molecule into the 

metal-alkyl bond and subsequent reduction of the acyl species. A variety of products 

including hydrocarbons and oxygenates can be obtained following desorption of the
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intermediates. A scheme illustrating the CO insertion mechanism is shown in Figure 

1.5.
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Figure 1.5 The CO insertion mechanism

Since the FT reaction is a very complicated catalytic reaction, the above 

presented mechanisms only provide some possible routes for CO hydrogenation. The 

‘real’ intrinsic mechanism of the CO hydrogenation could be a combination of these 

routes or is possibly totally different. Identifying the ‘real’ mechanism is a task for the 

long term future.

1.2.6 FT Catalysts

The term catalyst, by definition, refers to a substance that alters the rate of a 

chemical reaction without being consumed by the process [29]. Catalysts are often 

referred as the ‘heartbeat’ of industrial processes. This is also true for the FT process.
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Key features for measuring a successful catalyst are activity, product selectivity, 

lifetime and application of the commercial process.

The main components of a catalyst are normally active metal, support and 

promoters. The active metal plays a key role in activity/product selectivity, although 

the support and the promoter can influence the performance of the catalyst. The main 

function of the support is to maximize the surface area of the active phase. Generally, 

for catalysts with the same composition, higher surface area leads to higher activity. 

The support could also influence the morphology and mechanical properties (e.g. 

attrition resistance) of the final catalyst. Promoters are referred to as substances that 

are not catalytically active, but help to improve the activity of the active phase [29]. 

Other factors, such as the shape of the final catalyst, pellet size etc. may also 

contribute to the performance of a catalyst. Since all these factors are not isolated, 

catalyst design tries to find a combination of these factors that results in optimal 

performance for the target reaction.

The FT synthesis is a polymerization process with a wide range of products. 

To synthesize specific products with proper chain length requires careful catalyst 

choice.

In the FT synthesis, the active metals used are mainly group VIII transition 

metals. The activity of a series of group VIII transition metal was reported to decrease 

in the order: Ru > Fe > Ni > Co > Rh > Pd > Pt, Ir [30]. For commercial applications, 

selection of the metal for the catalyst is not only related to the activity, but also 

resources and cost. Ru was identified as being highly active, especially for the 

synthesis of high molecular weight waxes at high pressures. With a price of 3*104 

times more than Fe [31], its application is largely limited. Ni is active mainly as a 

methanation catalyst. Cobalt and iron are the earliest and most well-developed
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catalyst systems. Cobalt catalysts are normally used at a low temperature range for 

producing diesel and have the advantage of a long life time (>5 years), whereas iron 

catalysts are used at relatively high temperature for synthesizing gasoline products 

and the life time is relatively short ( ~ 8  weeks). Compared with iron catalyst, cobalt is 

230 times more expensive [31].

The supports used in the FT process are mainly silica, alumina and titania. 

Typically, silica and alumina have large surface areas in the range 150 -  250 m2/g. 

They were widely used in patented commercial catalysts, e.g. Shell (silica) [32,33], 

Gulf/Chevron (alumina) [34,35] and Statoil (alumina) [36,37]. Compared with silica, 

alumina has a better attrition resistance. Titania was chosen for Exxon patented 

catalysts [38-41]. In fact, the surface area of titania in its rutile form is rather low (10 

- 1 5  m /g), and titania in its anatase form has very low attrition resistance. Both are 

disadvantageous for a support. However, it is known that under certain pretreatment 

conditions titania is able to undergo structural changes which are responsible for the 

so called strong metal-support interaction (SMSI). The SMSI could be responsible for 

the catalytic activity.

There are normally two types of promoter in the FT synthesis. One is a 

reduction promoter which typically includes noble metals, such as Pt, Ru, Pd and Re. 

The main function of reduction promoters is to facilitate reduction of the active 

metals. The other type of promoter is an activity/selectivity promoter which normally 

comes from group A metals (e.g. alkaline). Their function is to stabilize the dispersion 

of the active metal on the catalyst surface.
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1.2.6.1 Catalysts for alcohol synthesis

Catalysts used for alcohol synthesis can normally be classified into two main 

groups. One is for methanol synthesis and the other one is for higher alcohol synthesis 

(HAS).

(1) Catalysts for methanol synthesis

The zinc chromium oxide (Zn0 /Cr2 0 3 ) catalyst was among the early systems 

developed for methanol synthesis. The active phase is ZnO, and Cr2 0 3  acts as 

structural promoter preventing the growth of ZnO crystals. Typical operation 

conditions involve high pressure (250 -  350 bar) and high temperature (623 - 723 K). 

This type of catalyst has the advantage of resistance to sulfur poisoning however the 

requirement of high pressure significantly increases the capital cost of the process. In 

the 1960’s, benefiting from the development of gas purifying technology, interest in 

Cu catalysts was renewed. In 1966, ICI developed the so called low pressure methanol 

synthesis catalyst Cu/ZnO/C^CL which was later replaced by Cu/ZnO/A^Cb. The 

active phase is Cu which is stabilized on Zn0 /Al2 0 3 . The low pressure methanol 

synthesis catalyst could be operated at 50 -  100 bar and 523 -  573 K approximately 

[42-44]. By using this type of catalyst, the required pressure for operation decreased 

dramatically. The temperature for this type of catalyst has to be limited to under 573 

K to avoid sintering of the copper. Klier [45] suggested that a composition of 

Cu/ZnO/Al2(>3 = 60/30/10 was good for methanol synthesis. Later on, in a review by 

Bart and Sneeden, a composition of Cu/Zn0 /Al2 0 3  = 60/35/5 was recommended [46]. 

At present, low temperature and low pressure Cu based catalysts are employed for all 

commercial production of methanol from syngas.
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(2) Catalysts for higher alcohol synthesis

Depending on the active metal involved, catalysts used for HAS can be 

roughly classified into 4 categories: a modified methanol synthesis catalyst, the IFP 

(Institut Fran9 ais du Petrole) mixed oxides catalyst, an alkali modified cobalt 

molybdenum catalyst and a rhodium based catalyst.

Modified methanol synthesis catalyst

For higher alcohol synthesis, it is commonly accepted that higher alcohols can 

be synthesized by appropriate modification of methanol synthesis catalysts and 

catalytic reaction conditions [45, 47]. With the addition of alkali and alkaline-earth 

components, the methanol synthesis catalyst favors the formation of higher alcohols 

and other oxygenates. This type of catalyst includes alkali-doped Zn0 /Cr2 0 3 , alkali- 

doped Cu/ZnO/Cr2C>3 and Co, Fe, or Ni modified CvJZnOICijO^ catalysts. Alkali- 

doped Zn0 /Cr2 0 3  catalysts are also called modified high pressure methanol synthesis 

catalysts. Typical process conditions for high pressure methanol synthesis catalysts 

are 573 -  698 K and 125 -  300 bar with branched primary alcohols as the main 

product. For this series of catalysts, methanol still remains the principle product and 

the main higher alcohol is isobutanol. The other two types of catalysts, alkali-doped 

Cu/Zn0 /Cr2 0 3  and Co, Fe, or Ni modified Cu/ZnO/Cr2C>3 catalysts are called 

modified low pressure methanol synthesis catalysts. Their typical process conditions 

are 548 -  583 K and 50 -  100 bar with primary alcohols as the major products. 

Comparing the modified higher pressure methanol synthesis catalyst with lower 

pressure one, there is a decrease in the average carbon number of the oxygenates 

produced using the modified low pressure methanol synthesis catalyst [48].
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The IFP mixed oxide catalyst

The IFP mixed oxide catalyst is also called a modified FT catalyst which 

consists mainly of oxides of copper and cobalt and a series of elements such as 

aluminum, chromium, zinc and noble metals [49, 50]. The function of cobalt in the 

IFP catalyst is different from that in the modified methanol catalyst because small 

additions can significantly affect the catalytic activity.

The IFP catalysts are homogeneously mixed oxides containing mainly Co and 

Cu. Small amounts of Zn, Zr, A1 and alkali metals are included as modifiers. A typical 

composition was given by Xiaoding et al. [44] as 10-50% Cu; 5-25% Co; 5-30% Al; 

10-70% Zn; alkali/Al = 0-0.2; Zn/Al = 0.4-2.0; Co/Al = 0.2-0.75; Cu/Al = 0.1-3.0. 

Typical operation conditions for the IFP catalyst are 523 -  623 K, 60 -  200 bar, 

giving a carbon oxide conversion of 5 -  30% and C2+ alcohol selectivity of 30 -  50% 

with linear primary alcohols as major products.

Alkali modified molybdenum catalyst

Molybdenum sulfide based catalysts for alcohol synthesis were independently 

discovered by research groups at Dow Chemicals [51-53] and Union Carbide [54]. 

They reported that molybdenum sulfide catalysts promoted by cobalt and alkali 

compounds are active for higher alcohol synthesis. This type of catalyst is normally 

operated at 533 -  623 K and 3 0 -  175 bar. CO conversion of circa 10% and 75 -  90% 

higher alcohol selectivity were reported with a syngas ratio (H2/CO) of 1 by Herman

[55]. The products are primarily non-branched linear alcohols and follow a similar 

ASF molecular weight distribution.

Due to the nature of this type of catalyst, molybdenum sulfide based catalysts 

do not suffer from sulfur poisoning. In fact, the operation of sulfide based catalyst 

require 5 0 -  1 0 0  ppm H2S in the syngas stream to maintain the sulfidity of the catalyst
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[56]. Catalyst activity was also reported to be less sensitive to the presence of CO2 in 

the syngas feed. However, inhibition of catalytic activity was observed with high 

amounts of CO2 (>30%). Additionally, the selectivity towards higher alcohols is 

reduced in the presence of even low levels of CO2 [55]. Hence, CO2 is recommended 

to be removed for the operation of this type of catalyst.

Molybdenum carbide catalysts have also been reported for the formation of 

alcohols by Leclercq [57] and Woo [58]. They reported that the formation of alcohols 

is linked to the surface stoichiometry and to the extent of carburization. Potassium 

promotion can enhance the selectivity towards C1-C7 alcohols [58]. Xiang et al. [59, 

60] investigated the addition of cobalt and potassium to the molybdenum carbide 

systems and reported that both additives lead to high activity and selectivity towards 

C2+ alcohols.

Reduced molybdenum based catalysts have also been studied for HAS [61- 

63]. Alumina or silica is the commonly used support for this type of catalyst. 

Operation at 523 K and 50 bar with a syngas (H2/CO) ratio of 2 gave a CO conversion 

of 7.2% and circa 60% alcohol selectivity.

Rhodium based catalyst

Rhodium based catalysts are another category for higher alcohol synthesis

[64]. Rhodium containing catalysts show good selectivity toward the synthesis of 

ethanol and other C2 oxygenates [65]. However, its high price due to limited natural 

resources makes commercial application difficult. Hence, studies of rhodium 

containing catalysts are currently for academic purpose. The possibility of future 

commercialization relies very much on its performance (activity, selectivity) and 

catalyst lifetime against its cost.
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The performances of the rhodium based catalysts are closely related to 

selected supports [6 6 -6 8 ], alkali promoters [69, 70] as well as the rhodium precursor 

employed. It was found that alcohol selectivity over Rh catalysts increases in the 

following order depending on the support: T i02 < A120 3 < Si02 < MgO [6 6 ]. 

Rhodium on silica was reported to have excellent selectivity towards oxygenated 

compounds [71, 72]. Alkali promoters were found to enhance the formation of higher 

oxygenates from syngas [69, 70]. The precursor Rh4C0 i2/La20 3  was reported to lead 

to the highest selectivity towards ethanol [73].

1.3 Recent interest in the FT process

Although the FT synthesis has more than 80 years of history, there is still 

progress to be made in the improvement of catalytic performance and the optimization 

of experimental conditions used to perform the synthesis of fuels. Recent interest in 

the FT process arises mainly from two areas. One is GTL technology, and the other 

one is higher alcohol synthesis.

1.3.1 Interest in GTL technology

World reserves of natural gas has been estimated at around 180 trillion cubic 

meters [1], which has an equivalent energy value of 630 billion barrels of synthetic 

oil. Most of these reserves are in remote places and the natural gas is normally flared, 

vented or re-injected back to the ground. The price is thus negative, which is 

advantageous in reducing capital costs of the FT process. Another advantage of GTL 

technology is that the products have high quality -  higher diesel yield than 

conventional refining process. The third advantage is that the GTL process yields
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products with zero/less sulfur and aromatic compounds, making them much cleaner 

than products from the conventional refinery process. This meets the increasingly 

stringent environmental fuel legislation. A lifecycle assessment has been performed 

on conventional refinery product and GTL fuels. The results obtained are shown in 

Figure 1.6. It can be clearly seen that the GTL system has advantages in all aspects 

(e.g. green house gas, air acidification, smog formation, particulate emission).

100 —  p —  ---------------------------------------- -------- -------------------- ----------------------
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0    i "  ^  l i i i i i l , Fi i i i i l  |

Greenhouse Gas Air Acidification Smog Formation Particulate Emission 
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Figure 1.6 Lifecycle assessment results [74]; □ Refinery system :;x GTL system

The interest in the GTL is clearly demonstrated by the significant behavioral 

shift of world oil majors. These companies are researching or commercializing large- 

scale production of the FT fuels based on natural gas. In 1992, the world’s first GTL 

plant was started up at Mossel Bay in South Africa by PetroSA. Currently it is 

producing 36,000 barrels per day (BPD) of synthetic and condensate based fuel. In 

1993, Shell launched its GTL plant employing SMDS technology at Bintulu in 

Malaysia, producing 15,000 BPD. In 2004, Shell announced a $5 billion plant in 

Qatar as an expansion of its GTL operation. Sasol, the world’s most experienced 

synthetic fuel firm based on coal, and Qatar Petroleum (QP) agreed on a $ 6  billion 

project to develop a 130,000 BPD upstream/downstream integrated GTL project
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based on Sasol’s Slurry Phase Distillate technology in 2004. Exxon Mobil signed a 

heads of agreement for a $7 billion GTL project based on the patented AGC-21 

technology with QP in 2004. BP has successfully operated commercial pilot plants in 

Alaska and is now the front runner of GTL technology in the Far-East area. A detailed 

review on the global GTL development in industry up to 2002 was given by Fleich et 

a l  [75].

1.3.2 Interests in the higher alcohol synthesis

Increasing attention has been paid to alcohol synthesis since last two decades 

ago. In the fuel industry, alcohol is considered as a potential substitute for motor fuel 

in modified engines and a fuel additive in gasoline to boost the octane number for use 

in conventional engines. Tetra-ethyl lead and methyl tert-butyl ether (MTBE) have 

been widely used as fuel additives to enhance the octane number. However, the use of 

lead in gasoline was found to have a damaging effect on the environment and health 

and thus was phased out in 1996 in the US and subsequently in many other countries. 

MTBE is now being phased out due to the difficulty of retrieving it from ground water 

and soil. On the contrary, alcohols when used as fuel additives, combust more 

completely than traditional fuels and do not have the negative impact on the 

environment that tetra-ethyl lead and MTBE exhibit. With increasingly tight 

environmental laws, the use of alcohol in the fuel industry is receiving much attention. 

Methanol

Methanol is one of the most important chemicals ever developed. The majority 

of methanol is produced via the syngas route. The process is a very well developed 

commercial process with high activity and selectivity. Methanol is widely used as a 

primary raw material and solvent in laboratory as well as pharmaceutical industries.
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When used in the fuel industry to blend with gasoline, methanol can cause 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 use in the food 

industry and the medical sector. It has also been used in the chemical industry as a 

solvent or as starting material to manufacture detergents, paint and cosmetic products.

When used in the fuel industry, ethanol can be blended up to 10% with 

gasoline without engine modification in any brand of today’s automobiles with 

emissions reduced by up to 30%. The extensive application of ethanol as an 

automotive fuel started in the 1970’s and is now the fastest growing sector among all 

applications. Currently around 30 million cubic metres per year are used in the fuel 

industry, which accounts for 70% of the world ethanol production. In the entire fuel 

market, ethanol only plays a minor role because it accounts for 2.5% of the total 

gasoline consumption that is 1 .2  billion cubic meters per year.

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

widely employed methods are fermentation and catalytic synthesis. Fermentation 

(equation 1.18) uses food e.g. sugar cane or com as feedstock to produce ethanol and 

has been commercially operated in Brazil (sugar cane) and the USA (com).

C6H n 0 6 -> 2CH3CH2OH + 1C02 (1.18)

Currently 95% of fuel ethanol is obtained from the fermentation process. The 

fermentation method is, however, time consuming and labor intensive. Due to its 

successful application in Brazil, a number of countries or firms are interested in this 

technology and are attempting its commercialization.
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Another approach to produce ethanol is catalytic synthesis which can be 

further divided into ethylene hydration (equation 1.19) and the syngas route. The 

former route refers to ethylene gas reacting with extremely pure water over the 

surface of a catalyst support impregnated with phosphoric acid.

CH2 = CH2 + H 20  -> CH3CH2OH (1.19)

This process is operated commercially and the main manufacturers are Sabic in the 

Middle East, BP in the UK, Sasol and PetroSA in the South Africa and Equistar in the 

US.

Syngas routes to produce ethanol are similar to the mixed alcohol synthesis, 

and hence are covered in the following section.

Higher alcohols

Apart from the interest in ethanol synthesis, higher alcohol synthesis (also 

called HAS) has been receiving growing attention. HAS normally refers to the 

synthesis of a mixture of CpC6 alcohols with the aim of obtaining high C2+ alcohol 

selectivity. The percentage of higher alcohols for blending to gasoline is estimated to 

be circa 30 -  45wt% [76]. In contrast to methanol, higher alcohols have the advantage 

of higher water tolerance, higher volumetric heating values and lower vapor lock 

tendency when used as fuel additives. The use of higher alcohols also improves the 

combustion efficiencies and reduces environmentally damaging emissions. The higher 

alcohols obtained can be used as mixtures as fuel additives in the fuel industry or can 

be separated into pure alcohols for use in the chemical industry.

Several processes have been developed to synthesize mixed alcohols: the FT 

synthesis, isosynthesis, oxosynthesis which includes the hydroformylation of olefins 

and the homologation of methanol and lower molecular weight alcohols. The potential
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of the FT synthesis route via syngas is widely recognized especially with regard to the 

development of various GTL technologies.

Since the 1980’s, there have been several technological developments on the 

HAS. Dow was the first company that developed HAS technology. Their catalysts 

were molybdenum sulfide based materials (as described in section 1 .2 .6 .1). 

Snamprogetti and Haldor Topsoe developed an HAS process using a modified 

methanol catalyst and started a 12,000 ton/y pilot plant in 1982 [77]. Lurgi built 2 

tonnes per day (TPD) demonstration plants in 1990 based on its HAS process with 

low pressure methanol synthesis [78]. IFP built its 20 BPD pilot plant in Chiba 

(Japan) [79]. Currently these companies have no further interest in commercializing 

their higher alcohol processes.

Several other companies/firms has shown interest in developing HAS 

technology. Power Energy Fuels Inc. (PEFI) developed the Ecalene™ mixed alcohol 

process [80] which uses a modified M0 S2 catalyst based on Dow’s process. The 

mixed alcohol product consists primarily of linear C\ -  Ce alcohols. The targeted 

weight composition is 0% methanol, 75% ethanol, 9% propanol, 7% butanol, 5% 

pentanol and 4% hexanol & higher. Currently 2-3 pilot plants are being considered to 

produce mixed alcohol from biomass. The Standard Alcohol Company of America 

(SACA) is seeking funds to build a pilot plant based on their Envirolene™ technology 

[81]. The Envirolene™ process mainly produces a mixture of methanol through to 

octanol over a modified high pressure methanol synthesis catalyst. Pearson 

Technologies has built a 30 ton/day biomass gasification and alcohol production plant 

in Mississippi with an emphasis in producing ethanol product [81].

It is known that the core of catalytic synthesis is to find a catalyst with good 

conversion as well as high selectivity. Due to low conversions and poor selectivity,
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commercial plants for the synthesis of higher alcohol have not yet been built. The 

final commercialization of HAS technology depends very much on the development 

and performance of its catalyst. Together with development in syngas generation 

technology, mixed alcohol synthesis could play an important role in the next 

generation of the fuel industry.

1.4 Aims of the research project

The aim of this project is to investigate alcohol synthesis via FT synthesis. The 

investigation was first performed on the two well-known catalytic systems for alcohol 

synthesis: (a) Cobalt molybdenum based catalyst and (b) the IFP mixed oxide catalyst. 

Their activity and selectivity towards higher alcohols was studied. The reaction 

conditions were identified for both catalyst systems.

The FT alcohol synthesis was also investigated over gold containing catalysts 

with the purpose of studying the possibility of using gold for alcohol synthesis by CO 

hydrogenation.

A combination of syngas generation and FT synthesis in a single reactor was 

investigated to evaluate the feasibility of combining steam reforming and the FT 

synthesis together whereby methane is first reacted with H2O to form CO + H2 which 

then further reacts to form hydrocarbons and alcohols.

Following this introduction, chapter 2 is the experimental section which is 

mainly focused on catalyst preparation, catalyst characterization, catalytic reaction 

procedures and data analysis. CO hydrogenation over cobalt molybdenum based 

catalysts and cobalt copper based mixed oxide catalysts for alcohol synthesis has been
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investigated and is described in chapter 3. Chapter 4 presents the initial results of CO 

hydrogenation over gold containing catalysts. Studies of combined steam reforming 

and FT synthesis for alcohol synthesis are described in chapter 5. Finally, chapter 6  

presents the conclusions of the investigated catalyst systems of this study.
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Chapter 2 Experimental

2.1 Catalyst preparation

Numerous preparation methods have been developed to synthesize 

heterogeneous metal, metal oxide and metal sulfide catalysts. Co-precipitation and 

impregnation techniques are two widely used methods in industry [1]. In this thesis, 

catalysts were prepared mainly using these two methods. Relevant starting materials 

used for catalyst preparation in this study are listed in Table 2.1.

2.1.1 Co-precipitation

The co-precipitation technique is a commonly used catalyst preparation 

method. Two or more active metal compounds (when only one active metal 

compound is present, co-precipitation is simplified to precipitation) precipitate when 

solutions of the metal precursors are added together simultaneously into a 

precipitating solution with proper control of temperature, pH and flow-rates. The 

obtained precipitate then typically goes through the following processes: aging, 

washing, drying, calcination and reduction, giving a final catalyst with uniform 

distribution of active metal compounds.
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Table2.1 Reagents used in catalyst preparation

Reagents Grade Supplier

(NH4)6Mo70 24-4H20 - Sigma Aldrich

20% wt (NH4 )2S in H20 - Aldrich

Co(CH3 C 0 2 ) 2  -4H20 98+% Sigma Aldrich

CH3 COOH >99% Fischer

k 2 c o 3 >99% Fischer

bentonite clay - Aldrich

sterotex® lubricant - Abitec

Cu(N0 3 ) 2  -3H20 99% Aldrich

Co(N 0 3 ) 2  -6H20 98+% Aldrich

Zn(N 0 3 ) 2  -6H20 98% Aldrich

Zr(N 0 3 ) 2  xH20 - Aldrich

N d(N 0 3 )2 -6H20 99.9% Aldrich

(NH4 )2 C 0 3 - Aldrich

Na2 C 0 3 99.95% Aldrich

Cs2 C 0 3 99.9% Aldrich

h n o 3 - Fischer

natural graphite - Aldrich

HAuC14  -3H20 - Johnson Matthey

Fe(N 0 3 )3 -9H20 98+% Aldrich

Au/Fe2 0 3 - World gold council

Z r0 2 99% Aldrich

MgO GPR BDH chemicals

Mo0 3 99.5% Avodado

T i0 2 99+% Aldrich

ruthenium (III) nitrosyl nitrate 
solution in dilute nitric acid _ Aldrich
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Co-precipitation requires detailed control of every preparation variable and 

step. Variables include the order and rate of addition of different solutions, the speed 

of mixing, the variation of pH and the procedure for aging. All these factors influence 

the nucleation and growth of the precipitate, which then further affects the structure of 

the final catalyst. Consequently, catalysts prepared using this method may suffer 

reproducibility problems [2, 3],

Most of the metal catalysts used in this study were prepared by the co

precipitation method. A batch co-precipitation rig (Figure 2.1a) was employed unless 

otherwise indicated.

(1) Preparation of alkali-promoted cobalt molybdenum sulfide catalysts

Alkali-promoted cobalt molybdenum sulfide catalysts (C0 -M0 S2/K2CO3) were

prepared as follows. A solution of (NH4)2MoS4 was prepared by dissolving 

(NH4)6Mo7 0 2 4 *4 H2 0  (15g) into (NFLj^S/^O (106 ml, 20%) with stirring (340-343K, 

lh). A solution of the cobalt compound was prepared by dissolving Co (CHsCC^ 

(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 stirred (lh, 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 (lh, 773 K ramping rate 25K/min), giving a grey- 

black product. This product was then ground and mixed with K2CO3, bentonite clay 

and sterotex® lubricant in a weight ratio of 66/10/20/4 (10% K2CO3) unless otherwise 

indicated.

(2) Preparation of Cu/Co/Zn/Zr mixed oxide catalysts

Preparation of Cu/Co/Zn/Zr mixed oxide catalysts was carried out in a 

continuous co-precipitation rig as shown in Figure 2.1b. Compared with the
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conventional one, the continuous one has an additional out flow port which allows the 

precipitate to be released constantly. The flow rates of the two solutions were 

controlled by pH, measured in the turbulent zone of the stirring.

pH Meter pH Meter

Thermometer Thermometer

Reagent A Reagent A

Reagent B Reagent B

(a) (b)

Figure 2.1 Co-precipitation technique, (a) batch co-precipitation rig (b) continuous co
precipitation rig

A mixed oxide containing the metals Nd and Zr was first prepared. 

Hexahydrated neodymium nitrate (4.4 g) and dehydrated zirconyl nitrate (8.1 g) were 

dissolved in nitric acid solution (7 v%, 100 ml) and then heated to 358K. A 

diammonium carbonate solution (18 g, 30%wt crystallized salt) was diluted in 

distilled water (100 ml) and was then heated to 33 8 K. The two solutions were 

simultaneously introduced into the above mentioned co-precipitation rig in the pH 

range 6.5-6.8. The obtained precipitate was matured in its mother liquor overnight at 

room temperature, followed by washing with hot distilled water (2.7 1). A wet 

precipitate was obtained (53 g).

Separately, a mixed oxide containing the metals Cu, Co and Zn was prepared. 

Trihydrated copper nitrate (9.7 g), hexahydrated cobalt nitrate (8.7 g), hexahydrated 

zinc nitrate (7.4g) and dehydrated zirconyl nitrate (13.4 g) were dissolved in nitric
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acid solution (7 v%, 200ml). This resultant solution was diluted to give solution A 

(300 ml). Meanwhile, anhydrous sodium carbonate (32 g) was dissolved in water (500 

ml), giving solution B. The two solutions (A and B) were simultaneously introduced 

into the continuous co-precipitation rig at 348K in the pH range 6.95-7.04. The 

obtained precipitate was matured (313K lh), cooled to room temperature and kept 

overnight in the presence of its mother liquor. The resultant material was washed 

with hot distilled water (1 .8  1).

The two precipitates were mixed in a beaker with stirring (3 h). The obtained 

thixotropic solution was matured in a solution (5 ml) containing Na2CC>3 (0.45 g) and 

CS2CO3 (0.04 g) with stirring (6  h) at room temperature. The resultant material was 

dried overnight in an oven at 393K.

The dried product was calcined in flowing air for 5h at 673K. The obtained 

solid material was ground with natural graphite in a weight ratio of 39/1 to give a final 

catalyst before each catalytic reaction.

(3) Preparation of supported Au catalysts

5wt%Au/ZnO catalysts were prepared from H A u C l^ ^ O  and 

Zn(NC>3)2'6 H2 0 . An aqueous mixture of the precursors (HAuCl4*3 H2 0 , 0.002 mol f 1 

and Zn(N0 3 )2 '6 H2 0 , 0.1 molT1) was introduced at the rate of 7.5 ml/min into an 

aqueous solution of Na2CC>3 (1 mol I'1, pH 9-11.5) under vigorous stirring (-600 rpm) 

for 90-120 min. The precipitation temperature was maintained at 343-353K. The co

precipitated sample obtained was aged for 24h, filtered, washed several times with 

warm distilled water, and then dried overnight in oven at 393K. The resulting powder 

was calcined in air at 673K. A ZnO catalyst was prepared in a similar way without 

adding the gold source.
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5wt%Au/Fe2C>3 catalyst was used as obtained, as a standard catalyst provided 

by the World Gold Council [4]. A Fe2C>3 catalyst was prepared by a precipitation 

method. An aqueous solution of Fe nitrate (Fe(N0 3 )3*9 H2 0 , 0.25 mol I'1) was heated 

to 353K. Na2CC>3 solution (0.25 moM'1) was added drop wise to the nitrate solution 

until a pH of 8.2 was reached. The precipitate was washed with distilled water and 

then dried overnight in oven at 393K. The dried brown colour solid was calcined in 

air at 673K for 6 h.

2.1.2 Impregnation

Impregnation is achieved by adding solutions of metal precursors to the pores 

of a preformed support, following by subsequent evaporation of solvent. Impregnation 

can be further classified as wet impregnation and incipient wetness impregnation 

according to the amount of added volume of the solutions. In the former case, the 

volume of the solution is significantly larger than the pore volume of the support. 

However, in the latter case, the amount of added solutions is equal or slightly less than 

the pore volume of the support [3]. For both cases, the resulting solid material goes 

through drying, calcination and reduction processes to give the final catalyst.

Compared with the co-precipitation technique, impregnation has the advantage 

of better control of metal loading, less waste of expensive metal components and 

simpler scale up.

(1) Preparation of supported Ru catalysts

3wt% Ru containing metal oxide catalysts were prepared by the impregnation 

technique. Metal oxide supports used were ZrC>2, MgO, M0 O3 and TiC>2. A calculated 

amount of ruthenium nitrosyl nitrate was impregnated onto a single oxide support at 

353K. After evaporation of the aqueous solution, the material was dried overnight in
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oven at 393K. The dried sample was then calcined in flowing air at 773K for 5h. The 

catalyst was reduced with hydrogen in the reactor at 673K for lOh before catalytic 

reaction.

2.2 Catalytic Tests

A schematic representation of the catalytic testing rig is shown in Figure 2.2. 

All catalytic reactions including Fischer Tropsch (FT) synthesis, steam reforming and 

Combined Steam Reforming and Fischer Tropsch (CRAFT) were carried out in this 

rig with slight variations. Three parallel lines were built in a similar manner for 

introducing gases to the system. Typically these lines were feed line (syngas in the FT 

or methane in the steam reforming), reduction line (H2) and dilution line (methane). 

All or some of these lines were used depending on the nature of the investigated 

process. In addition, a fourth line for introducing water to the system was used when 

required.

For a typical run, gas passed through a filter, non-return valve with its flow- 

rate controlled by a mass flow controller (BROOKS 5850S). A 3-way valve was used 

to direct the gas through the reactor or by pass. A pressure relief valve was installed 

before the reactor to ensure safe operation of the system. Liquid products were 

collected in a gas liquid separator wrapped with copper coil and insulator jacket. Cold 

water (276K) was circulated inside the copper coil. High pressure in the system was 

achieved by a back-pressure regulator (TESCOM 26-1700) and indicated by a 

pressure gauge. Gaseous products and non-reacted syngas passed through an online 

gas chromatograph (GC) for analysis before venting to fume cupboard.
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Variations were made concerning the manner of starting a catalytic test 

depending on the type of reaction. Detailed procedures are described in the 

experimental sections of relevant chapters.

Syngas

Figure 2.2 Flow diagram of catalytic reaction rig
1,2,3: filter; 4,5,6: non-return valve; 7,8,9: mass flow controller; 10,15: 3-way valve; 11: pressure 
relief valve; 12: reactor; 13: gas liquid separator; 14: HPLC pump; 16: pressure gauge; 17: back 
pressure regulator; 18: online GC.

2.2.1 Fixed bed reactors

Two fixed bed reactors were used for catalyst evaluation. One 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. The other one was a sophisticated micro-reactor 

donated by BP. The micro-reactor 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
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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 micro-reactor was designed in such a 

way so as to ensure isothermal operation during reaction.

gas in

product out

(a)

water ingas in

o0o°o

product out

Figure 2.3 Schematic re-presentation of reactors (a) lab reactor. 1: reactor chamber; 2: 
thermocouple; 3,5: quartz wool; 4: catalyst bed. (b) micro-reactor. 1: cross fitting; 2: connector; 
3: reactor chamber; 4: thermocouple; 5: thermowell; 6 : glass beads; 7,9: quartz wool; 8 : catalyst 
bed; 1 0 : support tube.

Schematic diagrams of the two reactors are shown in Figure 2.3. In the lab 

reactor, the catalyst bed was sandwiched between quartz wools. For the micro

reactor, the reactor chamber had a cross fitting for introducing reactant gas as well as
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water if necessary. The top zone of the reactor was normally packed with glass beads 

(2mm diameters, Sigma Aldrich), functioning as a pre-heater (and pre-mixer when 

more than one line was used in the system). The middle zone 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 chapters. The bottom zone had a support tube to hold 

the weight of the materials of the two zones above.

In contrast to the tubular fixed bed reactor introduced in chapter 1, both 

reactors used in this study did not have a cooling system attached, which was mainly 

due to the low catalyst loading and the associated low catalytic activity. In this study, 

most of catalytic tests were carried out with the micro-reactor due to its excellent 

characteristics for providing a stable thermal regime.

2.2.2 Product analysis

2.2.2.1 Gas chromatography and mass spectroscopy

Gas chromatography (GC) is an analytical technique used to separate mixtures 

of chemicals into individual components based on their volatilities and/or polarity. 

Quantification of individual compounds can be obtained if there is good separation.

Mass spectroscopy (MS) is a technique used to identify a compound. The 

compound is first fragmented into small ions. According to their mass-to-charge 

ratios, the ions are sorted in a mass analyzer and then collected by a detector to 

produce a mass spectrum. For a given molecule, its mass spectrum is unique, which 

can be used to identify an unknown compound.
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The combination of GC and MS provides a powerful tool to analyze unknown 

chemical mixtures. The mixtures can be first separated, then identified and finally 

quantified.

2.2.2.2 Experimental

Analysis of gaseous product was achieved by an online gas chromatograph 

(GC, Varian 3800). A 5m* 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 

bums the organic compounds into ions whose amounts are roughly proportional to the 

number of carbon atoms present.

Liquid products 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 8 CB, 30m, 

0.32mm, 1pm) and an FID detector. Either 2-propanol or 3-pentanol was chosen as an 

internal standard for the quantification depending on whether it was absent from the 

product mixture or not.
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2.3 Catalyst Characterization

2.3.1 Brunauer Emmett Teller (BET) method

In heterogeneous catalysis, gas diffusion, adsorption processes are very closely 

related with surface area and porosity of the solid catalyst. Surface area provides 

information about the porosity which helps to understand the structure of solid 

catalysts. Surface area can also be used in the measurement of the activity of a solid 

catalyst.

The BET method is the most commonly used technique for the determination 

of the surface area of a solid material. The concept of the BET method is an extension 

of Langmuir theory, which involves monolayer molecular adsorption, to multilayer 

adsorption. The following assumptions are used to derive the BET equation.

(1) The adsorption of the 1st layer takes place on a uniform solid surface.

(2) There is no interaction between molecules adsorbed in a given layer. The 

2nd layer only adsorbs on the 1st layer, and the 3rd only on 2nd one, and so 

on.

(3) Langmuir model is applied to every layer.

(4) For layers > 2, the heat of adsorption is equal to the heat of condensation.

The BET equation is expressed below as:

— 2-—  = - L + £ ^ I  .JL (2.1)
V iP o -p ) VmC V„C A,

Where p and po are the equilibrium and saturation pressure, V is the volume of gas 

adsorbed at pressure p, Vm is the volume of gas required to form a monolayer and C is 

a constant related to the heat of adsorption.
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Based on experimental results, equation 2.1 can be plotted as -----—-----
V ( Po ~P )

versus— . The slope and y intercept of the BET plot are equal to 
Po

respectively. With the monolayer volume Vm known, the surface area can be obtained

Where Na is the Avogadro number, and a is the area of one nitrogen molecule 

(generally accepted as 0.162 nm2).

Measurement of the BET surface area was achieved by N2 physi-sorption at 

the temperature of liquid nitrogen. Prior to each measurement, the sample was 

degassed for 1 h at 393K under flowing N2. Measurement was performed 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.

2.3.2 X-Ray Diffraction

Solid materials can be divided into amorphous and crystalline depending on 

whether the atoms are arranged in a regular pattern. Approximately 95% of solids 

belong to the crystalline category. X-Ray Diffraction (XRD) is a technique which can 

reveal information about the structure of crystalline materials.

by:

22414
N Aa (2 .2)
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Diffraction occurs when electromagnetic radiation impinges on a material with 

a comparable length scale to the wavelength of radiation. The distances of crystal 

lattices are between 0.15-0.4 nm that is within the electromagnetic spectrum of X-ray, 

which allows diffraction to occur.

d

Figure 2.4 X-Ray beams on a crystal

Figure 2.4 shows a simple illustration of X-ray diffraction. Two X-ray beams 

with wavelength X are reflected from two adjacent crystal planes. The resulting 

diffraction follows a mathematical correlation called Bragg’s law:

d = - ^ ~  (2.3)
2  sin#

Where d is the interplanar spacing, 0 is the diffraction angle, n is an integer and X is 

the wavelength of the radiation.

Powder XRD is one of the widely used XRD 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 0 

produce a diffracted beam of angle 2 0 .

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

Enraf Nonius PSD 120 diffractometer with a monochromatic CuKa source operated at
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40 keV and 30 mA was used to obtain intensity and 20 values. Phase identification 

was performed by matching experimental patterns to the JCPDS data base.

2.3.3 Raman spectroscopy

Raman spectroscopy is a useful technique for fingerprint identification of 

substances according to their vibrational modes. It can be used for solids, liquids and 

gases. In this study, Raman spectroscopy was used for the characterization of solid 

catalyst, mainly metal oxide systems.

Rayleigh Stokes anti-Stokes
scattering scattering scattering

Figure 2.5 Rayleigh and Raman (Stokes and anti-Stokes) scattering

When a monochromatic light impinges on a sample at the molecular level 

some of photons are absorbed and some are scattered. If the scattered photons have 

the same frequency as those incident photons, the scatter is called Rayleigh scattering. 

If there is a frequency change, it is called a Raman shift. The shift towards higher 

frequency is referred to as anti-Stokes scattering, and to lower frequency as Stokes 

scattering. Figure 2.5 shows energy-level diagrams for Rayleigh scattering, anti- 

Stokes scattering and Stokes scattering.
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Measurement of Raman spectra is achieved by analyzing scattered light from a 

sample when the sample is illuminated by a monochromatic light beam. Raman 

spectroscopy was performed using a Renishaw 1000 Raman microscope spectrometer. 

An argon ion laser was the photon source giving a monochromatic radiation of 514.5 

nm. For each sample, typically 10 accumulations of scanning were performed over the 

range of 150 to 1200 cm'1. The signal was detected by a charge-coupled device (CCD) 

with final processing by computer. The obtained spectra were compared with 

reference spectra from the literature for identification.

2.3.4 Temperature programmed reduction

Temperature programmed reduction (TPR) is a characterization technique 

used to gain information on the reduction behavior of metal oxide and sulfide 

catalysts. The direct information obtained includes the number of defined peaks in the 

TPR profile and the corresponding temperature at which these peaks occur. 

Characteristics including the ease with which species can be reduced, the state of 

metallic compounds, interactions of metal-metal and metal-support can be revealed. 

These characteristics can then be used for the optimization of catalyst pretreatment.

In a typical TPR measurement, a reducing mixture normally consisting of 

hydrogen and an inert gas passes through a catalyst bed at a constant flow rate. The 

rates of hydrogen adsorption and desorption were constantly monitored by a TCD 

which is highly sensitive to hydrogen concentration. The obtained TPR trace displays 

intensity as a function of temperature.

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
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by heating at 393K for 40 minutes in a stream of Ar (15 cm3/min). After cooling down 

to ambient temperature, Ar was switched to a gas mixture made of 10% H^/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 

5K/min from ambient to 773K and then returned to ambient. The consumption of 

hydrogen during the reaction was recorded by a TCD detector, giving intensity as 

function of temperature.
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Chapter 3 CO hydrogenation for higher alcohol 

synthesis over C0-M0 S2 based and Cu- 

Co based catalysts

3.1 Introduction

With the development of syngas technology, mixed alcohol synthesis or higher 

alcohol synthesis from syngas has attracted increasing attention which has been 

attributed to its wide application in fuel industry. When used as fuel additives to 

gasoline, mixed alcohols boost the octane number and reduce the environmentally 

related pollution.

Among the catalyst systems as described in Chapter 1, alkali-doped 

molybdenum sulfide based catalyst and the IFP catalyst have been paid much 

attention and this has been attributed to the high activity and selectivity.

Alkali-doped molybdenum sulfide based catalysts

Molybdenum sulfide based catalysts deserve special attention due to their high 

selectivity to C2+ alcohol synthesis and natural resistance against sulfur. This catalyst
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was first discovered to be active for higher alcohol synthesis (HAS) by Dow [1,2] 

and Union Carbide [3]. The catalyst system has been studied by several academic 

research groups [4-6].

Dow investigated alkali doped C0 -M0 S2 catalysts prepared by a co

precipitation method to make higher alcohols. They reported that the alcohol 

selectivity could be increased by increasing pressure, space velocity and by 

decreasing H2/CO feed ratio and temperature. Alkali doped C0 -M0 S2 catalysts have 

also been investigated by Iranmahboob and co-workers [6 -8 ]. The influence of cobalt, 

clay and potassium has been thoroughly studied. The highest oxygenates-productivity 

was obtained at 583 K and 135 bar for the catalyst with Co/Mo atomic ratio about 0.5 

and K2CO3 about 12.5%. They also found that a temperature range of 563 -  583 K 

provided suitable condition for clay to act as modifier of the investigated catalyst, 

increasing the catalyst activity and higher alcohol selectivity [6 ]. For K and Cs 

promoted Co-MoS2/clay catalyst, they found that the increase in reaction temperature 

led to increased alcohol yield however decreased alcohol selectivity [9].

The addition of potassium to the M0 S2 based catalyst was also investigated by 

other groups [1, 4, 10]. These authors found that the addition of potassium lowered 

the CO conversion and shift the products from hydrocarbons to alcohols.

The function of cobalt in C0 -M0 S2 based catalysts was considered to modify 

the product selectivity mainly towards higher alcohols, which could be attributed to 

the capability of cobalt in promoting carbon chain growth [11-14].

The nature of cobalt atoms in M0 S2 catalysts was also investigated. Farragher 

suggested that cobalt atoms at the M0 S2 edges are located between adjacent M0 S2 

layers [15]. Topsoe et al. proposed a model of ‘Co-Mo-S’ in which Co atoms were
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located at M0 S2 edges in a ‘decoration’ mode [16, 17]. This model was generally 

accepted. The XRD analysis by Iranmahboob et al [8] suggested that C0 -M0 S2 is a 

primary phase in potassium doped cobalt molybdenum sulfide catalyst.

The IFP catalyst

IFP was granted a series of patents for its HAS catalyst which mainly consists 

of homogeneously mixed copper and cobalt oxides.

One patent granted in 1978 described catalysts with formula Cu1C01Cro.8Ko.09, 

in which Cr could be replaced by Mn, Fe and V, and K could be replaced by Li or Na 

[18]. This catalyst was found to deactivate very fast. Another one in 1981 described 

the previous catalyst modified by the addition of rare earth and noble metal in a 

weight percentage of 0.005 and 0.5 [19]. Deactivation of this catalyst was not as 

severe as the previous one. In 1983, a further modification was made by introducing 

Al to the system replacing or adding to Cr and Re [20]. Catalyst described in the 

patent in 1987 comprised of 10 -  65% Cu, 5 -  50% Co, 1 -  50% Zn, 5 -  40% Al, 

alkali or alkaline earth metal [21]. For the last two catalysts in series, only little 

deactivation was observed during the start up stage of the reaction. The start up of the 

reaction for these two catalysts requires progress substitution of the syngas for the 

inert gas to avoid a transitory methanation reaction. The patent in 1988 described new 

catalysts with a composition of 15 -  55% Cu, 5 -  25% Co, 15 -  70% Zn, 0 -  55% Zr, 

0.01 -  5% A (alkali or alkaline earth metals), 0 -  20% M (from La, Ce, Pr or Nd) and 

0 -  1% N (from Rh, Pd or Pt) [22]. With this invention, the catalytic reaction only 

needs to be conditioned under hydrogen or syngas in a simple manner with reduced 

transitory methanation reaction.
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For the IFP catalyst, the homogeneity of obtained catalyst is important to 

achieve high catalyst activity. Structural in-homogeneity and chemical segregation of 

more than 15% are detrimental for HAS [20, 23]. Co-precipitation technique was 

employed in preparation of the IFP catalyst. Various co-precipitation techniques 

including a continuous batch flow reactor (see Chapter 2) were reported by Courty et 

al. [24]. The continuous batch flow reactor is advantageous over traditional batch 

reactor because the former one could maintain equal residence time for any portion of 

the precipitate at a specific temperature and pH value, which ensures the homogeneity 

of final product.

The preparation of the IFP catalyst is a complicated procedure due to many 

steps and variables involved. These variables have to be carefully controlled [25]. So 

far, the results claimed by IFP have not been replicated by other researchers. The 

effect of catalyst preparation variables on the performance of Cu/Co/Al/Zn catalysts 

were investigated by Baker and co-workers [26]. They found the order of importance 

for preparation of dry precursors as: ageing of precipitate > precipitation temperature 

> pH > total metal ion concentration > drying temperature. They also found that 

thermal activation of the dry precursors is the single most important variable in the 

preparation of these catalysts. A similar conclusion on the importance of variables 

was drawn in a recent study by Mahdavi et al [27].

For the above two catalyst systems, although so many investigations were 

reported and discussed, the detailed catalyst preparation procedure and catalytic data 

has not been fully disclosed so far. This chapter is aimed to explore the activation 

procedure and operation condition for the above two catalyst systems, demonstrating 

a high yield toward higher alcohols particularly over C0 -M0 S2 based catalysts.
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3.2 Experimental

Alkali-promoted cobalt molybdenum sulfide solid (C0 -M0 S2/K2CO3) mixed 

with bentonite clay and sterotex® lubricant was used for the C0 -M0 S2 based catalyst 

in this study. The C0 -M0 S2 (Mo:Co = 2 :1) solid was prepared by co-precipitation as 

described in Chapter 2.

As mentioned in Chapter 2, the ramping rate of calcinations (10 K/min or 25 

K/min) and the weight percentage of K2CO3 (10% or 12.5%) were changed for 

different samples, which are detailed in the results section.

For Cu/Co based catalyst, mixed oxides containing mainly metals Cu, Co, Zr 

and Zn were used in this study. The mixed oxides were prepared by co-precipitation 

technique following the IFP patent in 1988 [22].

Catalytic tests were carried out using Lab reactor and Micro reactor which are 

described in Chapter 2. A neat catalyst bed was used in the Lab reactor with 0.3 ml 

catalyst loading. A diluted catalyst bed was used in the Micro reactor. The dilution 

was performed by intimate mixing of the catalyst with silicon carbide (4.8 ml/5.2 ml 

for C0 -M0 S2 based catalyst and 1 ml/9 ml for Cu-Co 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. Detailed 

reaction parameters were given in each specific catalytic test.
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3.3 Results on C0 -M0 S2 based catalyst system

3.3.1 Catalyst characterization

The physical adsorption and structural information about the C0 -M0 S2 solid 

were obtained by the use of BET method and X-ray diffraction (XRD) technique (see 

Chapter 2 for details). Additionally, the temperature programmed reduction (TPR) 

technique was used in order to collect information about the reducibility of the metal 

sulfide precursor.

The analysis of metal content was given by Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS) (Earth department, Cardiff University). The obtained ratio of 

metal components is: Mo/Co = 2.2.

3.3.1.1 BET surface area

The surface areas of C0 -M0 S2 solid obtained with different ramping rate were 

measured using BET method. For catalysts with calcinations carried out at 10 K/min, 

the obtained BET surface area was 16 m /g, whereas for those at 25 K/min, the BET 

surface area was 35 m /g. This is consistent with the findings on the reduction of 

M0 S3 to M0 S2 by Utz and co-workers [28]. They found that a rapid increase in 

temperature during the reduction causes an increase in the surface area.

3.3.1.2 X-ray diffraction results

Figure 3.1 shows the XRD pattern of the sample. The solid sample was 

identified as belonging to the M0 S2. This was concluded because of the characteristic 

reflections at 20 = 33.4°, 39.4°, 50° and 59°.
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Figure 3.1 XRD patterns of Co-MoS2 solid
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Figure 3.2 TPR profile for Co-MoS2 solid
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TPR technique was used to study the influence of hydrogen reduction on the 

investigated catalysts. The TPR profiles for the catalysts are shown in Figure 3.2.

A broad peak was observed at 350 -  650 K. It could be attributed to the 

hydrogenation of surface sulfur atoms [29]. This indicates that the surface sulfur could 

be removed as H2S from the surface of the catalyst when hydrogen reduction was 

employed. As introduced in Chapter 1, one of the requirements for good performance 

of this catalyst is keeping sulfidity of the catalyst; hence the catalyst used in this study 

was without any pretreatment.

3.3.2 Catalytic results

The present section describes the CO hydrogenation activity of Co- 

MoS2/K2C0 3 /clay/lubricant catalyst. Silicon carbide intimately mixed with catalyst 

was used when Micro reactor was employed 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 spots developing in the catalyst 

bed.

3.3.2.1 Catalyst aerial oxidation

As a preliminary test, catalytic reaction using the Lab reactor was carried out. 

Two catalytic runs were performed over the same batch of catalyst however with 

different life time. One was obtained by freshly grinding C0 -M0 S2 solid with K2CO3, 

clay and lubricant for immediate use, hereafter denoted as fresh catalyst. The other
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one was obtained by exposure to atmospheric air of the former catalyst for 1 week, 

hereafter denoted as old catalyst.

Alcohols including methanol, ethanol, 1-propanol, 2-methyl-1-propanol and 1- 

butanol were synthesized from the above two catalytic tests. A volume of 0.4 ml 

mixed alcohol was collected in the reaction involving the fresh catalyst, whereas 0 .1  

ml was obtained with the old catalyst. Figure 3.3 presents CO conversion and 

hydrocarbon yields.

In general, the conversions in both cases were very low (< 2%). This could be 

due to the low pressure employed in the catalytic reactions. According to the figures 

above, the CO conversion (Figure 3.3 a), hydrocarbon yields (Figure 3.3 c) and 

alcohol productivity decreased when the old catalyst was employed. A higher activity 

for the fresh catalyst was observed with respect to that of the old one, suggesting that 

the sulfided catalyst may become deactivated by exposure to atmospheric air. A 

similar finding was reported by Woo et al. over fresh and oxidized K2CO3/M0S2 

catalysts [30]. It is very likely that the presence of K2CO3, clay and lubricant may 

facilitate this oxidation.

This preliminary test demonstrated that fresh catalyst was more preferred for 

the synthesis of hydrocarbons and alcohols. This is the reason why fresh catalysts 

were employed in all the remaining catalytic tests.
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Figure 3.3 Gas phase time online data of CO hydrogenation over Co-MoS/K2C0 3 /cIay/lubricant 
catalyst (a) CO conversion: x fresh catalyst, + old catalyst; (b) hydrocarbon yield over fresh 
catalyst; (c) hydrocarbon yield over old catalyst: ■ CH4; A C2H4; AC2H6; 0 C3H6; ♦ C3H8. 
Reaction conditions: 578 K, 20 Bar, CO/H2 (1:1 mol ratio), GHSV (gas hourly space velocity) = 
1200  h 1
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3 3 .2.2 Effect of temperature ramping rate for catalyst calcination on the 

catalyst performance

Catalysts with different ramping rates of calcinations were tested. Table 3.1 

shows the results of overall analysis. According to these results, the ramping rate had 

a clear effect on the performance of the catalyst, since the CO conversion obtained 

over catalyst calcined at higher ramping rate (denoted as CatalystHRamP) almost 

doubled the conversion obtained for the catalyst calcined at a lower ramping rate 

(denoted as CatalystLRamp). Additionally, the results presented in Table 3.1 suggest 

that the selectivity of the obtained products is strongly influenced by ramping rate of 

catalyst calcinations. Generally, compared with CatalystLRamp, CatalystnRamp had a 

lower selectivity in alcohols and higher selectivity in hydrocarbon products.

Figure 3.4 illustrates the CO conversion, gas phase hydrocarbon yield for the 

hydrogenation of CO at various times on stream for these two catalysts. From the CO 

conversion data, it can be seen that there were circa 20 -  30 hours needed for the 

reaction to reach stable condition. This induction period was also observed by Woo et 

al [30] and Iranmahbood et al [31]. The induction period could be the time required 

for the alkali promoters and/or clay to spread onto the C0 -M0 S2 surface. After this 

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

For hydrocarbons yield, methane follow similar trend as conversion. However, 

for higher hydrocarbons, the yield first reached a maximum and then started to 

decrease slowly, which is much more clearly demonstrated by C2 hydrocarbons.
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Table 3.1 CO hydrogenation over Co-MoS2/K2CC>3/clay/lubricant catalyst calcined with different 
ramping rate

Run 1 Run 2

Ramping rate of catalyst
calcination (K/min) 10 25

Conversion of CO
(exclusive C 0 2) /% 10.1 18.9

Products (mol%)
CH4 12.2 24.9
c 2h 4 0.39 0.24
C ^ 1.05 8.87
c 3h 6 0.44 1.03
c 3h 8 0.33 4.91
c 4h 8 0.05 0.15
C4Hjo 0.27 1.53
C5H10 0.00 0.12

c 5h 12 0.00 0.43
Methanol 53.1 26.7
Ethanol 27.3 23.3
1-Propanol 4.30 6.28
2-methyl-1 -Propanol 0.00 0.55
1-Butanol 0.57 0.91

Carbon mole Selectivity (%)
CH4 8.81 14.1
c>2 4.71 25.9
Methanol 38.4 15.2
Ethanol 39.5 26.5
1-Propanol 9.32 10.7
2-methyl-1 -Propanol 0 .00 1.26
1-Butanol 1.64 2.07

Yield (%)
Methanol 3.85 2 .86

Ethanol 3.97 5.00
1-Propanol 0.94 2.02
2-methyl-1 -Propanol 0 .00 0.24
1-Butanol 0.16 0.39

Reaction conditions: 580 K, 75 Bar, CO/H2 (1:1 mol ratio), GHSV = 1225 hf1
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Figure 3.5 Effect of ramping rate of calcination on alcohol yield; □ CatalystLRamp i# CatalystHRamp

Due to the restriction of the 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. Figure 3.5 compares the 

yields of alcohol products. Clearly, it can see that CatalystHRamp had higher yield for 

C2 -  C4 alcohols than that obtained from CatalystLRamp- A reverse trend was observed 

on methanol yield.

Since the only difference between these catalysts were the ramping rate of 

calcinations, the observed results could be very likely related to the change in surface 

area due to different calcination conditions. As can be seen from the BET results, the 

surface area was more than doubled for the catalyst calcined with higher ramping rate 

employed. This high surface area could be responsible for the high activity of catalyst 

and high yield towards higher alcohols. Since the investigation on Co- 

MoS2/K.2C0 3 /clay/lubricant catalyst was aimed at higher alcohol synthesis, the 

following tests were carried out over catalyst prepared by high ramping rate.
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3.3.2.3 Performance of Co-MoSi/KiCCVclay/lubricant catalyst

Table 3.2 Results o f CO hydrogenation over Co-MoS2/K2C0 3 /clay/lubricant catalyst

Run 2 Run 3 Run 4 Run 5 Run 6
Temperature, K 580 580 580 603 580
Pressure, Bar 75 75 75 75 75

GHSV, h 1 1225 1225 2450 2450 1225
Feed ratio, H2/CO 1 1 1 1 2

k 2c o 3,% 10 12.5 12.5 12.5 10

Conversion of CO
(exclusive C 0 2) /% 18.9 16.5 10.9 18.8 30.6

Products (mol%)
CH4 24.9 19.8 18.0 22.4 24.4
C2H4 0.24 0.34 0.56 0.44 0.08
C2H6 8.87 3.36 2.90 3.63 6.10

C3H6 1.03 0.67 0.67 0.96 0.32
c 3h 8 4.91 1.51 1.18 1.76 2.65
c 4h 8 0.15 0.07 0.06 0.15 0.03
C4H10 1.53 0.51 0.35 0.61 0.64
C5H10 0.12 0.04 0.00 0.06 0.05
C5H12 0.43 0.16 0.00 0.19 0.15
Methanol 26.7 36.0 46.9 34.0 37.9
Ethanol 23.3 29.5 25.9 28.4 23.2
1-Propanol 6.28 6.67 2.98 6.00 3.92
2-methyl-1-Propanol 0.55 0.56 0.26 0.64 0.22

1-Butanol 0.91 0.78 0.32 0.75 0.41

Carbon mole Selectivity
(%)
c h 4 14.1 13.0 12.7 13.4 17.0
C>2 25.9 11.3 9.94 12.3 17.4
Methanol 15.2 23.7 33.0 20.4 26.5
Ethanol 26.5 38.8 36.4 34.0 32.4
1-Propanol 10.7 13.2 6.29 10.8 8.22

2-methyl -1-Propanol 1.26 1.46 0.73 1.53 0.62
1-Butanol 2.07 2.04 0.90 1.79 1.15

Yield (%)
Methanol 2.86 3.91 3.60 3.83 8.10

Ethanol 5.00 6.41 3.97 6.41 9.92
1-Propanol 2.02 2.17 0.69 2.03 2.52
2-methyl-1 -Propanol 0.24 0.24 0.08 0.29 0.19
1-Butanol 0.39 0.34 0.10 0.34 0.35
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Bearing in mind that the oxidation on exposure to atmospheric air and 

calcination conditions could play an important role in the performance of the 

catalysts, a series of catalytic tests were performed to investigate the impact of 

promoter, GHSV, temperature and ratio of syngas on the CO hydrogenation over Co- 

MoS2/K2C0 3 /clay/lubricant catalyst.

Table 3.2 shows the CO conversion (CO2 free), mole percentage of gas and 

liquid product, alcohol selectivity and alcohol yield as a function of concentration of 

K2CO3, GHSV, temperature and syngas ratio.

Concentration o f K2 CO3

The impact of K2CO3 concentration on the reaction can be studied by 

comparing data of Run 2 and Run 3. With an increasing in K2CO3 concentration from 

10% to 12.5%, CO conversion and selectivity towards methane showed slight drop. 

For higher hydrocarbons (C>2), the selectivity with higher potassium concentration 

was more than half of that obtained from catalyst with lower concentration. Figure 3.6 

depicts the impact of concentration of K2CO3 on CO conversion, alcohol selectivity 

and alcohol yield. Generally there was increase in the alcohol selectivity as well as 

yield with the exception that in both cases C4 alcohol remained almost the same.

The observed reaction results indicate that the role of K is supposed to slow 

down the hydrogenation of CO to hydrocarbons by blocking the active site for 

formation of higher hydrocarbons, simultaneously creating active site for the synthesis 

of alcohols. This is consistent with the finding of Iranmahbood et al. in the literature

[9].
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Catalyst with 12.5% K2CO3 was also evaluated as a function of GHSV at 580 

K and 75 bar. Run 3 and Run 4 were the corresponding tests at GHSV of 1225 and 

2450 h' 1 respectively. The CO conversion, alcohol selectivity and yield are illustrated 

in Figure 3.7.
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Figure 3.7 Impact of GHSV on (a) CO conversion and alcohol selectivity; (b) alcohol yield; 
□ GHSV=1225 •: GHSV=2450

As GHSV doubled, the CO conversion was decreased from 17% to 11%. For 

hydrocarbons, both methane and higher hydrocarbons showed decreased selectivity. 

For alcohol products, methanol selectivity was increased whereas the C2+ alcohol 

selectivity was decreased. This finding is in agreement with the results obtained by 

Murchison and co-workers [32]. The yield for all alcohols showed decreased trend as 

GHSV doubled.
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Temperature

The impact of temperature was tested at 580 K in Run 4 and at 603 K in Run 5 

with GHSV at 2450 h '1. An increase in reaction temperature led to an increase in CO 

conversion, selectivity for methane and higher hydrocarbons.

The impact of temperature on CO conversion, alcohol selectivity and yield is 

illustrated in Figure 3.8. Selectivity of methanol and ethanol was decreased with the 

increase in temperature. However, for C3 and C4 alcohols, it was noticed that both 

selectivities were increased with the temperature. The observed results were in 

general agreement with the trend reported by Iranmahboob [7]. They investigated 

production distribution on the same type of catalyst over temperature range from 563 

-  593 K, with GHSV=1800 h*1 and 136 bar pressure. Their results show that with the 

increase in temperature, methanol composition was decreased over the whole range, 

and ethanol gave a maximum around 573 K, whereas the compositions of C3 and C4 

alcohol kept increasing. This may indicate that for a specific fuel alcohol, different 

optimum temperature or even operation condition exists.

As for alcohol yield, there were increases for all the alcohols, which were 

mainly attributed to the significant increase in CO conversion.
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Figure 3.8 Impact of temperature on (a) CO conversion and alcohol selectivity; (b) alcohol yield; 
□ 580 K Si 603 K

Syngas composition

For the FT synthesis, the stoichiometric number is dependent on the syngas 

composition or the ratio of H2 to CO, which may have influence on the catalytic 

reaction. A syngas ratio of 2 (H2/CO) was employed in Run 6  to study the impact of 

syngas ratio with Run 2 (H2/CO=l) as reference. The reaction was carried out over 

catalyst with 10% K2C 03 at 580 K and 75 bar with GHSV = 1225 h '1.

The increase in syngas ratio resulted in increased methane selectivity, 

whereas, decreased selectivity was observed for higher hydrocarbons.

The CO conversion, alcohol selectivity and yield are illustrated in Figure 3.9. 

When the syngas ratio doubled, the CO conversion was increased from 19% to 31%. 

Methanol, ethanol selectivity was also increased to different level. For C3 and C4 

alcohols, there were slight drop in selectivity observed. Concerning the alcohol yield, 

the increase in syngas ratio led to increases in Ci -  C3 alcohols, leaving unaffected the 

yield of C4 alcohol. One possible explanation for the increased catalyst activity at 

higher syngas ratio in this study is that higher hydrogen partial pressure could
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eliminate coke formation by side reactions, such as Boudouard reaction or methane 

decomposition.

Among the above tests, this test (Run 6 ) with a syngas ratio of 2 gave the 

highest alcohol yield. This result could be further improved by considering other 

reaction parameters as discussed before, e.g. the impact of K2CO3 concentration. A 

higher concentration of K2CO3, e.g. 12.5% with a syngas ratio of 2 may give 

improved results.
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Figure 3.9 Impact of syngas composition on (a) CO conversion and alcohol selectivity; (b) alcohol 
yield; □ H2/CO = 1 S! H2/CO = 2
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Product distribution

The distribution of alcohol products were calculated according to the 

Anderson-Schulz-Flory (ASF) equation described in Chapter 1. The obtained ASF 

plots are shown in Figure 3.10.

/—■sc
I

o .o

31 2 4
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Figure 3.10 ASF plots of distribution for alcohol products in catalytic runs listed in Table 3.2. o 
Run 2; 0 Run 3; A Run 4; * Run 5; * Run 6.

The above five catalytic runs (Run 2 - 6 )  show similar trend. In general, 

distributions of C2 -  C4 alcohols are in straight lines, indicating that the formation of 

C2 -  C4 alcohols follows the classical ASF distribution. The chain propagation factors 

are between 0.18 and 0.27. For methanol formation, however deviations were 

observed for all the above tests. This negative deviation was also reported by Xiang et 

al. on K/P-M02C (K/Mo = 0.2) catalysts [33]. This deviation suggests that the 

production of methanol could be occurring at different active site from higher 

alcohols. Another possible explanation for this negative deviation from ASF 

distribution could be the loss of methanol into gas stream. Although a cold gas-liquid 

separator was used to collect liquid products (alcohols), it was noticed that trace 

amount of methanol was always detected in the gas phase analysis.
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3.4 Results on Cu-Co mixed oxide catalyst system

3.4.1 Catalyst characterization

The analysis of metal content was performed by ICP-MS (Earth department, 

Cardiff University). The obtained ratio of metal components is: Cu/Co/Zn/Zr = 

3/275/3.

3.4.1.1 BET surface area and X-ray diffraction results

The BET surface area of Cu-Co mixed oxide catalyst was 105 m2/g.

X-ray diffraction measurement was also performed on the catalyst. It was 

found that the catalyst solid was essentially amorphous (Figure 3.11).

40 600 80 10020

20

Figure 3.11 XRD patterns of Cu-Co mixed oxides

3.4.1.2 Temperature programmed reduction

The TPR profile for the Cu-Co mixed oxide catalyst is shown in Figure 3.12. 

There are two peaks observed over the investigated temperature range. The first peak 

is relatively sharp occurring over temperature range of 450 -  580 K. The peak could 

be assigned to the reduction of CuO. The second peak is small and flat occurring over
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temperature range of 580 -  700 K. This peak may correspond to the reduction of 

C03O4. A similar feature was observed by Baker and co-workers [26].
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Figure 3.12 TPR profile for Cu-Co mixed oxide catalyst

3.4.2 Catalytic results

The present section deals with the influence of variables such as temperature, 

pressure and water addition on the results obtained in the catalytic experiments.

3.4.2.1 Effect of reaction temperature

A series of catalytic tests were carried out in the Lab reactor at 25 bar with a 

GHSV of 4200 h' 1 over a range of 578 -  598 K to investigate the impact of 

temperature on the CO hydrogenation over Co-Cu mixed oxide catalyst. Table 3.3 

shows the reaction condition and the obtained results. From Table 3.3, it was noticed 

that the increase in temperature led to an increase in methane selectivity, which is 

consistent with the thermodynamic statement that methane is the most 

thermodynamically stable product as explained in Chapter 1 of this thesis. The 

increase in temperature also led to a loss in olefinicity for the hydrocarbon products. 

The ratios of alkene to alkane at different temperature are illustrated in Figure 3.13.
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Table 3.3 Impact of temperature on CO hydrogenation over Cu-Co mixed oxide catalyst

Run 1 Run 2 Run 3
Temperature, K 578 588 598
Pressure, Bar 25 25 25

GHSV, h’1 4200 4200 4200
Feed ratio, H2/CO 1 1 1

Conversion of CO
(exclusive C 0 2), % 1.6 2.2 3.3

Products (mol%)
c h 4 62.8 69.0 75.5
c2h 4 5.46 3.87 3.42
c2h6 5.22 6.35 7.22
c3h 6 4.16 3.48 3.44
c3h 8 1.10 1.13 1.12
c4h 8 1.44 1.02 0.98
C^io 0.39 0.37 0.36
C5H,o 0.70 0.46 0.43
c5h 12 0.23 0.24 0.24
Methanol 11.4 8.12 3.91
Ethanol 4.36 2.75 1.35
1-Propanol 1.68 1.47 0.77
2-methyl-1 -Propanol 0.61 1.23 0.96
1-Butanol 0.52 0.53 0.27

Carbon mole Selectivity (%)
CH4 43.3 48.2 52.7
c>2 33.8 30.3 30.5
Methanol 7.83 5.68 2.73
Ethanol 6.01 3.85 1.88
1-Propanol 3.47 3.09 1.62
2-methyl-1 -Propanol 1.69 3.44 2.69
1-Butanol 1.44 1.49 0.77

Yield (%)
Methanol 0.12 0.13 0.09
Ethanol 0.10 0.09 0.06
1-Propanol 0.05 0.07 0.05
2-methyl-1 -Propanol 0.03 0.08 0.09
1-Butanol 0.02 0.03 0.03
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4

Figure 3.13 Olefinicity at different temperatures; □ 578 K; S: 588 K; IS? 598 K

Conversion ClOH C20H C40HC30H
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0.10o'-
2
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£

0.05

0.00
ClOH C20H C30H C40H

Figure 3.14 Impact of temperature on (a) CO conversion and alcohol selectivity; (b) alcohol yield; 
□ 578 K; Si 588 K; IS? 598 K
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The data on CO conversion, alcohol selectivity and alcohol yields are further 

depicted in Figure 3.14. It was noticed that with the increase in temperature, there was 

an increase in CO activity however decreases were observed for the selectivity 

towards Ci to C3 alcohols. For C4 alcohols, the highest selectivity was observed with 

temperature at 588 K. There was no clear trend for the alcohol yields over the 

investigated temperature range. Apparently, the formation of Ci and C2 alcohols 

prefers the lower temperature range, whereas higher temperatures were favored by the 

formation of C3 and C4 alcohols. This indicates that the formation of C1.2 and C3+ 

alcohols probably follows a different route. For alcohol synthesis, the reaction route 

involves two basic steps, i.e. linear addition and aldol condensation. The rate of linear 

addition was found slower than that of P-addition [34, 35]. This rate difference could 

be enhanced at higher reaction temperature, leading to increased formation of C3+ 

alcohols.

3.4.2.2 Effect of reaction pressure

Tests concerning the impact of pressure on the catalytic performance were 

carried out using the Micro reactor at 633 K with a GHSV of 12,000 h '1. The reaction 

condition and the obtained results were tabulated in Table 3.4.

The results presented in Table 3.4 shows that the increase in the reaction 

pressure resulted in increases in conversion of carbon oxides however decreases in 

selectivities of methane and higher hydrocarbons.
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Table 3.4 Impact of pressure on CO hydrogenation over Cu-Co mixed oxide catalyst

Run 4 Run 5 Run 6
Temperature, K 633 633 633
Pressure, Bar 25 50 75

GHSV h 1 12000 12000 12000
Feed ratio, H2/C 0 /C 0 2/N2 57/38/1/4 57/38/1/4 57/38/1/4

Conversion of C 0 /C 0 2, % 4.6 6.5 9.1

Products (mol%)
CH4 74.8 74.3 47.0
C2H4 2.52 0.85 0.69
C2H6 7.78 8.41 5.01
CaHe 3.67 2.34 1.11
c 3h 8 1.83 1.95 1.27
c4h 8 1.10 0.54 0.26
C4H10 0.79 0.65 0.39
c 5H10 0.57 0.25 0.12
c 5h 12 0.57 0.37 0.21
Methanol 4.88 8.23 36.7
Ethanol 0.82 1.01 3.64
1-Propanol 0.26 0.37 1.27
2-methyl-1 -Propanol 0.38 0.64 2.02
1-Butanol 0.08 0.09 0.38

Carbon mole Selectivity (%)
CRj 56.8 55.5 39.3
c>2 38.3 29.3 19.1
Methanol 3.70 6.14 30.7
Ethanol 1.24 1.50 6.09
1-Propanol 0.59 0.83 3.20
2-methyl-1 -Propanol 1.16 1.92 6.78
1-Butanol 0.24 0.26 1.26

Yield (%)
Methanol 0.17 0.40 2.80
Ethanol 0.06 0.10 0.55
1-Propanol 0.03 0.05 0.29
2-methyl-1 -Propanol 0.05 0.12 0.62
1-Butanol 0.01 0.02 0.11
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Conversion ClOH C20H C30H C40H

3

ClOH C20H C30H C40H

Figure 3.15 Impact of pressure on (a) CO conversion and alcohol selectivity; (b) alcohol yield; □ 
25 bar; S! 50 bar; 3$ 75 bar

The conversion of carbon oxides, alcohol selectivity and alcohol yields are 

also presented in Figure 3.15. With the increase in pressure, there were increases in 

carbon oxide activity, alcohol selectivity and alcohol yield. Alcohol selectivity and 

alcohol yield were dramatically increased when 75 bar was employed in the catalytic 

test. This observation is in agreement with impact of pressure on different catalytic 

systems [10, 36].

One possible explanation for the difference between the impact of pressure on 

hydrocarbon selectivity and alcohol selectivity could be obtained by considering the
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reaction pathway employed for these two types of products. The formation of alcohol 

may follow a reaction pathway involving non-dissociated CO (e.g. the CO insertion 

mechanism), whereas the formation of hydrocarbons may require dissociated CO 

(such as the carbide mechanism). The increase in reaction pressure could result in 

large amount of non-dissociated CO due to the limited active site of catalyst surface, 

consequently these non-dissociated CO led to the increased formation of alcohols. 

The real mechanism involved in hydrocarbon and alcohol synthesis is still not clear, 

hence this above explanation is purely speculative and may not represent the reason 

behind the observed catalytic results.

Product distribution

Figure 3.16 shows the ASF plot of the distribution of alcohol products for the 

tests over Cu-Co mixed oxide catalysts.

2.0

l.o

o . o  -

4321

Carbon number

Figure 3.16 ASF plots of distribution for alcohol products in catalytic runs listed in Table 3.4. 
o Run 4; 0 Run 5; A Run 6.
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The above three catalytic tests (Run 4 - 6 )  show similar trend. Clear 

deviations from the ASF plot were observed for each catalytic test. The deviations 

mainly occur with the C4 alcohols. From Table 3.4, it was noticed that the selectivity 

and yield of 2 -methyl-1-propanol were particularly high, which contribute to the high 

weight fractions of the C4 alcohols. A possible explanation is that for the investigated 

catalyst, the synthesis of linear alcohol and branched alcohol may occur at different 

active site.

3.4.2.3 Effect of water addition

With the purpose of investigating the effect of water on the CO hydrogenation 

to alcohols over Cu-Co mixed oxide catalysts, Run 7 was performed under the same 

reaction condition of Run 5 with the exception that water was added to the feed 

stream in Run 7. The reaction condition and obtained results are shown in Table 3.5.

The conversion of carbon oxides, selectivity of alcohols and yield of alcohols 

are presented in Figure 3.17. In the presence of water, the conversion of carbon oxides 

was increased, which partially was from the increased amount of CO2 produced via 

the water gas shift reaction. It was also noticed that the addition of water lowers the 

selectivity and yield for methanol and ethanol. Decreases in both selectivity and yield 

were observed for methanol, whereas significant increases were obtained for ethanol. 

There was no C3+ alcohol observed in the presence of water.

A possible explanation for the increase in selectivity and yield for ethanol is 

that water may take part in the alcohol synthesis. Meanwhile, the absence of C3+ 

alcohol indicates that water could play another role in inhibiting the carbon chain 

growth.
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Table 3.5 Impact of water addition on CO hydrogenation over Cu-Co mixed oxide catalyst

Run 5 Run 7
Temperature, K 633 633
Pressure, Bar 50 50

GHSV, h 1 12000 12000
Feed ratio, H2/C 0 /C 0 2/N2 57/38/1/4 57/38/1/
H20/Syngas 0 1

Conversion of C 0 /C 0 2, % 6.5 10.2

Products (mol%)
CH4 74.3 74.7
c2h 4 0.85 0.40
c2h 6 8.41 7.17
CaHe 2.34 1.91
c 3h 8 1.95 3.55
c4h 8 0.54 0.50
C ^io 0.65 1.70
C5H10 0.25 0.30
c 5h 12 0.37 1.06
Methanol 8.23 1.95
Ethanol 1.01 6.79
1-Propanol 0.37 0.00
2-methyl-1 -Propanol 0.64 0.00
1-Butanol 0.09 0.00

Carbon mole Selectivity (%)
CH4 55.5 50.3

C>2 29.3 31.8
Methanol 6.14 1.31
Ethanol 1.50 9.15
1-Propanol 0.83 0.00
2-methyl-1 -Propanol 1.92 0.00
1-Butanol 0.26 0.00

Yield (%)
Methanol 0.40 0.13
Ethanol 0.10 0.93
1-Propanol 0.05 0.00
2-methyl-1 -Propanol 0.12 0.00
1-Butanol 0.02 0.00
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Figure 3.17 Impact of pressure on (a) CO conversion and alcohol selectivity; (b) alcohol yield 
□ without water addition; with water addition

3.5 Conclusions

Two different catalyst systems, namely C0-M0S2/K2CO3 based catalyst and 

the Cu-Co m ixed oxides catalyst, were investigated under different reaction 

conditions in this study. For the C0-M0S2/K2CO3 based catalyst, the experiment on 

catalyst aerial oxidation suggests that fresh catalyst is more active than old one. For 

catalysts calcined at different ramping rate, the experimental data shows that the use
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o f higher ramping rate could result in larger surface area which further facilitates the 

CO hydrogenation to higher alcohols. A series o f  catalytic tests concerning the effect 

o f K2CO3 concentration, GHSV, temperature and feed composition were investigated. 

Among the investigated parameters/conditions, feed with syngas ratio o f  2 gave the 

highest activity (30% CO conversion) and HA yield (methanol: 8%; HA: 13%) with 

an operation condition o f  580 K, 75 bar and GHSV = 1225 h '1. The obtained product 

distribution follows the ASF distribution with methanol having slight negative 

deviation.

For the Cu-Co m ixed oxide catalyst, impact o f  temperature, pressure and water 

addition was investigated. The experimental data on temperature effect shows that for 

the temperature range o f  578 -  598 K, Ci and C2 alcohol favor the lower temperature 

whereas C3 and C4 prefer the higher one. The results on pressure effect demonstrates 

that HAS favors higher pressure operation. The increase in alcohol yield was 

particularly dramatic for Ci and C4 alcohols. The result o f  water addition experiment 

shows that the presence o f  water gives improved catalyst activity and in particular 

enhanced ethanol selectivity and yield.

Since the above two catalyst systems belong to different HAS catalyst 

category, different catalytic reaction conditions (temperature, pressure, GHSV etc.) 

were chosen for each catalyst system. The obtained results suggest that Co- 

M0S2/K2CO3 based catalyst gives higher activity, higher HAS selectivity and yield 

than that o f  the Cu-Co m ixed oxides catalyst.
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Chapter 4 CO hydrogenation over Au containing 

catalysts

4.1 Introduction

Gold, when in its bulk state, is regarded as poorly active as a catalyst in 

heterogeneous catalytic reactions. This could be attributed to its fully occupied d-band 

and high ionization potential [1]. However the discovery in the 1979 that finely 

supported nanoparticles of gold could act as catalysts for reactions at low 

temperatures has stimulated considerable research effort on gold catalysts. Bond and 

co-workers [2 ] were amongst the first to demonstrate that very small gold particles 

supported on silica could give interesting catalytic performance for hydrogenation of 

butadiene. Subsequently, Hutchings and co-workers showed that Au/ZnO could be 

used for selective hydrogenation of a,P-unsaturated aldehydes [3]. Haruta and co

workers discovered that supported Au catalysts are very active for low temperature 

CO oxidation [4]. There have been excellent reviews on gold catalyzed oxidation,
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hydrogenation and environmental related reactions [5-8]. A detailed review specified 

in hydrogenation was given by Claus [9].

Studies on gold containing catalyst used for carbon oxide hydrogenation are 

very limited [10, 11]. Baiker and co-workers investigated Au/ZrC>2 catalyst prepared 

by co-precipitation technique and proved that Au/Zr0 2  was active in methanol 

synthesis from CO2 hydrogenation [12,13]. An initial study by Haruta and co-workers

[11] reported that gold supported on ZnO and Fe2 0 3  could be used as a catalyst for 

carbon monoxide hydrogenation, and a small amount of methanol was observed.

As introduced in Chapter 1, higher alcohols or mixed alcohols have potential 

market value and are widely used as fuel additives in the petroleum industry. This 

chapter aims to extend the study of Haruta and co-workers [11], and explore the 

possibility of using gold containing catalysts in the synthesis of higher/mixed 

alcohols, particularly the role of gold in Au/ZnO and Au/Fe2<D3 catalysts for the 

synthesis of higher/mixed alcohols.

4.2 Experimental

Catalysts used in this study were ZnO, 5 wt% Au/ZnO, Fe2 0 3  and 5 wt% 

Au/Fe2 0 3 . They were prepared by co-precipitation or precipitation technique as 

detailed in Chapter 2. ZnO and 5%Au/ZnO catalysts were prepared by Mpela 

(University of Witwatersrand, South Africa). All the catalysts were evaluated in the 

Lab reactor described in Chapter 2. The typical catalyst test procedure is described 

below. The catalyst (ca. 0.2 gram) was pre-treated in the reactor with 1% H2/N2 (flow 

rate 10 ml/min) for 1 h at 523K under atmospheric pressure. After the catalyst bed 

was cooled to room temperature, syngas (CO/H2/N2=4 7 .5 /4 7 .5 /5 , BOC UK) was 

introduced to the reaction system, followed by an increase in pressure to 25 bar by
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using the back-pressure regulator. The reactor was then heated to 573K at which point 

the catalyst was evaluated for CO hydrogenation.

4.2.1 Characterization

The ZnO and 5% Au/ZnO catalysts were characterized by XRD and Raman 

techniques.

The XRD pattern of the 5% Au/ZnO catalyst was that of the oxide support 

(Figure 4.1). The reflections are labeled with the Miller indices which are 

characteristic of the hexagonal ZnO with a zincite structure. The similar pattern of 5% 

Au/ZnO and ZnO catalysts suggests that either the amount of Au on the sample is too 

low to be sufficient of providing distinct X-ray diffraction pattern of crystalline Au 

particles [14], or that the Au particle is too small to show diffraction peaks in the 

investigated catalysts.

101

100
002

102
,201ZnO 200

5%Au/ZnO

—r- 
70 8060

T

20

Figure 4.1 XRD pattern of ZnO and 5% Au/ZnO catalysts
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The laser Raman spectra of the ZnO support and 5%Au/ZnO catalyst are 

presented in Figure 4.2. Unfortunately, significant fluorescence was observed for the 

ZnO support. For the Au/ZnO sample, the fluorescence was decreased and new bands 

at 3224 and 3472 cm' 1 were observed. The bands were assigned to hydroxyl groups, 

which may be associated with the interface between the ZnO and the Au nanocrystal 

as they were absent in the ZnO support.

ZnO

3472
3224

5%Au/ZnO

3500 3000 2500 2000 1500 1000 500

Raman Shift / cm’1 

Figure 4.2 Laser Raman spectra of ZnO and 5% Au/ZnO catalysts

The Fe2 0 3  and 5%Au/ Fe2 0 3  catalysts were characterized by XRD technique.

The XRD pattern of Fe20 3  and 5% Au/Fe2 0 3  catalyst are essentially identical 

(Figure 4.3). The obtained diffraction lines are characteristic to the rhombohedral a- 

Fe20 3  with a hematite structure. The observed X-ray pattern suggests that either the 

amount of Au is too low or the Au particle size is too small to be detected within the 

experimental resolution.
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5%Au/Fe20 3
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Figure 4.3 XRD pattern of Fe20 3 and 5% Au/Fe20 3 catalysts

4.3 Results

4.3.1 Au/ZnO catalyst

Two sets of experiments for CO hydrogenation were carried out over ZnO and 

5%Au/ZnO. Table 4.1 shows CO conversion (CO2 free), gas and liquid product 

composition and selectivity obtained over these two catalysts. The catalytic results 

show that both materials had a rather low conversion in CO hydrogenation. Gold 

supported catalysts gave a CO conversion of 2.2% which was approximately 25% of 

that observed for zinc oxide alone. It was also noticed that gold supported catalyst did 

not synthesize liquid hydrocarbons (C>s).
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Table 4.1 CO hydrogenation results of ZnO and 5% AuZnO catalysts

Run 1 Run 2
Catalysts ZnO 5%AuZnO

Reaction temperature, K 573 573
Pressure 25 25
Feed ratio, H2/CO 1 1

Conversion of CO (exclusive C 0 2), % 9.2 2.2

Products (mol%)
CH4 27.0 44.1
C2H4 12.3 11.0

c2H6 3.61 6.24
c 3h 6 11.2 13.1
c 3h 8 1.62 2.05
c 4h 8 6.17 7.05

0 * O 1.19 1.62
C5H10 3.36 3.96
c 5h 12 0.67 1.00

C>5 24.2 0.00

Methanol 7.16 7.19
Ethanol 1.18 2.08
2-Propanol 0.06 0.04
1-Propanol 0.19 0.46
1-Butanol 0.05 0.13

Carbon mole Selectivity (%)
c h 4 7.16 22.1

C>2 84.6 69.8
Methanol 1.90 3.61
Ethanol 0.62 2.09
2-Propanol 0.05 0.06
1-Propanol 0.20 0.92
1-Butanol 0.06 0.27
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Figure 4.4 Gas phase time online data of CO hydrogenation over ZnO and 5%Au/ZnO catalysts 
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Figure 4.4 illustrates the CO conversion, gas phase hydrocarbon yield for the 

hydrogenation of CO at various times on stream for these two catalysts. Both catalytic 

systems show quite stable CO conversion during the entire run. Due to the low 

alcohol selectivity observed for both systems, CO conversion and hydrocarbon yield 

displayed a similar trend in the time on stream data. Upon the addition of gold, the 

obtained hydrocarbon yields show different levels of decrease. This decrease could be 

partially responsible for the decrease in the catalytic activity.

For C2 to C5 higher hydrocarbons, the ratios of alkene and alkane were studied 

for comparative purposes over ZnO and Au/ZnO catalysts respectively. It was noted 

that with the addition of gold, there was a decrease in the ratio of alkene/alkane 

(Figure 4.5). This indicates there was a reduction in the olefinicity for all the C2 -C5 

hydrocarbons. It may suggest that gold takes part in the hydrocarbon synthesis in a 

negative manner by blocking the active site for the formation of alkane and alkene, to 

different levels. This difference could be linked to the activity of gold in 

hydrogenation of the initially produced alkene further to alkane [9].

Figure 4.6 presents the effect of gold addition to zinc oxide on the alcohol 

selectivity. Although both catalytic systems gave rather low selectivity and yield of 

alcohols, it is clear that the selectivity of all the alcohols increased upon addition of 

gold to the zinc oxide support. It was also noticed that the ratio of higher alcohols to 

methanol was almost doubled.

The results of experiments performed over catalysts Au/ZnO and ZnO allow 

us to study the role of gold in CO hydrogenation.

It is known that ZnO alone is a methanol synthesis catalyst [15-17]. However, 

the impurities (for example, alkaline residues) introduced to the catalyst during the 

preparation accelerate side reactions including higher alcohol synthesis and
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hydrocarbon synthesis [16]. In this study, the support and the gold catalysts were 

prepared in a similar way, which enables us to investigate the function of gold over 

the supported catalysts.

The observed results suggest that the presence of Au may play two roles in CO 

hydrogenation. One role is to suppress the activity of the catalyst for the production of 

hydrocarbons typically higher hydrocarbons. This could be achieved by blocking the 

active site for hydrocarbon synthesis. The other role is to shift the selectivity towards 

higher alcohols, which may be realized either by blocking the active site for methanol 

synthesis or by creating new site for higher alcohol synthesis.

4.3.2 Au/Fe2C>3 catalyst

Two experiments of CO hydrogenation were carried out to examine the effect 

of Au on the Fischer Tropsch synthesis with Fe2 0 3  as support material. Table 4.2 lists 

the reaction condition, CO conversion (CO2 free) and product distributions of CO 

hydrogenation over Fe2 0 3  and 5% Au/Fe2 0 3  catalysts. The obtained results show that 

both catalysts were moderately active in CO hydrogenation at the tested conditions. 

Compared with test on iron oxide alone, there was a 25% drop in the observed 

conversion over gold supported catalyst.
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Table 4.2 CO hydrogenation results of Fe20 3 and 5%Au/Fe20 3 catalysts

Run 3_______ Run4
Catalysts Fe20 3 5%AuFe20 3

Reaction temperature, K 573 573
Pressure 25 25
Feed ratio, H2/CO 1 1

Conversion of CO (exclusive C 0 2), % 29.6 22.0

Products (mol%)
c h 4 31.7 37.7
c2h 4 13.7 3.59
C2H6 5.87 11.9
c 3h 6 14.6 9.26
c3h 8 2.02 6.28
c 4h 8 6.91 3.02
C4Hjo 1.21 4.37
C5H10 3.09 1.34
c 5h 12 0.63 3.36
C>5 16.6 16.7
Methanol 0.38 0.92
Ethanol 3.01 1.30
2-Propanol 0.04 0.00
1-Propanol 0.24 0.19
1-Butanol 0.07 0.07

Carbon mole Selectivity (%)
CH4 9.76 11.2

C>2 87.9 79.5
Methanol 0.12 0.28
Ethanol 1.86 0.77

2-Propanol 0.04 0.00

1-Propanol 0.30 0.23
1-Butanol 0.09 0.09
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Figure 4.7 illustrates the time-on-stream data which includes CO conversion 

and gaseous hydrocarbon yield for CO hydrogenation over Fe2 0 3  and Au/Fe2 0 3  

catalysts. Different from the results observed for zinc containing catalysts, it took 

circa 2 0  hours for both iron containing catalytic systems to reach steady states (stable 

conversion and hydrocarbon yields). For each catalyst, different trend was observed to 

reach its steady state. For Fe2 0 3  catalyst, both conversion and hydrocarbon yield 

increased gradually until they became stable. However, for Au/Fe2C>3 catalyst, both 

conversion and hydrocarbon yield increased slightly in the first 10  h and then dropped 

rapidly until after 20 h when they reached a steady state displaying a ‘Z’ shaped 

curve.

This ‘Z’ shaped curve observed over Au/Fe2C>3 catalyst was different from 

other tested materials. The reason remains unclear to us at the moment. Since this 

behavior was only observed over Au/Fe2 0 3  catalyst, it is very likely linked with the 

interaction between gold and its support.

Similar to the results obtained on zinc containing catalysts, upon addition of 

gold to the support, there was a decrease in the yields of all the gaseous hydrocarbons 

and the ratios of alkene to alkane decreased (Figure 4.8).

Figure 4.9 presents the effect of gold addition to iron oxide on the alcohol 

selectivity. Different from the results observed for Au/ZnO catalyst, upon addition of 

gold to iron oxide, there was a decrease in higher alcohol selectivity, accompanied by 

a slight increase in the selectivity toward methanol.

4.4 Discussion

There are a few features observed when comparing the results obtained for the 

above pair of catalysts. CO hydrogenation performed over Fe2 0 3  and Au/Fe20 3
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materials gave much higher conversions (29.6% and 22% respectively) than those of 

ZnO and Au/ZnO materials (9.2% and 2.2% respectively). This indicates that activity 

of the tested materials was very closely linked with the oxidic supports, e.g. Fe20 3  and 

ZnO. In the presence of gold, both zinc containing and iron containing catalysts show 

a decreased conversion, which may suggest that gold play a similar role in blocking 

active sites for CO hydrogenation. In general, the catalytic data show that alcohol 

selectivity and yield are quite low. An improved reactor rig, such as the micro reactor 

used in previous test is needed to check the possibility of using gold supported 

material for industrial application.

There is an interesting observation of the function of gold in alcohol synthesis. 

From the selectivity data, especially for the liquid analysis, the addition of gold to 

ZnO suppressed the higher hydrocarbon formation and shifted the alcohol to higher 

alcohol side; whereas for iron containing catalysts, the opposite trend was observed. 

The reverse effect of addition of gold could be related to the interaction of gold with 

support. ZnO and Fe2 0 3  are two types of support sharing several different 

characteristics in nature, which mainly includes reducibility and acidity/basicity. ZnO 

is quite stable and basic, while Fe2 0 3  was slightly acidic and reported of being 

reduced to Fe3 0 4  after the reduction and reaction [10]. Although it is not clear which 

properties of support is the key factor in higher alcohol synthesis. It is clear that gold 

may play a role in tuning the alcohol distribution.

More work is needed to investigate the interaction between gold and metal 

oxides by using different supports (e.g. ZrC>2, SiC>2, TiC^). Presumably the surface 

areas of supports are different and so dispersion of gold will be different. The tuning 

function could also be further investigated by doping gold to well-studied alcohol 

synthesis catalysts (e.g. Dow catalysts).
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4.5 Conclusions

Gold containing catalysts were studied for CO hydrogenation to investigate 

the possibility of using gold as a higher alcohol synthesis catalyst. Alcohols including 

methanol, ethanol, 1-propanol, 2 -propanol and 1-butanol have been synthesized at 

573K and 25 bar over supported Au catalysts. The obtained results, particularly for 

the Au/ZnO catalyst, are interesting and suggest that Au could play a role in the 

synthesis of mixed alcohols: (1) by suppressing the side hydrocarbon synthesis 

reaction and (2) shifting the product selectivity towards higher alcohols. This initial 

study demonstrates that supported gold catalyst typically Au/ZnO material can be the 

catalyst of choice for mixed alcohol synthesis by carbon monoxide hydrogenation. 

Clearly, more supports are needed to be tested to figure out the main characteristic of 

support responsible for the positive interaction with gold in higher alcohol synthesis.
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Chapter 5 Combined Steam Reforming and Fischer 

Tropsch synthesis

5.1 Introduction

The syngas used for the Fischer Tropsch (FT) reaction can be generated from 

three main resources, namely coal, natural gas and biomass. With its rich reserves and 

almost negative price due to new regulations of flaring, natural gas related 

technologies have received much more attention. Among all the technologies 

developed, steam reforming of methane is the most well developed process due to its 

advantage of being able to treat sufficient quantities of natural gas and produce syngas 

at an acceptable rate.

For a typical FT plant, a capital cost calculation was given by Choi and co

workers [1]. Up to 6 6 % of the total cost goes to syngas manufacture process. Among 

the rest, 2/3 of the investment is used for FT synthesis including syngas compression 

and recycle, reaction system, recovery of hydrogen and hydrocarbons; and 1/3 is for 

product grade-up. The distribution of capital cost suggests that reduction of expenses 

in syngas generation is more beneficial than the other two steps for an FT process.
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There are two main reactions (equations 5.1 and 5.2) involved in steam 

reforming process.

CHi + H20  = CO + 3H2 AHBm  = 206 kJ mol'' (5.1)

CHt + 2H 20  = C0 2 + 4H 2 AH@m  = 163.8 kJ-mol'1 (5.2)

The above reactions are endothermic and the process is industrially operated 

over relatively high temperature range (1073-1273K) and at atmospheric pressure. 

Such high temperature operation needs special tubular reformer which is normally 

made of expensive high Ni-Cr alloy steel. Additionally, a large amount of energy is 

required for steam generation and the plant operation is capital intensive. 

Furthermore, the syngas produced has a composition of H2/CO = 3 at high 

temperature, or even greater when a lower temperature is employed, which is not ideal 

for many down stream processes (e.g. ammonia, DME, methanol and FT). The syngas 

ratio normally is adjusted by the removal of the excess hydrogen. The amount of 

carbon monoxide can be adjusted via the water gas shift reaction and subsequent 

removal of the carbon dioxide. Hydrogen and carbon dioxide can be removed by 

using membrane separation and amine stripping respectively, which contributes to 

another portion of the high operation cost.

There are growing interests arising from chemical engineering and/or catalyst 

development aspects in steam reforming and FT related process trying to explore new 

routes for the generation and utilization of syngas. Numbers of inventions [2-6] have 

been patented on integration of the syngas generation process with FT synthesis: CO2 

was directly passed into FT reactor without separation; H2 rich stream after FT reactor 

was reutilized in combustion channel to provide heat for the reforming; water 

produced from FT was recycled to reforming process. A typical common point about
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these patented integration processes is that more than one reactor, operated at different 

reaction conditions, is required.

Combined Steam Reforming and Fisher Tropsch (CRAFT) process carried out 

in a single fixed bed reactor was reported by Hutchings and co-workers [7]. Higher 

hydrocarbons, mainly C2, C3 and C4 alkanes were synthesized directly from methane 

and steam, but in very small amount and for very short catalyst time. The present 

study is aimed to extend this CRAFT study from higher hydrocarbon synthesis to 

alcohols synthesis to check the possibility of synthesizing alcohol from methane and 

steam using one single reactor.

Firstly, this chapter describes the concept of the CRAFT and the associated 

thermodynamic analysis. The experimental procedure is then presented, followed by 

characterization of catalysts. Afterwards, as a preliminary study, catalytic tests on the 

effect of water on FT systems over a series of Ru/single oxide are reported. Finally, 

the results of CRAFT tests over Ru/Zr0 2  material are presented and discussed.

5.2 CRAFT concept

The core of the CRAFT concept is that both steam reforming and FT synthesis 

are carried out in a single reactor over the same catalyst without separation of syngas 

from methane and steam. The simplified process is illustrated in Figure 5.1.

CHA+ H 20  <—r-> CO+H 2 <- -» CaH a, CmHnOH, C02

Steam Reforming Fischer Tropsch

Figure 5.1 simple illustration of the CRAFT process
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The process can be treated as higher hydrocarbons and alcohols being directly 

synthesized from methane and steam. Considering cost cutting related with product 

separation and grade-up, potential implication of the CRAFT process would be 

phenomenal. It may also shed light on the combination of different processes.

5.2.1 Thermodynamic and kinetic analysis of the CRAFT to synthesize alcohols

For the CRAFT reaction, typical net reaction types can be simplified as:

CH4 + H 20  —» hydrocarbons / alcohols + H 2 (5.3)

CH4 + H20  —» hydrocarbons / alcohols + H 2+ C0 2 (5.4)

The calculated standard free Gibbs energies of reaction per carbon of the 

produced alcohols as function of temperature are shown in Figure 5.2. 

Thermodynamic data used for the calculation are obtained from the book by Stull et al 

[8].

In general, no matter which reaction proceeds following equations (5.3) and 

(5.4) shown above, values of ArG0 for Cm alcohols are always positive over the range 

from 300K to 1000K. In the case of methanol, the equilibrium constants for reaction 

equation (5.3) and (5.4) at 633 K are calculated as 1.56* 10' 10 and 2.56* 10*14. Such 

low equilibrium constants indicate that extremely low yield of alcohol is to be 

expected for the CRAFT process. It also suggests that it would be rather difficult for

the alcohol synthesis directly from methane and steam to be achieved under

thermodynamic control.
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Figure 5.2 Standard free Gibbs energies of reaction per carbon of the product for (a) reaction 
type [5.3] and (b) reaction type [5.4] as function of temperature. 0 Methanol; □ Ethanol; o 1- 
Propanol; A 1-Butanol.
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Due to the very different kinetic characteristics of the steam reforming and the 

FT synthesis, kinetic analysis suggests that the combined process could be feasible. A 

simple kinetic description for the CRAFT process was given by Johns [9]. The 

combined reaction could be considered as consecutive reaction as below, where ki is 

the rate constant of the steam reforming and k2 is the rate constant of the FT synthesis.

k* k2

A  B ----- ►- C

It is known that the rate of the FT synthesis is far greater than that of the steam 

reforming, i.e. k2 »  ki. This suggests that syngas ([B]) produced by the steam 

reforming could be removed rapidly by the FT reaction, driving the steam reforming 

equilibrium to the right ([C]). The obtained kinetic model is illustrated in Figure 5.3.

ao
■3
uuao
Q

Time

Figure 5.3 Simple kinetic plot for the CRAFT process [ref. 9].

5.2.2 Low temperature steam reforming

Due to the very different nature of the steam reforming reaction and the FT 

synthesis, e.g. endothermic and exothermic; volume/moles expansion and contraction, 

the primary consideration of combining these two processes in a single reactor should 

be choosing an intermediate operation condition.
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The steam reforming reaction is usually carried out at high temperature and 

under thermodynamic control, whereas the FT synthesis is performed at low 

temperature range and under kinetic control (Chapter 1). Among all the FT synthesis 

products, methane is the most thermodynamically favorable component. With an 

increase in reaction temperature, methane/methanation becomes to dominate the FT 

synthesis. In this sense, the operation condition for CRAFT falls into a low 

temperature steam reforming and relatively high temperature FT synthesis regime. A 

temperature range of 550 -  650 K was selected to investigate the CRAFT process.

Research articles on low temperature steam reforming are very limited. Jun 

and co-workers investigated hydrogen production for fuel cells through methane 

reforming at low temperatures and demonstrated that Ni/Ce-ZrCVO-AkCb catalyst 

shows very high activity and equilibrium CH4 conversion at temperatures from 673 to 

923 K [10]. Matsumura and co-workers [11] reported that nickel supported on 

zirconia is the most effective in methane steam reforming under reaction condition at 

773 K and H2O/CH4 = 2 (mol) among supports such as silica, y-alumina and zirconia, 

giving a methane conversion of 25.5%. Methane steam reforming over Ce-ZrC>2 

supported noble metal catalysts at low temperature was investigated by Kusakabe and 

co-workers [12]. They reported that the highest activity was obtained over 

Rh/Ceo.i5Zro.8502 catalyst with a methane conversion of 28.1% at 773 K.

For CRAFT reaction, the desired temperature range is 550 -  650 K, which is 

lower than the above literature reported. Considering that steam reforming reaction is 

thermodynamically controlled process, an equilibrium calculation was performed 

using equilibrium constants data provided by Twigg [13]. The methane equilibrium 

conversion under reaction condition of 1 atm pressure and steam/methane = 1 is 

shown in Figure 5.4.
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Figure 5.4 Equilibrium methane conversion of steam reforming (1 atm, steam/methane =1)

From Figure 5.4, it can be seen that the equilibrium conversion of methane 

from 573 -  673 K is ca. 1- 6 % under the employed reaction condition, which suggests 

a very low concentration of syngas (CO and hydrogen) to be obtained. The low 

conversion also indicates that large amount of unconverted methane and steam exists 

in the reaction stream, which may have influence on the down stream FT process. The 

methane conversion can be increased by employing higher ratio of steam to methane; 

however, this again could result in large amount of unconverted steam.

Apart from the high concentrations of methane and steam/water, high values 

of H2/CO and CO2/CO resulted from low temperature steam reforming [13] are not 

preferred by the down stream -  the FT synthesis, which has to be considered in the 

CRAFT process as well.

Possible side reactions that could be associated with the CRAFT process were 

given by Hutchings and co-workers [7]. They also reported the dependence of
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standard free Gibbs energies of reaction as function of temperature. Table 5.1 lists 

these reactions which may occur to different level in the CRAFT process.

Table 5.1 Possible reactions associated with the CRAFT process

Process Equation
Dry reforming o f methane C H 4 +  C 0 2 2 H 2 +  2 C O (5.5)
Water gas shift C O  +  H 2 O  0  C O 2  +  H 2 (5.6)
Methane decomposition C H 4 <-» C + 2 H 2 (5.7)
Boudouard reaction 2 C O  <-» C + C O  2 (5.8)
CO reduction C O  +  H 2  0  C  +  H 2 O (5.9)
Methanation C 0  +  3 H 2 <r>CHA +  H 20 (5.10)

Taking into consideration the above brief analysis, answers to these two key 

factors are crucial for the CRAFT concept: (1) Does steam reforming reaction proceed 

at low temperature range, e.g. 550 -  650 K? (2) What is the impact of high 

concentrations of water/steam and methane on the FT synthesis?

5.3 Catalyst design

5.3.1 The active metal

A catalyst suitable for the CRAFT process has to be active for both the FT 

synthesis and the low temperature steam reforming reaction at the same time.

For the FT synthesis, the catalyst needs to be active with very low 

concentration of syngas and meanwhile resistant to high concentrations of methane 

and water.

Ru containing catalyst was chosen for the CRAFT test in the work for higher 

hydrocarbon synthesis by Hutchings and co-workers [7]. They compared the kinetics 

of the FT reaction on different catalysts, typically rate expressions for Ni, Co, Fe and 

Ru containing catalysts, and they concluded that Ru containing catalyst was the
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catalyst for the CRAFT study mainly attributed to its negative order of reaction with 

respect to CO.

Ru catalyst is also a good choice for the low temperature steam reforming 

reaction. It is known that normally Ni or the noble metals such as Ru, Rh, Pt, Pd, Ir 

are used as active metals for the steam reforming reaction. Ni and Ru are potentially 

active even at low temperature, e.g. 673 K with a proper reaction condition employed

[14]. Ni is the most commonly used due to its low cost. However, the noble metals are 

found to be more resistant to coking than nickel even when low steam-to-carbon ratio 

is employed [14].

Taking consideration of both the catalyst activity at low temperature and the 

resistance to coking, Ru catalyst becomes a potential strong candidate for the CRAFT 

process.

5.3.2 The catalyst support

The influence of support on the FT synthesis or on the steam reforming 

reaction can not be ignored. The catalyst support usually is used to disperse the active 

metal. The main function of support is to control the dispersion of the active metal, by 

which improving or altering the catalyst activity and selectivity. Support is also used 

to improve the resistance of catalyst to coking and sintering.

Supports such as AI2O3, SiC>2 and MnO were chosen by Hutchings and co

workers in the CRAFT test for higher hydrocarbon synthesis [7]. In this study, criteria 

considered for choosing supports is focused on its function on (1) alcohol synthesis, 

and (2 ) low temperature steam reforming.

A series of metal oxides with different acidity/basicity and reducibility were 

chosen as supports for the investigation of alcohol synthesis via the CRAFT reaction.
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The metal oxides are MgO, M0 O3, TiC>2 and ZrC>2. Material MgO is strongly basic

[15], whereas TiC>2 and ZrC>2 are amphoteric, containing both acid and base sites [16]. 

The acidity of these supports follows a decreasing order [17, 18]:

M o0 3 > Ti02 > Zr0 2 > MgO

Supports M0 O3, TiC>2 and Z1O2 also have different redox properties. The reduction 

behavior of Ru supported catalysts was measured using TPR (Temperature 

Programmed Reduction) technique. Results are shown in section 5.6.4 of this chapter.

According to literature data, it is known that these materials showed good 

activity in both alcohol synthesis [17, 19] as well as the methane steam reforming [2 0 , 

21].

5.4 Effect of water addition on the FT synthesis

In the FT synthesis, water is produced along with hydrocarbons and/or 

oxygenates. Over cobalt based catalysts, oxygen atoms in carbon oxides are mainly 

removed in the form of H2O [22]. With water concentration approaching to a certain 

level, its presence could have influence on the activity and selectivity of catalyst in the 

FT reaction. The product distribution of the FT reaction could be modified with the 

addition of water. One way of water involved in the FT reaction is via the water gas 

shift reaction (equation shown in Table 5.1). The water gas shift reaction is mildly 

exothermic (AH0 298 = - 41.1 kJ-mol'1) and the reaction thus is favored by low 

temperatures.

The effect of water addition has been widely investigated over iron and cobalt 

catalysts. For iron based catalysts, it is commonly accepted that water may re-oxidize 

the catalysts [23,24].
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The effect of water addition for cobalt catalysts is much more complicated. 

Hilmen et a l reported that C0 /AI2O3 and CoRe/Al2C>3 catalysts deactivated when 

water was added during the FT synthesis [25]. Li et al studied Pt promoted C0 /AI2O3 

and found that at high space velocity, the catalyst exposed to low water partial 

pressure exhibited stable activity [26]. Similar observation was obtained over Ru 

promoted Co/TiC>2 catalysts by the same authors [27]. They also reported that over 

Co/SiC>2 catalyst, the addition of water over a short term in the range of 5-25% has 

positive effect on the conversion, however long term and larger amount of water 

resulted in a severe catalyst deactivation [28].

Investigations over Ru containing catalyst are however limited. Claeys and co

workers studied the effect of water addition over Ru/SiC>2 catalyst, and they found that 

water addition led to an improved chain growth and lower methane selectivity [29]. 

Similar observation was reported with increased Cs+ selectivity and decreased 

methane formation by Kim [30].

The above studies concerning the addition of water are mainly focused on the 

hydrocarbon synthesis. Studies devoted to water effect on the alcohol synthesis are 

very scarce. Klier et al. investigated water injection experiment over Cu/Zr0 2  catalyst 

in the synthesis of oxygenates from syngas, and they found a continuous decrease in 

the productivity of methanol with water addition [31]. Vedage and co-workers studied 

water addition over Cu/ZnO catalyst and reported that small amount of water could 

enhance methanol yields [32, 33]. To the best of our knowledge, there have been no 

published reports on water addition in alcohol synthesis over Ru containing catalysts.

As pointed out in last section, under the CRAFT reaction condition there could 

be large amount of unconverted water/steam which is considerably higher than that
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produced along with hydrocarbon/alcohol synthesis. This suggests that the effect of 

water could not be ignored in the CRAFT reaction.

In this study, as an important preliminary test for the CRAFT reaction, the 

impact of water on the alcohol synthesis was investigated over Ru containing catalyst.

5.5 Experimental

Catalysts used in this study were Ru/MgO, R11/M0 O3, Ru/Ti0 2  and Ru/ZrC>2 

with a content of 3 wt% ruthenium. They were prepared by impregnation technique 

as detailed in Chapter 2. The catalytic tests were performed in the Micro reactor 

described in Chapter 2. Typical catalyst test procedure is as below. The catalyst bed 

consisted of 2 ml Ru/single oxide, diluted with 3 ml SiC. The catalyst was reduced in 

the reactor with pure H2 (99.999%, BOC UK, flow rate 50 ml/min) overnight at 673K 

under atmospheric pressure. After the catalyst bed was cooled to reaction temperature 

(633K), the H2 feed was replaced by the relevant reactant gas (syngas and/or 

methane). Reactant gases used in this study were syngas (CO/H2/N2 = 47.5/47.5/5, 

BOC UK) and methane (CH4/N2 = 95.04/4.96, BOC UK). Water was directed to the 

system using an HPLC pump. Water was heated up and mixed with gaseous feed in 

the top zone of the reactor. The majority of the FT tests were carried out at 

atmospheric pressure with a GHSV of 3000 h'1 unless otherwise indicated. All the 

tests involving steam reforming process were performed at atmospheric pressure with 

a GHSV of 6000 h'1.
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5.6 Catalyst Characterization

5.6.1 BET surface area measurement

The surface areas of all the Ru/single oxide catalysts were measured using 

BET method, which are shown in Table 5.2.

Table 5.2 Surface areas of the Ru/single oxide catalysts measured with the BET method

Catalyst BET surface area (m2/g)
Ru/MgO 53
R u/M o03 1.4
R u/Ti02 11
R u/Zr02 6

5.6.2 X-ray diffraction results

Both Ru/single oxide and oxide support were characterized by powder X-ray 

diffraction (XRD) technique.

XRD patterns of all Ru/single oxide catalysts are those of the oxide supports. 

Figure 5.5 presents the diffraction pattern of the Ru/single oxide materials. The 

absence of reflections ascribable to Ru compounds indicates that the size of Ru 

crystallite is very small. The results obtained indicate that the phase of MgO is cubic. 

The reflection lines of R11/M0 O3 and M0 O3 samples belong to orthorhombic M0 O3. 

The samples consist of Ti0 2  show characteristic peaks of anatase titania. For Zr0 2  

and Ru/Zr0 2  solids, diffraction peaks correspond to monoclinic Zr0 2 . The 2 0  value 

and miller indices of all the samples are shown in Table 5.3.
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Figure 5.5 XRD patterns of Ru/single oxide catalysts
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Table 5.3 XRD 26 value and miller indices of the Ru/single oxide catalysts

Solid 2 0
Miller
indices 2 0

Miller
indices 2 0

Miller
indices 20

Miller
indices

Ru/MgO 37
43

1 1 1 
2 0 0

62
75

2 2 0  
3 1 1

79
94

2 2 2
4 0 0

106
109

33 1 
4 2 0

R u/M o03 13 0 2 0 33.7 1 1 1 45.7 2 0 0 53 2  1 1
23 1 1 0 35 0 4  1 46 2  1 0 54 2 2  1

25 0 4 0 38.5 1 3 1 49 0 0 2 55 1 1 2
27 0 2  1 38.9 0 6 0 50 2 3 0 56 0 4 2
30 1 3 0 40 1 5 0 51.5 1 7 0 58 1 8 0

33.1 1 0  1 42 1 4 1 52 1 6  1 58.8 0 8  1

R u/Ti02 25 1 0  1 38.5 1 1 2 55 2  1 1 69 1 16
37 1 0 3 48 2 0 0 62.1 2 1 3 70 2 2 0

37.8 0 0 4 54 1 0 5 62.6 2 0 4 75 2 1 5

Ru/Zr02 24 1 1 0 35 0 0 2 44.8 2  1 1 51 - 1 2  2
24.4 0  1 1 36 -2 0 1 45.5 -2 0 2 54 0 0 3
28 -1 1 1 38.5 1 2 0 49 2 2 0 55 3 1 0
31 1 1 1 41 -1 1 2 50.1 0 2 2
34 0 2 0 41.4 - 1 2  1 50.6 -2 2  1

5.6.3 Raman spectroscopy measurement

Ru/single oxide and oxide support were characterized by the Raman 

spectroscopy technique. There were no Raman peaks observed for the MgO and 

Ru/MgO materials. Raman spectra of other materials are presented in Figure 5.6. 

Raman spectra of Ru/single oxide show a significantly reduced intensity compared 

with that of the support itself. For Ru/Zr02 solid, it is difficult to observe Raman 

peak. The decreasing intensity in Raman spectra may suggest that the support was 

scattered by clusters consisting of Ru compounds, e.g. Ru oxide.
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Figure 5.6 Raman spectra o f materials (a) M0 O3 and Ru/M o03; (b) T i0 2 and Ru/Ti0 2 ; (c) Zr0 2
and Ru/Zr02
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5.6.4 Temperature programmed reduction

Temperature programmed reduction (TPR) technique was used to study the 

effect of pretreatment / hydrogen reduction on the Ru/oxide catalysts. The TPR 

profiles for the catalysts are shown in Figure 5.7.
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Figure 5.7 TPR profiles for catalysts (a) Ru/MgO; (b) Ru/M o03; (c) Ru/Ti02 and (d) Ru/Zr02

Except for R11/M0 O3 material with only one peak observed, all the other 

catalysts displayed two peaks in the TPR profile. Very similar profiles were obtained 

with Ru/TiC>2 and Ru/ZrCh materials. For both materials, hydrogen consumption 

occurred over ca. 400-500K and 500-650K ranges. In the case of Ru/MgO catalyst, 

the two peaks shifted to 450-550K and 550-700K ranges. The peak shift observed in 

the case of Ru/MgO material, towards higher temperature range could be due to a 

strengthening of Ru-0 bond.

For Ru/Ti0 2 , Ru/Zr0 2  and Ru/MgO materials, these two peaks were assigned 

to the reduction of Ru oxide [34-38]. It was noticed that in the above referred papers
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there are some variations of the exact position of these peaks, which may essentially 

due to different catalyst precursors, different catalyst preparation method and/or 

different TPR analysis (e.g. heating rate). RuC>2 was considered as the appropriate Ru 

species responsible for the hydrogen consumption, as RuC>4 was not present due to its 

instability [37]. The double peak observed could be explained by particle size [34]. 

Juan and co-workers suggested that particles with smaller size could be completely 

oxidized during the calcination process, however for particles with larger size, the 

oxidation was only partial [34]. Based on this hypothesis, the same author suggested 

that the peak at high temperature range could be assigned to the reduction of smaller 

particles, and the one at low temperature range to the reduction of larger particles. 

Another explanation for the double peak could be the existence of two different types 

of oxygen, of which one is easily reducible surface oxygen and the other one is bulk 

oxygen. If this is true, the first peak could be assigned to the reduction of the surface 

oxygen, and the second one could be the bulk oxygen.

In the case of R11/M0 O3 material, there was only one broad peak observed over 

the range of 450-700K. This hydrogen consumption was due to the reduction of Ru 

oxide considering that reduction of M0 O3 starts at approximately 750K [34, 39].

From the above TPR profiles, it was noticed that the hydrogen consumption 

over RU/M0 O3 material was significantly higher than the other three materials, 

suggesting an enhanced reduction behavior for R11/M0 O3 material. For Ru/TiC>2 and 

Ru/Zr0 2  materials, there was a variation on the amount of hydrogen consumed, with 

Ru/ZrC>2 material being slightly higher. The obtained results suggest the following 

order of degree of reduction assuming all catalyst start with same amout of RuC^:

Ru Ru Ru Ru 
M o0 3 > Zr0 2 > MgO’TiQ
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It is important to note that the TPR measurements and the activation of the 

catalyst were performed at different conditions (e.g. heating rate, holding time, 

composition of the reducing gas). It is for this reason that the TPR profile only 

provides general information about the effect of activation on the tested materials.

5.7 Effect of water on alcohol synthesis over Ru/Single oxide 

catalysts

This section presents the impact of water on the CO hydrogenation over 

Ru/single oxide catalysts. The results are tabulated in Table 5.4. The catalysts are 

denoted Ru/X in Table 5.4, where X is the metal in the oxide support, for example, 

Ru/MgO is Ru/Mg. Catalytic runs 1-4 are the tests performed without addition of 

water, whereas runs 5-8 are the corresponding ones tested in the presence of water. 

Due to the limitation of the current reaction rig (chapter 2), all the liquid products and 

unconverted water were collected in the liquid gas separator. The presence of 

dominant fraction of water makes accurate quantification of produced alcohol 

difficult. Therefore, the alcohols produced were only qualified using an off-line GC in 

this section, and in section 5.8 they were roughly classified into different levels 

according to the intensity of the FID signal.

CO conversion

From Table 5.4, it can be seen that the addition of water led to an increase in 

the CO conversion for all the tested materials, with Ru/MgO being the most dramatic. 

Time on stream data of CO conversion was depicted in Figure 5.8 for the above Runs. 

Clearly, the increase in CO conversion was mainly due to an increase in CO2 

production. This suggests that water gas shift reaction can hardly be ignored in CO 

hydrogenation over tested Ru/single oxide catalysts with the addition of water, which
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is consistent with the literature findings on water gas shift reaction over Ru supported 

catalysts [18,40-42].

Table 5.4 CO hydrogenation over Ru/single oxide catalysts with/without water addition (total
reactor analysis)

Catalysts*
Runl Run2 Run3 Run4 Run5 Run6 Run7 Run 8

Ru/Mg Ru/Mo Ru/Ti Ru/Zr Ru/Mg Ru/Mo Ru/Ti Ru/Zr

Temperature, K 633 633 633 633 633 633 633 633
Pressure, atm 1 1 1 1 1 1 1 1

Syngas ratio, H2/CO 1 1 1 1 1 1 1 1

H20/Syngas - - - - 2/3 2/3 2/3 2/3

CO conversion, % 2. 2 49.8 2. 8 3.9 35.1 68 .0 8.5 8.1

Gas Phase
C mole Selectivity
(%)
C 02 31.6 32.6 35.2 30.6 78.5 80.2 51.6 86.0

CR, 16.7 45.2 33.8 24.9 3.3 1.7 9.6 2.5
C2H4 15.1 0.06 9.5 18.9 0.13 0.01 1.4 0.65
C2H$ 5.2 15.6 8.3 2 .6 0.39 0.62 1.4 0.26
C3Hg 15.2 0.03 8.9 3.9 0 .12 0 .00 0.70 0.26
c 3h 8 1.1 3.4 1.2 0.3 0.04 0.16 0.05 0.01

C4H8 2.1 0.24 1.3 2.7 0 .02 0 .02 0.02

C4H10 2 .8 0.48 1.4 1.6 0 .02 0.03 0.02

c 5h 10 0.16 0.9
c 5h 12 0 .12 1.8

Liquid Phase**
Methanol + + +

Ethanol + +

* Mg, Mo, Ti, Zr in the catalysts refer to its oxides
** lack of accurate quantification, using'+' represents small amount
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Figure 5.8 Stream on time data of CO conversion over (a) Ru/MgO (b) Ru/M o03 (c) Ru/Ti02 and 
(d) Ru/Zr02 without (-□-) and with (-■-) water addition (for catalytic tests in Table 5.4)
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Hydrocarbon synthesis

For the synthesis of hydrocarbons, it is known that Ru supported on oxide 

shows higher activity in CO hydrogenation when the oxide has acidic character than 

that of basic one [43-45]. The trend of CO activity towards hydrocarbons in Runs 1 -  

4 is:

Ru Ru Ru Ru
Mo0 3 Zr02 Ti02 MgO

which is almost identical to the trend of acidity of the support with the exception 

between Ru/Zr0 2  and Ru/Ti0 2  materials.

The addition of water resulted in a sharp decrease in the selectivity to all the 

products (except CO2) as can be seen in Table 5.4. The yields of all the hydrocarbons 

were calculated and it was found that generally there was a decrease in the yields with 

the addition of water. The time on stream data of C2+ hydrocarbons is presented in 

Figure 5.9. Clearly, it can see that the addition of water inhibited hydrocarbon chain 

growth to different level. In the case of R11/M0 O3, there was no C>3 hydrocarbon 

synthesized in the presence of water after the 1st hour of reaction. For Ru/TiC>2 and 

Ru/ZrC>2 catalysts, the inhibition started with C3H8 after reaction running for 

approximately 25 and 15 hours respectively.

The decrease in hydrocarbon yield shown in Figure 5.9 however was not 

reflected in the corresponding CO conversion in Figure 5.8. This could be mainly due 

to the very low hydrocarbon yield compared with other products (mainly CO2).
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Figure 5.9 Formation o f C2+ hydrocarbons from syngas for catalytic tests in Table 5.4 over (a) 
Ru/MgO (b) R u /M o 0 3 (c ) R u/Ti02 and (d) Ru/Zr02 without addition of water; (a’), (b’)i (c’) and 
(d’) are the corresponding ones with addition of water; □ C2H4; ■ C2H$; A C3H$; AC3Hg; 0 C4H8; 
♦ C4H10; o C5H 10 and •  C5Hi2.
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Alcohol synthesis

The results obtained on Runs 1 - 4  suggests that the alcohol synthesis is 

closely related to different support employed. For Ru/M gO, Ru/Ti02 and Ru/Zr02 

catalysts, there w as no alcohol synthesized from syngas in the absence o f water. Since 

alcohol synthesis favors higher pressure and lower temperature, the absence o f 

alcohol in R u n l, R un3 and Run4 could be due to the unfavorable reaction condition 

(high tem perature and atm ospheric pressure) employed. R11/M0O3 is the only catalyst 

capable o f  synthesizing alcohol under the used reaction conditions. This excellent 

catalytic activity o f  R11/M0O3 is consistent w ith the findings by Josefina and co

workers [17]. Josefina et al. investigated the CO hydrogenation over a series o f 

ruthenium supported catalysts under a condition o f  513K  and circa 50 bar, and they 

found that the selectivity tow ards alcohols w ere higher when M0O3 used as support 

than those o f  Z r02 and Ti02- W ith M0O3 being the m ost easily reducible oxide, which 

was confirm ed by their TG A  (Therm o-gravim etric Analysis) and XPS (X-ray 

Photoelectron Spectroscopy) study, the same authors suggested that the selectivity 

towards oxygenates seem s to be linked to  the reducibility o f  the metal oxide supports. 

In this study, although the TPR  profile o f  R11/M0O3 did not show reduction o f M0O3 

support as observed by  the above authors, the highest hydrogen consumption among 

all the catalysts suggests that the superior catalytic activity o f  RU/M0O3 could be very 

likely related to its enhanced reduction behavior.

A nother possib ility  to  account for the extraordinary catalytic activity o f 

R11/M0O3 could be attributed to the strong acidity o f  the oxide support, with M0O3 

being the m ost acidic one am ong all the supports.

It w as also noticed that RU/M0O3 material has the smallest BET surface area 

as shown in Table 5 .2 . It is know n that for catalysts with similar chemical properties,
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the one with lower surface area exhibits poorer catalytic activity. In this case, the 

observed catalytic results over different catalysts can hardly be simply related with the 

BET surface area; or the BET surface area did not play a major role in the alcohol 

synthesis.

Therefore, the catalytic activity of Ru supported catalysts in the absence of 

water could be very likely related to the reduction behavior of the catalyst as well as 

the acid/base property of the oxide support.

The impact of water addition on alcohol synthesis can be obtained by 

comparing the results of Run 1 - 4  and Run 5 -  8 in Table 5.4. As can be seen from 

the results of Run 1 and Run 5, there was no alcohol synthesized over Ru/MgO 

catalyst, suggesting that water addition did not result in significant effect on alcohol 

synthesis. For R11/M0 O3 catalyst, methanol and ethanol were synthesized in the 

absence of water, however there was no alcohol observed when water was introduced 

into the reaction system. Contrary to the results for R11/M0 O3 catalyst, there was no 

alcohol obtained over Ru/Ti0 2  and Ru/Zr0 2  in the absence of water; however in the 

presence of water, methanol and ethanol were synthesized over Ru/Ti0 2  catalyst, 

whereas methanol over Ru/ZrC>2 catalyst.

The results obtained over RU/M0 O3, Ru/TiC>2 and Ru/ZrC>2 materials are 

intriguing.

One possible explanation for the loss of activity in CO hydrogenation could be 

related to the oxidation property of water. Water, as an oxidizing agent, its presence 

could change the reduction behavior of the above catalysts. During the 

reduction/activation procedure, Ru containing catalysts essentially goes through 

chemical reaction as below:

- R u 0 2 + H 2 = -R u  + H 20  (5.11)
2 2 2 2
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Its equilibrium constants are 7.3* 1013 at 400 K and 4.7* 108 at 700 K 

respectively [46]. Such high equilibrium constants indicate that oxidation of metallic 

Ru by water to its oxidation state (e.g. RUO2) is thermodynamically unfavorable. 

However, the oxidation by water may be possible with the assistance of an acidic 

environment. If this hypothesis is true, for RU/M0 O3 catalyst with strong acidic 

property, water could easily re-oxidize Ru into its oxidation state which may 

responsible for the loss in CO hydrogenation activity. For Ru/Ti0 2  and Ru/Zr0 2  

materials, the amphoteric nature of Ti0 2  and Zr0 2  may only suffer limited 

consequence of oxidation here. The oxidation could be related to interactions 

between Ru and oxide supports. Catalyst Ru/Ti0 2  is well known for the phenomena 

of strong metal support interaction (SMSI) [47], it was found that Ru/Ti0 2  catalyst 

was highly resistant towards oxidation in a study of partial oxidation of methane [48].

Ru/TiO2 and Ru/ZrC>2 materials showed improved activity in alcohol synthesis 

when water was added to the system. Independently to their possible resistance to 

water oxidation, thermodynamic analysis on CO hydrogenation in the presence of 

water may provide another explanation. The calculated standard free Gibbs energies 

of reaction per carbon of the produced alcohols as function of temperature are shown 

in Figure 5.10. By comparing with Figure 1.2 in Chapter 1, the value of ArG9 suggests 

that CO hydrogenation in the presence of water is much favorable than that without 

water addition.
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Figure 5.10 Standard free Gibbs energies of reaction per carbon of the product as function of 
temperature (for CO hydrogenation with consumption of water, original data used for 
calculation from ref. 8). 0 Methanol; □ Ethanol.

The observed impact of water on alcohol synthesis could also be a result of 

different reaction pathway involved for different catalysts. Similar observations were 

reported in the literature on Zr0 2  and ZnO materials [49, 50]. Their studies by 

TPD/TPDE showed that adsorbed water is required for ZrC>2 to obtain methanol, 

whereas its absence is required on ZnO materials. The above authors proposed a 

reaction model for this observation (Figure 5.11).

H H H OH

X h - oh  M
^ 1 *  I + CH,OH1* I + CH3OH

CO | \  ZnO H
0  B = T  I + CH3OH
1 M

Figure 5.11 Proposed reaction path on Z r02 and ZnO catalysts [ref. 49].
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The findings in this study strengthened this model with Ru/Zr0 2  and Ru/Ti0 2  

materials favoring water addition whereas RU/M0 O3 catalyst prefers the absence of 

water. Unfortunately, catalytic reactions on metal oxides alone were not investigated 

in this study. Bearing this in mind, it is difficult to conclude that the impact of water 

on alcohol synthesis was mainly coming from the metal oxide alone or the Ru/single 

oxide. Nevertheless, in both cases the results indicate that water may take part in the 

alcohol synthesis.

Certainly, the above interpretations of the catalytic results are speculative, and 

were conducted by only considering acidity/basicity, and/or reduction behavior of the 

catalyst and the interaction between metal and support, other factors such as particle 

size, metal dispersion etc. may have different level of influence on the catalytic 

behavior as well. Unfortunately the characterization data of the present study are 

insufficient to fully understand the detailed surface science and the intrinsic reaction 

pathway involved. However, as an important preliminary test for the CRAFT reaction, 

the results obtained over Ru/TiC>2 and Ru/ZrC>2 demonstrate that alcohol could be 

synthesized in the presence of water at least up to a mole level of 2 to 3 (H2 0 /syngas), 

which is a key finding for the CRAFT test.

5.8 Catalytic results over Ru/ZrC>2 catalyst

Encouraged by the results obtained over Ru/TiC>2 and Ru/ZrC>2 materials of 

CO hydrogenation in the presence of water, several tests were carried out. The tests 

were CO hydrogenation under high concentrations of methane and water, and the 

CRAFT reaction directly from methane and water. Ru/Zr0 2  material was chosen as a 

model catalyst here.
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Table 5.5 CO hydrogenation and CRAFT tests*

Test Feed
Reaction
condition Conversion

(%)

Gaseous product(wt%)b Liquid product (wt%)c

T/K P/Bar h 2 CO C 02 CH4 c2+ methanol
2 -methyl-1- 

ethanol 1-propanol propanol 1-butanol

I syngas 673 20 14.2d 61.6 22.1 15.2 2.6 1.8 0.35 0.47 0.23

II syngas 633 1 3.9d 61.1 18.1 20.1

III syngas: H20  (3:2) 633 1 8 .1d 98.5 1.05 0.45 1 -> 1 1ri-
methane : syngas : H20

IV (9:1:3.3) 633 1 48.7d/1.8e 5.3 94.6 0.04 ++

V methane: H20  (3:1) 633 1 0 .1e 11.9 42.9 43.1 +

a. catalyst: Ru/Zr02

b. normalized weight distribution of gaseous products
c. normalized weight distribution of liquid products, if lack of accurate quantification, using'+' represents 1 unit of small amount
d. CO conversion
e. CH4 conversion
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The obtained results are listed in Table 5.5. For the sake of comparison, results 

on the standard CO hydrogenation and water addition test were also included. There 

are five tests over Ru/Zr0 2  catalyst: (I) CO hydrogenation at high temperature and 

pressure; (II) CO hydrogenation at low temperature and pressure; (III) CO 

hydrogenation with the addition of water; (IV) CO hydrogenation under high 

concentrations of methane and water; and (V) CRAFT reaction with methane and 

water.

It is known that alcohol synthesis is favored by low temperature and high 

pressure conditions. In order to establish potential product distribution, Test I and II 

are CO hydrogenations carried out at 673 K and 20 bar, and 633 K and 1 bar 

respectively. Data from Test I demonstrates that the selected catalyst, namely Ru/Zr0 2  

is an FT catalyst capable of synthesizing alcohols. However, test performed at 633 K 

and 1 bar did not synthesize any liquid product. Results obtained for these two tests 

show a drop in CO conversion from 14.2% to 3.9%, which was accompanied by a 

shift of selectivity in gas phase from methane to higher hydrocarbons.

Test III and IV are two steps trying to simulate CRAFT reaction. It is expected 

that under the CRAFT reaction conditions there would be large amount of 

unconverted steam and methane in the system. For this reason, it is necessary to 

investigate catalyst behavior for CO hydrogenation with the addition of water and 

further diluted with methane.

Results of Test III show that with the addition of water, the CO conversion 

increased from 3.9% in Test II to 8.1% in Test III. As explained in section 5.7, this 

was mainly due to an enhancement in CO2 production. Higher hydrocarbons including 

C2 to C4 alkanes and alkenes were observed. However C3 and C4 hydrocarbon 

products were obtained only in the initial 15 hours. Small amounts of methanol were
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synthesized. The results suggest that when water was added to the feed, (1) water gas 

shift reaction occurs to a significant level at the expense of FT synthesis towards 

higher hydrocarbons; (2) water was involved in CO hydrogenation typically to 

alcohol, which may shed light on the intrinsic mechanism of FT synthesis.

Data of Test IV shows that 48.7% CO conversion and 1.8% CH4 conversion 

were achieved under the specified reaction conditions. For gaseous product, higher 

hydrocarbons including C2H4, C2H6 and C3H6 were observed only for the initial 4 

hours which is much shorter than the 15 hours observed in Test III. This may be due 

to the high concentration of methane which diluted the other components. 

Alternatively, it may suggest that addition of methane accelerate the chain termination 

process to a higher level. GC analysis of liquid phase shows that methanol was 

synthesized however much less than that of obtained Test III in quantity by comparing 

the intensity of the FID signal.

The meaning of results of Test IV is signi ficant. Firstly it answered that 

question on low temperature steam reforming. The obtained results demonstrated that 

steam reforming reaction does proceed at low temperature over selected catalyst, e.g. 

Ru/ZrC>2. Secondly, the results also show that the Ru/Zr0 2  catalyst is capable of 

catalyzing both the FT synthesis and steam reforming reactions to a certain level 

under the same reaction conditions. Last but more importantly, it proves that alcohols, 

typically methanol, can be produced from syngas which is highly diluted in methane 

and in the presence of water albeit in small amounts.

Test V was an extension of Test IV with the purpose of investigating CRAFT 

concept in alcohol synthesis. An average of 0.1% CH4 conversion was obtained. 

Online GC spectra showed that Ffe, CO and CO2 were the main gaseous products. 

Ethane was also observed however which was proved to be the impurity in the feed.
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For the liquid analysis, methanol was detected. GC spectrum of the obtained liquid 

products is shown in Figure 5.12. There are two peaks which were assigned to 

methane and methanol respectively. The observation of methane in the liquid analysis 

was a result of small amount of unconverted methane dissolved in the liquid product. 

For methanol, it can see that intensity of the signal is very low. The main reason could 

be that methane conversion to methanol in the CRAFT reaction is very low, which 

was shown in the section of thermodynamic analysis. Another reason is that the 

produced methanol was highly diluted in large amount of unconverted water.

mVolts

1.00 -

0.75 -

0J0 -

0D0 -

-0.15
53 421

Time (min)

Figure 5.12 GC trace of liquid analysis of Test V (in Table 5.5)

Series of tests aimed to check the reproducibility of methanol from methane 

and water were performed. It was found that steam reforming over Ru/ZrC>2 in the 

current catalytic rig is very process sensitive. The way in which the catalysts were 

treated and the way that water was fed to the reaction system are two factors identified
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of having a significant influence on the catalytic behavior. As a consequence, 

parameters responsible for the production of methanol directly from methane and 

water have not yet been fully identified.

Results of Test V and tests of reproducibility check show that methanol can be 

synthesized from methane and water however the reaction is very process sensitive. 

This sensitivity may indicate that the reaction might proceed through a non-stable 

state which unfortunately is not clear to us at this stage.

5.9 Conclusions

Thermodynamic analysis of the CRAFT reaction for alcohol synthesis -  

alcohol directly synthesized from methane and water -  shows that the reaction has 

extremely small equilibrium constants and consequently very low conversion. It 

seems that alcohol synthesis by the CRAFT process is thermodynamically 

unfavorable. However, the apparent thermodynamic limitation could be overcome by 

appropriate kinetic control.

Design of catalyst for the CRAFT reaction was based on previous study and 

meanwhile taking consideration of alcohol synthesis. Materials containing Ru active 

metal and metal supports with different acidity and reducibility were chosen for the 

CRAFT reaction.

Since the CRAFT reaction essentially includes two kinds of reactions, specific 

requirement must be satisfied for each type of reactions, e.g. low temperature steam 

reforming and the FT alcohol synthesis.

In the case of low temperature steam reforming, Thermodynamic analysis of 

low temperature steam reforming was carried out and the obtained results suggest that 

circa 1-6% conversion could be achieved over 573 -  673 K. In a later catalytic
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reaction performed on Ru/ZrCh material, it was demonstrated that low temperature 

steam reforming was possible under the investigated reaction conditions, giving a 

conversion of circa 1 .8 %.

For the FT synthesis, effect of catalyst support on standard FT reaction was 

firstly studied. M0 O3 was found to be the most active support for alcohol synthesis. 

Experiments aimed to study the impact of water addition on alcohol synthesis were 

subsequently carried out. With the addition of water, RU/M0 O3 catalyst lost the 

activity for alcohol synthesis. On the contrary, positive effect was found for Ru/Ti0 2  

and Ru/Zr0 2  materials. The results suggest that water could take part in the alcohol 

synthesis.

The CRAFT and its related tests were carried out on Ru/Zr0 2  material. Very 

small amount of methanol was synthesized directly from methane and water. The 

reproducibility of the CRAFT test was not good. It was found out that the reaction 

was very process sensitive. Results of a close simulation of the CRAFT reaction (e.g. 

CO hydrogenation under high concentrations of methane and water) demonstrate that 

both steam reforming and the FT alcohol synthesis can be performed over the same 

catalyst in the same reactor although alcohol yield at this point is low.
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Chapter 6 Conclusions

6.1 Introduction

The experimental work in this thesis was aimed at investigating the synthesis 

of alcohols from carbon monoxide and hydrogen via a modified Fischer Tropsch (FT) 

reaction. The investigation was divided into three different categories. The first 

category is the CO hydrogenation over two well-known catalyst systems, namely Co- 

M0 S2/K2CO3 based catalyst and the Cu-Co mixed oxides catalyst for the alcohol 

synthesis. The second category is concerning the alcohol synthesis by CO 

hydrogenation over gold supported catalyst which was discovered active in the FT 

reaction only recently. The last category was aimed to check the feasibility of 

combining steam reforming reaction and the FT reaction (CRAFT) together for 

alcohol synthesis.

Chapter 3, 4 and 5 detailed the results related to the different categories 

explained above. The present chapter shows the conclusions that can be extracted by 

examination of such results.
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6.2 Conclusions on C0 -M0 S2 based catalyst and the Cu-Co mixed 

oxides catalyst

6.2.1 C0 -M0 S2 based catalyst

The study on CO hydrogenation over Co-Mo S2 based catalyst provided 

information about the catalyst and the effect o f  reaction parameters on the higher 

alcohol (HA) synthesis. The m ain findings related w ith this catalyst are summarized 

below.

It was found that C0-M0S2 based catalyst becam e deactivated on aerial 

oxidation which could be facilitated by the presence o f  K2CO3, clay and lubricant. 

The finding suggests that the sulfide level o f  the investigated catalyst is essential for 

the CO hydrogenation to hydrocarbons and alcohols.

A  rapid tem perature ram ping rate during the catalyst calcinations gave 

increased CO activity and increased alcohol yields. This increase could be attributed 

to the increased surface area obtained w ith higher ram ping rate.

A series o f  catalytic tests was aim ed to find an optimal reaction condition by 

studying the effect o f  K2CO3 concentration, GHSV, temperature and feed 

composition. The studies on potassium  content show that the catalyst with higher 

K2CO3 concentration ( 12 .5% ) gave decreased CO conversion and hydrocarbon yields, 

however increased alcohol yields w ere obtained at the same time. The results suggest 

that the role o f  potassium  is probably to slow down the hydrogenation o f  CO to 

hydrocarbons by blocking the active site for formation o f  higher hydrocarbons, 

simultaneously creating active site for the synthesis o f  alcohols. Concerning the effect 

o f  GHSV, the obtained results show that higher GHSV gave decreased hydrocarbon 

and C2+ alcohol selectivities whereas increased methanol selectivity was observed. 

The experimental data on reaction temperature shows that an increase in reaction
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temperature resulted in decreased selectivities for methanol and ethanol. At the same 

time, increased C3 and C4 alcohols selectivities was observed. The results on 

temperature effect indicate that an optimum reaction temperature range may exist for 

each specific fuel alcohol. The effect of feed composition (with different syngas 

ratios) on the alcohol synthesis was also investigated. The experimental data shows 

that higher syngas ratio (H2/CO = 2) gave increased activity and Ci -  C3 alcohol 

yields. This is considered to be due to the higher hydrogen partial pressure which 

could eliminate coke formation by side reactions, such as boudouard reaction or 

methane decomposition. The highest HA yield (13%) was achieved at an operating 

condition of 580 K, 75 bar, GHSV = 1225 h' 1 and H2/CO = 2. This result could be 

further improved by more intensive tests.

For C0 -M0 S2 based catalyst, it was found that the product distribution follows 

the Anderson-Schulz-Flory (ASF) distribution with methanol having slight deviation. 

A possible explanation for the deviation could be the loss of methanol into gas phase. 

Another possible explanation could be that different active sites may exist for 

methanol and higher alcohol synthesis.

6.2.2 Cu-Co mixed oxides catalyst

The effect of temperature, pressure and water addition was investigated over 

Cu-Co mixed oxides catalyst.

The investigation on temperature effect shows that the increase in temperature 

led to an increase in methane selectivity and a loss in olefinicity for hydrocarbon 

products. For alcohol products, it was found that the formation Ci and C2 alcohol 

prefers the lower temperature range, whereas the formation of C3 and C4 alcohols
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were favored by higher temperatures. This is considered to be due to different route 

followed by the formation of C1.2 and C3+ alcohols.

The experimental data detailed on the effect of pressure on the CO 

hydrogenation over Cu-Co mixed oxides catalyst shows that higher carbon oxide 

activity, alcohol selectivity and alcohol yield were obtained with higher system 

pressure.

For the Cu-Co mixed oxides catalyst, the CO hydrogenation in the presence of 

water resulted in improved catalyst activity and in particular enhanced ethanol 

selectivity and yield. This enhancement suggests that water may take part in the 

alcohol synthesis.

6.3 Conclusions on gold containing catalysts

Two support materials, ZnO and Fe2 0 3  were used in the investigation of the 

function of gold in the CO hydrogenation for alcohol synthesis.

The experimental data obtained on ZnO and Au/ZnO catalysts shows that the 

addition of gold resulted in decreased CO activity and hydrocarbon selectivity. 

However, the alcohol selectivity and yield were found increased with the introduction 

of gold. The alcohol distribution was found to shift towards higher alcohol side when 

ZnO was used as support. It was concluded that when ZnO was used as support, gold 

play a role in tuning the alcohol synthesis by shifting the product selectivity towards 

higher alcohols. When Fe2 0 3  was used as support, the addition of gold led to 

decreased CO activity and hydrocarbon selectivity, which is similar to the results on 

ZnO used as support. However, for alcohol synthesis, the addition of gold led to 

increased methanol selectivity and decreased selectivity towards higher alcohols. It is 

thus concluded that the function of gold is closely related with the support employed.
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Future work using other different supports, e.g. ZrC>2, SiC>2 and Ti02, are 

needed to understand the interaction between gold and support materials. Gold also 

could be doped to Co-Mo S2 and Cu-Co mixed oxides catalysts to further investigate 

the tuning function of gold.

6.4 Conclusions on the CRAFT process

A thermodynamic analysis of the CRAFT process to synthesize alcohols 

shows that the combined reaction has very low equilibrium constant and consequently 

low conversion. This thermodynamic limitation could be overcome by appropriate 

kinetic control [1].

Two primary reactions involved in the CRAFT process, namely low 

temperature steam reforming and the FT alcohol synthesis were analyzed over Ru 

supported catalysts respectively. It was demonstrated that low temperature steam 

reforming was possible under the investigated reaction conditions, giving a 

conversion of circa 1.8%. For the FT synthesis, effect of catalyst support (MgO, 

M0 O3, TiC>2 and ZrC>2) and the impact of water addition on alcohol synthesis were 

carried out. Solid M0 O3 was found to be the most active support for alcohol synthesis 

under the studied reaction condition (633 K, latm, GHSV=3000 h'1) without water 

addition. In the case of other materials used as supports, no alcohol was obtained 

under the above mentioned experimental condition. The extraordinary catalytic 

activity of R11/M0 O3 could be linked to its enhanced reduction behavior and the strong 

acidity of the oxide support. Upon addition of water, it was found that R11/M0 O3 

material lost the activity of CO hydrogenation very fast. However, positive effect was 

observed for Ru/Ti0 2  and Ru/Zr0 2  materials with the addition of water. The results 

suggest that water could take part in the alcohol synthesis.
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The CRAFT test over Ru/ZrC>2 gave very small amount of methanol however 

the reaction suffer reproducibility problem. It was found out that the reaction was very 

process sensitive. Results of a close simulation of the CRAFT reaction (e.g. CO 

hydrogenation under high concentrations of methane and water) demonstrate that both 

steam reforming and the FT alcohol synthesis can be performed over the same catalyst 

in the same reactor.
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Appendix

Appendix Calculations for Catalytic Reaction

This section describes the way of calculations for catalytic reactions obtained 

in Chapter 3,4 and 5.

(1) Calculation of CO conversion, CO (CO2 free) conversion, Selectivity and

Yield:

CO conversion (%) = c ° ( mo/e5L.vemrf * 1 0 0
CO(moles),n

r i r s , ™  K .  N • C 0 { m 0 j e S ) c o n „ r te d - C O 2 ( m 0 l e s ) 0duced
CO (CO2 free) conversion (%) = --------------------- r--------- --------* 1 0 0

CO\moles)in

Carbon mole selectivity (%) = Carbo« moles^ l *m
CO(rnoles)commil

Yield (%) = Carbo< mole^ ^ n * m  
CO(moles)in

(2) Carbon balance calculation

This is a sample calculation for carbon balance analysis.
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Reaction condition data:

Room temperature 295 K

Reaction temperature 580 K

Reaction pressure 75 Bar

Volume of catalyst 4.8 ml

Feed (H2/CO/N2) 47.5/47.5/5

Flow rate of syngas 1 0 0  ml/min

Reaction time 60 hours

Calculation of carbon balance:

22 4 * 295
At room temperature: 1 mole = — —  = (^ter)

Feed in molar rate = (100 ml/min) * (1 liter/lOOOml) *(1 mole/24.2 

liter) * (60 min/hour)

= 0.25 mole/hour 

CO molar rate = (0.25 mole/hour)*0.475= 0.12 mole/hour 

Carbon mole (in) = CO mole in (total) = 0.12 mole/hour * 60 hour 

= 7.0 mole

For gas phase product, the concentration (v%) of component i at time j (j = 1- 

60) can be obtained from GC analysis. The flow rate at time j (j = 1-60) of effluent 

out gas can be calculated using internal standard (N2). With these two parameters 

known, the molar rate of component i at time j can be obtained. For example, at time 

17 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 17 hour can be obtained as below.
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Molar rate of component CO = 45.1% * (89.3 ml/min)*(60 min/hour)

*(1 liter/1000ml) *(1 mole/24.21iter)

= 0 .1 0  mole/hour

The molar rate of other components at 17 hours can be calculated in a similar 

way. The volume percentage of each components and the obtained molar rate at 17 

hours is listed in Table A1.

Table A1 Gas phase data based on GC at time 17 hour time on stream

Component Vol % Mole / hour

CO 45.1 0 .1 0

C 02 3.02 0 .0 1

c h 4 0.497 l.le-03

C2H4 0.014 3.08e-05

c 2h 6 0.067 1.47e-04

c 3h 6 0.027 5.96e-05

c 3h 8 0.025 5.48e-05

c 4h 8 0.003 6.66e-06

C4Hio 0.016 3.49e-05

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 = 21.06 g), the moles of each component can be calculated. The 

weight percentage and the calculated moles are listed in Table A2.
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Table A2 Liquid phase weight percentage and calculated moles

Alcohol wt % wt mole

Methanol 48.2 10 .1 0.32

Ethanol 35.6 7.51 0.16

1-Propanol 7.31 1.54 0.03

1-Butanol 1.19 0.25 0.003

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) = CO(mole)out + ^  C02 (mole) +
7=1 7=1

60 60

j ]  CH4 (mole) +2* ̂  C2H4 (mole) +
7=1 7=1

60 60

2 * ^ C 2H6(mole) + 3* £ C 3/ / 6(mo/<>) +
7=1 7=1

60

3 * ^ C }Ht (mole) + ... + CH3OH (mole) +
7=1

2* C2H5OH (mole) +3* C3H7OH (mole) + ...

= 6.9 mole

Error percentage = Carbon(in) -  CarboMout) t  m %
Carbon(in)

= 7 0  ~ 6,9 * 100% = 1.4%
7.0
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