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ABSTRACT v}
§

The water-gas shift réaction (Hy0 + (O == Hy + (0p)

is used extensively in a mmber of industrial processes
either to produce the large tomnages of hydrogen
required in the manufacture of amwnia, or to adjust

the CO/H, ratio of synthesis ges for the manufacture
of chemicals. At present most production units operate
a two stage process imvolving an Fe/Cr oxide high
temperature shift catalyst (to reduce the CO content of A
gas derived synthesis gas from about 10 mole % to ca. 3

mole i) followed by a low temperature shift unit which
! utilises a Cu/Zn oxide catalyst (to further reduce the
CO content to c¢a. 0.3 mole %). However, as the Cu/2n
oxide catalyst is readily poisoned by sulphur, it
cannot  be operated successfully with coal derived
synthesis gas.
This Thesis presents the results of a study involving
! . the development of varicus rnovel high temperature

‘ water-gas shift catalysts with significantly improved t
activity and sulphur resistivity when compared to :
current industrial formmulations. Co/Mn oxide, Cu/¥n
oxide and Co/Cr oxide catalysts were prepared by
3 co-precipitation from their respective metal nitrates
] and tested for water-gas shift activity using a

laboratory scale (2g catalyst) testing rig. Catalytic
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activity was fourd to be mainly a function of the metal
ratios as well as operating temperature. Under optimum
conditions, all three catalyst systems were found to
give appreciably higher activity when compared to an
existing Fe/Cr based commercial catalyst.

Kinetic and mechanistic investigations revealed that
the water-gas shift reaction proceeded via the
formation of surface formate interwediates over all
three catalyst. systems tested. Furtheomore, a
regenerative “Tenkin type" mechanism was suspected to
occur at a high partial pressure of CO over the Co/Mn
oxide and the Co/Cr oxide catalysts.

Sulphur poisoning studies were also carried out by
co-feedi.., different levels of sulphur {i.e 1 ppm and
240 ppm total S). The results indicated that only the
Cu/Mn oxide catalyst showed signs of deactivation after

prolonged exposure to these gases.

In summary, three novel high activity water—gas shift
catalyst systems were identified, and their chemical
behaviours studied under a variety of experimental
conditions., Both the Co/Mn oxide and the Co/Cr oxide
proved to be potentially valuahle as substitute

camercial high temperature water-gas shift catalysts.

i
1

TR



iv

DECLARRITON

I declare that this dissertation is ay owm,
unaided work. It is being submitted for the degres .
E Doctor of Philosophy in the University of the ;

Witwaterszand, Johanmespurg. It has not been i
submitted before for any degree or examination in

any other University.

TR

| fl 5l

20 B aayor _Decombe 1999




o My Parents

; T L LI e e g

SR




vi

ACKNOWLEDGEMENTS

I would like to thank the following people and
institutions for their ever present support. Without

them this thesis would not have been written.

- Prof. §.J. Rutchings and Prof. R.G. Coppertiwaite,
ny supervisors for their constant assistance,
guidance and encouragement at all times.

- Prof, N.J. Coville, Dr. R.H. Hunter and br. S.W.
Orchard for their valuable discussions and input to
‘this Thesis.

- To my family for their constant support and

encouragerent in the more difficult phases of the

project.,

- To wy fellow students and friends in the catalysis

! , for creating a pleasant working

atmosphere.

- Acknowledgements are also due to the staff of the
Chemistry Department of the University, particularly
Agnes Fointeer, Margret Crabb, Barxy Fairbrother.
John Hughes, Steve van der Schyff, Les Hemwood and

Basil Chassoulas.

R ]




G

!
|

- The support of four related Honours projécts in the
: fields of potassium promotion of Co/Ma oxide
i catalysts (St Colley), Co/Cr oxide catalysts
(Tarnya Sangiorgio), mechanistic studies over Co/Cr
' oxide (John Mellor) and Cu/Mn oxide catalysts {Mariam

o Rhemtula) is also greatly appreciated. -

-~ Finally, I would like to thank BECI Ltd. for their
generous financial and personal support for the
entire duration of this project. !




e T . T e = =
J
viii .
LIST OF ARRREVIATIONS
i -
; ¥
i
RS ~ Atonic Absorption Spectroscopy 1
BET ~ Brunaver, Bmwett, Teller (surface area) » ;5
i
psC - Differential Scanning Calorimetry ;
EDTA  ~ Ethylenediaminetetraacetic acid
FCC ~ Faced Centred Cubic N
i .
| FID ~ Flame Ionisation Detector [ .
i :
; FT - Fischer Tropsch i
: !
: FTIR - Fourier Traisform Infra Red i '
4 ;
i =} - Gas Chromatograph B
i @ISV ' - Gas Hourly Space Velocity i \
: wce — Hexagonal Closest Packed 5
! S - Hydrodesulphurisation j
! ss - Stainless Steel : 5 !
D ~ Thermal Conductivity Detector ! s
G - Themmogravinetzic Analysis
:
XRD - X-ray Diffractometry :
4 |
i
; | i
i - .
; .
< i
¥ -
) ¢ 1
L
. B




o S 3

LIST OF ARBREVIATIONS
LIST OF TRHLES
LIST OF FIGURES

1. INTRODUCTION
1.1 History of catalysis
1.2 The water-gas shift reaction
1.3 Applications of the water-gas shift
1.4 Catalysts used for the water-gas shift
reaction
1.4.1 High @!peratuze water-gas shift
catalysts
1.4.2 Copper based low temperature water—
gas shift catalysts
1.4.3 Sulphided cobalt molybdenum based
water-gas shift catalysts
1.4.4 Homogeneous water-gas shift
catalysts
1.5 Mechanisms for the water-gas shift

reaction

1.5.1 The redox mechanism

[
1

S




o 1.5.3 Other mechanisms

& P . R
Page
1.5.2 Surface intermediate type
wechanisms 20
1.5.2.1 Reagent adsorption onto
| catalyst sites 21
3 1.5.2.2 The formation of the
central intermediate 22
26
1.5.4 Suma. y of the proposed mechanisms 30
1.6 The kinetics of the water-gas shift
reaction 3L
1.7 Cutline of thesis 36
2. EXPERIMENTAL 40
2.1 Catalyst preparation 40
2.2 Catalyst pretreatment 42
2.3 Catalyst testing 43
2.4 Product gas analysis, data evaluation
and calculations 44
2.5 Catalyst charactexisation 45
3. COBALT MANGANESE CXIDE WATER-GAS SHIFT
CATALYSTS 46
3.1 Intwoduction 46
50

3.2 Experimental

L




3.3 Effect of Co:Mn ratios on the water-
gas shift activity
3.3.1 Catalyst activity and lifetime
studies
3.3.2 Temperature dependent studies
3.4 Effect of potassium promotion on the
water-gas shift activity and CHy
production
. 3.5 Bffect of reagent feed rates on the
water-gas shift activity
3.6 Structur3l characterisation
3.7 Competition between carkon monoxide
hydrogenation and water-gas shift
activity
3.7.1 Carbon monoxide hydrogenation
3.7.2 Water-gas shift activity
3.7.3 Discussion

3.8 Summexy

4. COPPER AND IRON MANGANESE CXIDE WATER-GRY

SHIFT CATALYSTS
4.1 Introduction

4.1.1 The iron manganese oxide catalyst

system
4.1.2 The copper manganese oxide

catalyst system

51

59

83

72
72
3
77

80
80

80

81

S

i
i
i

~ET

e S




4.2 Comparison of the water-gas shift
activities of the Cu/Mn oxide, Fe/Mn
oxide and Co/Mn oxide catalysts
4.2.1 Specific catalyst activities
4.2,2 Activation energy calculations
4.3 Effect of Qu:Mn ratios on catalytic
activity
4.3.1 Effect of temperature on catalytic
activity

4.3.2 Stability studies involving Cu/Mn
oxide catalysts

4.3.3 Effect of reagent feed rate on
catalytic activity

4.4 Effect of potassium promotion on the
water-gas shift activity of a CaiMn =
1:3 catalyst

4.5 Structural characterisation of Cu/Mn
oxide and Fe/Mn oxide catalysts
4.5.1 The Fe/Mn oxide system

4.5.2 The Cu/Mn oxide system
4.5.3 Thermometric analysis of a Cu/Mn

oxide catalyst

4.6 Summary

*xid

85
87

103
104




5. COBALT CHROMIUM ORIDE BASED WATER-GAS
SHIFT CATALYSTS
5.1 Introduction
5.2 Rctivity studies
5.2.1 Tenperature dependence
5.2.2 Stability studies
5.2.3 Surface avea determinations
5.3 Methane by-product formation under
water-gas shift reaction conditions
5.4 Structural studies
5.5 Sunmary

6. A KINETIC AND MECHANISTIC STUDY OF THE.
Co/Mn OXIDE, Cu/Mn OXIDE AND Co/Cr OXIDE
VWATER-GAS SHIFT CATALYSTS
6.1 Introduction
6.2 Experimental techniques
6.3 Kinetic studies

6.3.1 The effect of the partial
pressure of Hy0 on the rate
of the reaction

6.3.2 The effect of the partial
prassure of CO on the rate of
‘the reaction

6.3.2.1 The Langmir-Hinshelwood

mechanism

xiid

108

108
139
119
113
114

115

120
127

129
129
130
132

132

134

137

sy

U N —




|
|
z
|

6.4 Model reagent mechanistic studies
6.4.1 Reaction of formic acid over
various catalyst systems
6.4.2 Reaction of methanol over
various catalyst systems
6.5 Reaction mechanism
6.6 Sumwary

7. SULPHUR POISONING STUDIES
7.1 Introduction
7.2 Experimental
7.3 Results

7.4 Discussion

7.4.1 The Co/Mn oxide and Co/Cr oxide

catalyst system

7.4.2 The Cu/Mn oxide catalyst system

7.5 Summary
8. CONCLUSION
REFERENCES
Appendix 1 : Co-precipitation method

Appendix 2 : Impregnation or "Incipient

Wetness " method

xiv

D .

143

144

AT L i

150
156

163
163

169 iy
170

72
173
176

178

181

203

207

R T R

SRR,




vio P T £ A
x
Page
Appendix 3 : Catalyst pretreatwent 209
Appendix 4 : Stainless steel reactor assembly
used for catalyst testing 21
Appendix 5 : Glass reactox assembly for the
, mechanistic co-feeding
experiments 217
Appendix 6 : Product analysis 220
Apperdix 7 : Data evaluation and calculations 223
Appendix & : Catalyst characterisation 226
Appendix 9 : Idst of Mublications 228

B
i

AR ot RN N




xvi

Characteristics of currently used

water-gas shift catalysts 37

Experimental parameters used for

the preparation of the varicus

catalyst systems tested 204

: Calcination temperatures during

catalyst pretreatments

209

Reduction conditions for the

various catalysts tested 210

BET sucface areas of pure (o and

55

Temperature deperdence of X;, and

equilibeium conversion of €O 57

BET surface areas of potassium

promoted Co/Mn oxide catalysts 61

Bulk structure of a Co/Mn oxide

67

Lattice parameters of MmO

present in an active Co/Mn oxide

71

+ Carbon monoxide hydrogenation
over a Co/Mn oxide catalyst 73

activity of a Co:Mn = 1:1 catalyst 74




LIST OF TABLES (continued)

Teble 3.8

Teble 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 5.1

1 Reaction of a carbon monoxide,
hydrogen and water feed mixture

1 Pseudo first order rate constants
for X:Mn = 1:1 catalysts (X=Cu, Fe
ox, Co}

: Surface areas determined by the
BET method for the various
manganese oxide catalysts tested

: Specific catalyst activity for the
various metal/manganese oxide
catalyst systems

: Apparent activation energies of
the various manganese oxide
catalysts tested

¢+ BET surface areas of discharged
Ca/Mn oxide catalysts

: Bulk surface structure of Cu/Mn
oxide catalysts as determined by
X-ray diffractometry

¢ Tonic radii of Co, Cu and Mn
cations

: Lattice parameters for pure and
catalytically active ¥nO

1 Apparent activation energies for

the various Co/Cr oxide catalysts

studied

75

84

85

86

89

93

99

102

102

112

[




LIS OF TABLES (continued)

fTable 5.2 @ Surface arveas for Co i Cr = 1:1
catalyst for the various stages
of pretreatment

Table 5.3 : Bulk structure of (6/Cr oxide
catalysts

Table 6.1 : Reaction of formic acid over the
various catalysts tested

Table 6.2 : Reaction of methanol over the
varicus catalysts studied -

(i) Orgyanic product distribution

Table 6.3 ¢ Reaction of methanol over the
various catalysts studied -

(1) Inorganic product
distribution
Table 7.1 : Composition of sulphur-containing
feed gas
Table 7.2 : Surface area determined by the
BET method for the various
manganese oxide catalysts after

sulphur exposure experiments

xviii

115

121

148

152

170 -

175

R R 2 A




LIST OF FIGURES

o Figure 1.1 : Heats of adsorption of CO versus

i metal activity at 300°C

Figure 1.2 : Water-gas shift reaction
sequence proposed by Anencmiya
and Pleitzer (65)

' Figure 1.3 : Foxmation of water—gas shift

! intermediate as proposed by

‘; Grencble et. al. (8)

! Figave 1.4 : Water-gas Ghift mechanism as
proposed by Shopov and
Andreev (66)

Figure 1.5 : Mechanistic steps for the
homogenecusly catalysed water-gas
shift reaction as proposed by
Ford (55)

Figure 1.6 : watér—qas shift reaction cycle
proposed by Elliott (69)

Figure 2.1 : Schematic xepresentation of the
experimental setq;p used for
co-precipitation method

d Figure 2.2 : Stainless steel reactor
assembly layout

Figure 2.3 : Schematic diagram of evaporator

Figure 2.4 : Details of reactor design

21

23

24

25

28

30

205

212

213
218




LIST OF FIGURES
Figure 2.5 : Valve system used to select

Figure 2.6

Figuze 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Figare 3.3

Figure 3.4

Figure 3.5

Figure 3.6

individual product streams
Glass reactor used for
mechanistic studies
Preuratically operated gas
chromatographic sample valve
Chromatogram of a typical
permanent gas analysis

Synergic bonding model of
carbon monoxide onto a
catalytic surface

Effect of metal ratio on water-
gas shift activity

Effect of temperature on CO
conversion for the various Co/Mn
oxide catalysts tested

Effect of temperature on CHy
by-product levels

Effect of potassium addition on
CO conversion for a Co:Mn = 3:1
catalyst

Effect of potassium addition on
the rate of CHy fommation for

a ComMn = 3:1 catalyst

216

217

220

223

58

60




LIST O

Figure 3.7

Figure 3.8

Figure 3.9

(continued)

+ Effect of CO : Hy0 ratio on
the catalytic performance

: Effect of CO GHSV on catalytic
activity

: DSC plot for Co/Mn oxide

catalyst reducing under hydrogen

Figure 3.10 : TGA plot for Co/Mn oxide catalyst

Fiqure 4.1

Figure 4.2

Fiqure 4.3

Fiqure 4.4

Figure 4.5

Figure 4.§

: CO conversion as a function of
temperature for the Cu/Mn oxide
catalysts tested

: Stability of various Cu/Mn oxide
catalysts

1 Bffect of CO GHSV on catalytic
performance for the various Cu/Mn
oxide catalyst tested

¢+ Effect of HyO : CO feed ratio
on catalytic performance of the
various Cu/Mn oxide catalyscs
tested

: Potassium promotion of a 1:3
Cu/Mn oxide catalyst

+ Structural differences between
calcined Cu/Mn oxide and

calcined Co/Mn oxide catalysts

101

e e ONEES O,




LIST OF FIGURES (continued)

Pigare 4.7 : DSC tyace for Cu/Mn oxide
catalyst reducing under hydrogen
Figure 4.8 : TGA trace for the 1:3 Cu/Mn
oxide catalyst reducing under
hydrogen
Figure 5.1 : Effect of temperature on the
water-gas shift activity for the
various Co/Cr oxide catalysts
studied
Figure 5.2 : Stability of Co/Cr oxide
catalysts
Figure 5.3 : Methane by-product formation
over various Co/Cr oxide
catalysts operated under water-
gas shift reaction conditions
Figure 5.4 : Effect of intxoducing potassium
or manganese on the levels of
wmethane foxmation over a Co:Cr =
3:1 catalyst
Figure 5.5 : Effect of introducing potassium
or manganese on the water-gas
shift activity over a CoiCr =
311 catalyst
Figure 5.6 : A comparison of the CuMnyOy
spinel to the CoCry0; spinel

xxid

Page

103

105

110

116

118

119

122

N e N

RS T

R S




=g

LIST OF FIGURES (continued)

Figure 5.7

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

: DSC plot for the reduction of a

CoCry0, catalyst under
hydzogen

= Rate of HyO conversion as a
fanction of By for the

various catalysts tested

1 Effect of CO partial pressure on

the rate of OO conversion for
the various catalysts tested

: A comparison between
experimental and theoretical
rates of CO conversion at
constant H,0 partial pressure
for the Co/MnO and CoCryOy
catalysts

+ Decomposition of formic acid

over metal oxide catalysts

: The formation of methy} formate

over the various catalysts
studied

: Water-gas shift reaction

mechanism over the Co/Mn0 and the

Corp0y catalyst systems

investigated

126

133

135

141

149

153

158

o S O




LIST OF FIGURES (continued)

Figure 6.7 : Water-gas shift reaction
mechanism over the Cu/MnQ
catalyst system

Figure 7.1 : Schematic diagram of a coal-
based ammonia synthesis plant

Figure 7.2 : Hydrodesulphurisation reaction
sequence over a CoMox catalyst

. proposed by Topsce gt. al. (195)

Figure 7.3 : Stability studies of various
catalysts using coal-derived
feed gas containing 1 ppm
sulphur

Figure 7.4 : Stability studies of varicus
catalysts using coal-derived

feed gas containing 240 pgm
sulphur

xiv

160

164

168

1

172

O




= : s - ,, ey

|
i
1. INTRODUCTION "{
|
{
! 1.1 History of catalysis :

» Catalytic power actually means that substances are

able to awake affinities which ave asleep at this
. ;
temperature by their mere presence and not by their 5

own affinity

This was part of the definition first proposed by

Berzelius (1) in 1836 about an unexplainable power that
has tumed out to be a major driving force in the
P chemical industry. Berzelius was referring to the
observations mede in the early 19th century, when it T
was noticed that a number of chemical reactions were
affected by the presence of trace amounts of foreign
substances that did not take part in the reaction
itself. Considering what little was Jnown about

chemical reactivity at the time and comparing it with
today's definition (1) of a catalyst, which states that

" a catalyst is a substance that increases the rate at
which a chemical system approaches equilibrium,
without being consumed in the process * .

one can see that Berzelius expressed his view on
catalysis with a definite degree of perception Even
though, this appeared to ke the first attempt at




describing the function of catalysts, the first use of
catalysts had already been‘ made by man thousands of
years ago. This was the time when wine, vinegar and
soap were made using catalytic technicues, although
their workings were not entirely understocd.

It was only in 1746 when modern industrial catalysis as
we know it came into being with the intwoduction of the
“lead chamber pxocess" for the manufacture of sulphuric
acid. In this method nitwic acid was used to owidise
80y to 803 in an agueous envirorment. Almost 70
years later, in 1831, the above mentioned mddatior} of
50, was carried out over a platinum surface and was
patented by Phillips. It was first carried oug.on a
comeexcid. scale by Squire and Messel in 1875. By this
time the catalytic production of chlorine gas from HCL
and air over a supported CuCl, catalyst (2) bad been
introduced by Deacon in 1860, From then onwards
followsd a never ending surge of developments of

catalytic processes cpereted on an industrial scale.

It was the understanding brought to the subj.ct by the
Nobel prize winners Bosch and Haber (intrrlucing the
catalytic production of awwonia frem hydrogen and
nitrogen in 1913), and Ziegler and Natta, who in 1955
developed a catalyst that could polymerise ethylene at
low pressures, which transfommed the "black art” of

catalysis into the science as we know it today.




The production of ammonia,
N, +3H, w= 2N (1.1)

can be considered as one of the earliest major

catalytic processes to be introduced on an industrial

scale. With it came the need for supplementary

technology - hydrogen needed to be produced on a large

scale. Before the advent of the Haber-Bosch process,

‘hydrogen  was by means of is or
by dissclving iron in sulphuric -acid (3). Howevexr,
these processes only allowad for the productjon of
hydrogen on a small scale. Thus the need for
large-scale hydrogen producticn was recognised.

1.2 The water-gas shiit reaction

Already before the turn of tle century, it was known
that if carbon monoxide and steam were passed over
catalytic materials such as red hot refractories (4)
one obtained hydrogen and carbon dioxide. This reaction
. became known as the water-gas shift reaction or the CO

shift reaction.
Dgy +BO(g) == "y () + O (g) (1-2)

This reaction is an exothermic (AH = ~40.6 kJ/mol)
chemical  change controllad by a  themmodynamic

|
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equilibrium, which can be accelerated by a catalyst.

One should rnote, that as there is no change in molar

volume during the reaction, the equililwiwm constant is
of

1.3 Agplications of the water-gas shift reaction

The water-gas shift reaction has became a well studied
reaction of industrial importance (5-8), as it not only
produces hydrogen, but c¢an also be utilised to remove
any urwanted carbon monoxide. It was these two
applications that ensured this reaction an -integral

part in many large scale clranical operations.

The wost important use of the water-gas shift reaction
will always be in the production of ammonia, where it
not  only produces sufficient hydrogen, but also removes
unwanted carbon monoxide, which would otherwise poison
the emwonia synthesis catalyst. However, there are far
more areas whare the water-gas shift reaction is
utilised. For example, in the 1930’s hydrogen was
produced in the USA by reacting methane with steam,

according to the following reaction:

CHy + Hy0 ©== 3 Hy + CO (1.3)

iy et i oS s e




The water-gas shift reaction was then used to “shift®
the umwented carbon monoxide together with more steam
to produce more hydrogen and carbon dioxide. The carbon
dioxide could then be easily removed in a cryogenic

“pectisol® unit.

Further applications can be fourd  in  the
Fischer-Trepsch industry, where, for the hydrogenation
of caxbon .mcmcxide, a feed gas containing about two
parts hydrogen and one part carkon monoxide is
required. Synthesis gas derived from various sources
(eg. coal gasification or steam refomuing of
hydrocarbons) yield a Hy : €O vatio of about 1 : 1.
The water-gas shift reaction is then used to convert
the excess (O and produce more hydrogen so that the
required Hy : CO ratio is reaciied.

Other applications of thé water-gas shift reaction
include the detoxification of town gas ({9) and
a‘utumtive emission control {10) where the lowering of
0 levels is required. Sams speculation and research
(12) has also been aimed at employing the CO-shift
reaction for  hydrogepation by using Hy0 as the
hydrogenation  agent instead of Hy. Here the
hydrogenation of coal could bring about a new neans of
nydrocarbon  production. With the ever increasing demand
for hydrogen, the water-gas shift reaction is certain

to continue as an jmportant industrial process.
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1.4 Catalysts used for the water-gas shift reaction

It has been found that the water-gas shift veaction is
catalysed heterogenecusly by many wetals and metal
oxides and recently the academic interest in
homogeneous  water-gas  shift catalyst systems has
increased (40, 44-46). Moe (13) and Grencble et.al. (8)
give accounts of the activity of various metals for the
water-gas shift reaction. Grenoble found the activity
of alumina supported metal catalysts (at 300° C) to
decrease in the following order :

Ce>Re>Co>NL>Pt>08>3u>PFe>Pd>Rh>Ir

However, only two classes of catalysts are currently
used on an industriel scale, namely the Fe-based ‘high
temperature” shift catalysts, and the Cu-based “low
temperature® shift catalysts, which have only been

+ utilised since the late 1960° s.

1.4.1 High temperature water-gas shift catalysts

The history of the Pe based high temperature shift
catalysts can be traced back to 1913, when BASF claimed
the use of an ixon oxide based catalyst that could be
promoted with other -metal oxides including thoria. It
was soon found that these iron based catalysts could be

d
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operated successfully in the temperature range : 320 to
450 °C - hence the name “high temperature” . shift
catalysts. These catalysts were found to contain about
70 - 74 % Fe03 and 8 - 10 % Cry03 and other
volatiles (14) in their precursor stage. However,
Markina gf. al. (15) showed that the optimm Cry0y
content appeared to be about 14 % (wk}. It is generally
believed that the Cry03 only acts as a stabiliser
to prevent deactivation due to high temperature
sintering, and not as. a catalytic promoter. This
finding is best suprorted by the work of Singh et. al.
{16) who cbsezved that catalysts prepared without
Cry03 lost catalytic activity much faster than the

Crg03 supported Fe,0y catalysts.

Before wuse, the high temperature water-gas shift
catalysts have to be activated by means of partial
reduction of Fe03 to form Fey04. This step hes
to be carried out under controlled conditions as the
formation of metallic Fe must be avoided because it
catalyses the highly exothermic wrethanation reaction

(17) shown balow.
CO+3Hy =0l + B0 (1.4)

Gonzalez gt. al., (18) give a good discussion of the
influence of themmal pretreatment and reduction




conditions on the activity of various high temperature
water-gas shift catalysts. They concluded that the use
of pure hydrogen gas or a gas mixture comprising
hydrogen, nitrogen, carbon monoxide and water vapour
were best suited as xeducing agents to obtain a highly
active Feg0y / Cry03 water-gas shift catalyst.
Furthermore, they claimed that the use of these two
reducing mixtures eliminated an over-reduction as long
as the temperatures weve kept below 500 °C. These
findings ave also in agreement with those of Bohlbro
st. al. (19), who a i

in the range of 250 to 400 9C, claiming that higher

temperatures result in decreased catalytic activity
due, presumably, to sintering of the active phase.

Armother feature of these ferrvochrome catalysts is their
very long lifetimes, with continuous industrial
operations of more than two years laving been achieved
(20). Nevertheless, these catalysts do show some
deactivation with time-on-line, and this problem has
been the subject of numexcus studies (21-24) with many
theories being proposed as to the causes. Almed gt. al.
(23) for example claimed that the deactivation was dve
to various temperature and time-on-stream factors. A
more detailed explanation is given by Chinchen et. al.
(24), who reported two fomms of decay - the initial




fast decay and the subsequent slow decay of activity.
They attributed these forms of decay to the rapid
sintering of Fej0; crystallites which are in
contact with each other. They then claimed that after
sate  time Cry0; orystallites will separate the
Fag0, crystallites and the demctivation process
will slow down. In practice, the loss of activity of a
high temperature shift catalyst is compensated for by
(S), which in tum

i its

restores the catalytic activity.

In contrast to the copper-based low temperatuxe shift
catalysts, which shall be discussed later in this
chapter, the ferrochrcme catalysts are not vexy
susceptible to poisons, thus making them ideal choices
for plants operating on oil-based or coal-based
feedstock, which contain sulphur compounds. Bohlbro et.
al. (19) found that small levels of sulphur (i.e. < 10
pem) had pext to o effect on tre catalytic activity,
but that at sulphur levels higher than 100 ppm the

catalysts’ ivi B as the
square root of the sulphur concentration, They also
found that other poisons like chlorine, phosphorous and
silicon could only be tolerated at levels of about 1
ppr, before having adverse effects on the catalytic

activity.
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From this discussion of the high temperature
ferrochrome shift catalysts, it can be seen that they
are adequately suited for operation on curvent chemical
plants. They a ion of which
are mot only reasonably econcmical to marmfacture, but

also show good water-gas shift ectivity and resistance
to potential catalyst poisons when operated under plant
conditions. However, iron is not the most active
water~-gas shift material and thus the attvaction of
developing a yet more active catalytic material, which
othexrwise has the same advantages as the Fe-based

catalysts, still exists.

1.4.2 Copper based low temperaturve water-gas shift

catalysts

Copper based materials have been lnown to catalyse
vericus reactions carried out on an industrial scale,
such as carbon monoxide oxidation (25), methanol
synthesis (26, 27), and nitreus oxide decomposition
(28). However, in the field of water-gas shift
catalysis, the use of these copper based materials was
(nly reported in the literature in the mid 1960‘s, when
Uchida et. al. (29) xeported an active zinc
oxide-copper oxide catalyst for carbon monoxide shift
conversion. They fourd that the optimun Cu/%n atomic
ratio for their type of catalyst was about 0.4.

e
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Studies have since been carried out to determine the
various phases present in this catalyst system. In more
recent years, Garbassi et, al. (30) used X-ray
photoelectron  spectroscopy  to study the unreduced
copper-zinc  system. They found evidence for the
existence of a non equilibrium solid solution of Cu(II)
in %n0. Structural stwdies have also been carried cut
on the active form of the Cu/Zn0 catalysts. These
studies have shown that if the catalyst is not reduced
prior to use free Cu* ions are the active phase under
reaction conditions (31). Again, ZnO was claimed to be
the other major phase present. However, upon reduction,
the formation of Cu metal has been observed and it has
been shown (32) that a Cu catalyst supported on alumina
showed the same activity as a Cu catalyst containing
significant amounts of 2n0. Thus, it now be concluded
that Cu metal seems to be the active phase and it
appears that 2n0 acts as a structural.support in order
to stabilise the surface area of the Cu metal. This
theory is also supported by Uchida et. al. (33), who

used X-vay diffraction analysis to confimm the presence
of Cumetal and Zn0 as the only major phases present in

their active low temperature water-gas shift catalyst.

The Cu/2n0 catalysts are genevally operated at much
lower temperatures than the ¥e based high temperature

b
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shift catalysts. fTypical operating temperatures range
from ebout -210°C to 240°C (34). As Cu is known to
sinter readily at elevated tempecatures (35, 36), an
operating temperature of higher than 280°C should be
avoided in order to prevent catalyst deactivation (5).
Even. though the low temperature shift catalysts are
highly active if operated properly {c.f. Cu being the
most active water~gas shift material (8,13)), they are
also very susceptible to poisoning, especially by
sulphur and chlorine (34, 37). Hawker (5) described how
sulphur and chlorine poisoning cause catalyst
deactivation and how to minimise these effects. He
suggested that in order to counteract the effect of
sulphur poisoning, the catalyst should contain a high
surface area of unbound zinc oxide, as it will absorb
sulphur, by rescting to fom zinc sulphide and water.
Thus in an industrial water-gas shift reactor,
operating with a Cu/Zn0 catalyst, it is possible, that
the upper part of the catalyst bed will only be used to
remove any sulphur jmpurities by absorbing them onto
the 2Zn0, and the lower part of the bed will be used for
the CO shift reaction. Hawker furthemwore described
chlorine, which is generally present in the form of
HCl, as a more severe poison than sulphur, as it
increased the sintering rate of the Cu/2n0 catalyst. It
thereby reduced the overall surface area of the
catalyst, leading to loss of activity.

L
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This short discussion on copper containing low
temperature shift catalysts has shown that these are
highly active water-gas shift catalysts, which use Cu
metal as their active component, and Zn0 as a
structural —support. They ave, however, not ideal,
particularly for ccal derived synthesis ges, because
they are ible to high ing and
irreversible poisoning by both sulphur and chlorine.

1.4.3 Sulphided Cobalt Molybdemm based water-gas shift
catalysts

Sulphided cobalt molybdenum catalysts have proved
themselves  highly  active  hydrodesulphurisation
catalysts (38,39). For this process, the active phases
ave claimed to be a mixture of CogSy and MoSy
soported on & - AljD; (40), but due to the
conplexity of the sulphided form there still exists
disagreement as to the precise structural features.

Apart from catalysing various hydrodesulphurisation
reactions, this type of material has also been found to
be active as a water-gas shift catalyst (41). The major
advantage of this class of catalyst, which contains
about 1-2 % Co and about 7 % Mo, is complete
insensitivity to sulphur poisoning. In fact, this type

of catalyst is only active in its sulphided foxm (41).
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Activation is generally carried out by pretreating the
calcined Co-Mo-Aly03 precursor material with a gas
mixture of H,S and Hp at an elevated tewperature
(42).

Comparing  the sulphided Co-Mo-AlyOy catalysts with
the Fe-based and the Cu-based water-gas shift
catalysts, Newsome (7) used data to show that at
404°c  and even at 300°C. the water-gas shift
activity of a Cs prowted (o-Mo-Bly05 catalyst is
superior to the activity of both the Fe-based and the
Cu-based catalyst systems. However, in order for thuis
sulphided type of catalyst to remain active, the feed
gas has te contain sulphur compounds at levels higher
than normaliy found in process gas. Furthemmore, the
requived presence of sulphur in the ges stream might be
hammful to other catalyst systems, which are generally
operated in conjunction with the water-gas' shift
reaction. These last two cbservations could explain why
the sulphided Co-Mo-Aly0; material is not yet

as an industrial gas shift catalyst

1.4.4. Homogeneous Water-Gas Shift Catalysts

The introduction of hamogeneous catalyst systems
started with the "Oxo process”, which was developed by
Roelen in Germeny in 1938-1946. It involved the
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reaction of an olefin with carbon monoxide and hydrogen
to produce aldehydes and fatty acids, using a cobalt

carbonyl catalyst (43).

The first indication of a homogeneous water-gas shift
catalyst in the literature was made in 1953 by Reppe
et. al. (44), who suggested :he use of Fe(CO)s as a
catalyst. Howejar, their study only seemed to be of a
theoretical nature. The reaction was thought to procesd

according to the following ycle:

HyFe(C0)y +CO —> Fe(tO)g +Hy (1.5)
Fe(CO)g + Hp0  ——> HoFe(CD), + €0y (1.6}

W 4 HP ——> Oy + Hy

It was nou until the early 1970‘s that more information
appeared in the litevature in the form of patents,
which described the use of a variety of group VIIT
metals in conjunction with phosphine, arsine or stibine
ligands as hamogeneous wate.-gas shift catalysts (45).

Further advancement In the field was made in 1977 when
several researchevs discovered new catalyst systems for

the water-gas shift reaction. Eisenberg et. al. (46)

showed that a ceralyst derived from [Rh(CD),Clly,
HCl and Nal in glacial acetic acid wes an active
homogenecus  water-gas shift catalyst at as low: a
temperature as 80°C. On the other hand , Ka et. al.
(47) and laine st. al. (48} developed h 1. jeneous

]
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water-gas shift catalysts which were active in a basic

medium.

At this time it was cbvious that the water-gas shift

resction could be catalysed under homogenecus

conditions and the of new

catalyst systems increased at a rapid rate. A system
based on platinum chloride -~ tin chloride was first
reported by Cheng and Eisenberg (49). This followed the '
introduction of numerous other catalysts based on
metals such as platinum (50) and nickel (51).

Numerous other hamogeneous systems, mainly consisting
of metal carbonyls have been found to exhibit water-gas
shift activity. Laine and Wilson (45) give a good
review on the composition and working of these systems.
The major advantage of 41l these homogeneous systems is
that they can successfully be operated at temperatures
mch lower than 200%, which would be the cut-off
temperature for the Cu-based low temperature
heterogeneous water-gas shift catalyst. For example,
laine and Wilson (45) also showed that an
amine-promr:led Ruz(CO)); complex run in an alkaline
solvent showed outstanding water-gas shift activity at

a temperature of only 100°C.

However, significant disadvantages of these catalyst
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systems  include their susceptibility to sulphur
poisoning and the unfavourable costs imvolved in
producing and operating such systems on an industrial

scale.

1.5. Mechanisms for the water-gas shift reaction

The classical definition of the temn "mechenism’ as
found in many textbooks (52, 53), includes all the
individual collisional or other elementary processes
involving molecules, atoms, radicals and jons that take
place simultanecusly or consecutively in producing the
observed overall reaction. Nevertheless, one should not
loose track of the fact that a proposed mechanism can
only explain the experimental data that was available
at. the time. One might even find that the current data
can account for the existence of severxal plausible
mechanisms. In such cases, mope experimentation is
required to at least eliminate some of the
possibilities. .hus, a mechanism should only be seen as
& tool in the quest to understand and describe the

entire reaction.

e to the importance of the water-gas shift reaction
as a source of high purity hydrogen, this reaction has
been the subject of many theoretical and mechanistic

,
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studies (7,45,54,55). However, to this day there is
still consicerable controvexrsy as to the exact

in the water-gas shift reaction. A

short review of mechanistic aspects will now be given,
1.5.1 The Redox Mechanism

A first s&gtm ‘the water-gas shift reaction appears to
be an oxygen transfer reaction, as an ORygen atam is
transferved fram a water molecule to a carbon monoxide
molecule as shown below :

catalyst

\L_—'] . (L.7)

€O 4 H0 - CO; + Hy

This ‘type of txansfer is known as  the
reduction-cxidation mechanism (56-58). It was first
proposed by Temkin et. al. (59) in 1549 for che
water-gas shift reaction over an iron based catalyst.
The overall reaction was envisaged to procesd as
follows:
reduction ¢
HO(gy * Red.  w=2 Hy (g +Ox (L.B)
oxidation :
0 (qy *O0x = (0 (g *Red (L9)
Where Ox = Oxidised species of the 4ctive catalyst
tonponEnt
Red = Reduced species of the active catalyst
cirponent

B g
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2s has been i previously, FesOy red to
be the active phase for the standard high temperature
shift catalyst, Boveskov gt. al. (60) have shown that
the requived reduction of Fej0, and the subsequent
oxidation ¢f the reduced species is possible under
nomal reaction conditions. If one now assumes that the
oxidised and reduced species of the active catalytic
material axe Fej0; and FeO respectively, then the
water-gas shift reaction will proceed over the high
temperature Fe-based catalysts as follows according to
this redox type mechanism (61 :

HO(q) + 3 FeO =2 Hyig) + Feg0y  (1.10)
gy * Fexdy T Cyq) + 3 FeO (1.2}

There still exists a great deal of uncertaincy as to
the catalytically active species involved in the redox
mechanism  over the Cu-based low temperature shift
catalysts, especially since van Herwijnen gt. al. (61)
reporced that the required oxidation of wopper is
thermodynamically not favourable at noxmal operating
temperatures  However, Salii et. al, (58) have claimed
that a re'v. type mechanism was significant at the
beginning of the reaction period over the Cu-based
catalysts, but that the main reaction pathway probably
proceeds via the formation of a surface intermediate.




20

1.5.2 Surface Intermediate type Mechanisms

These type of mechaniswms incorporate the build-up of
the resgent species on the surface of the catalytic
material with the subsequent fommation of a centxal

jate. This iate will then xeact in such

a way as to form the product species. The following
scheme gives an example of such a mechanism, which was
proposed by Yur'eva gb. al. (62) to ocowr on a

copper~Chramite catalyst
D gy T Ppaas,)

Hy0 (g} Sl Hy0 (ads.)

O (ads,) * HO (ags,) T 3t

= 02 (ads,) * W2 (ads.)

©2 (ags.y T D2 (g)

My (as) < %2 (g)
where [ ]' denotes the centzal intexmediate of
unknown  composition. It is thus of relevarke to

consider previous studies conducted to determine the
identity of this central intemmediate. These studies

T




involve specifically the adsorption of both €O and
H,0 onto the surface sites of the catalyst.

1.5.2.1 Reagent adsorption onto catalyst sites

Grenchle gh. al. (8) considered that it would be
reasonable to expect a relationship lketween the
water-gas shift activity of the metal catalyst and the
styength of interaction of €O with the catalyst
surface. Using the heats of adsorption obtained by
Vannice @t. al. (63}, they wexe able to draw a
correlation between the heats of adsorption of CO and
the metal activity at 300°C as shown in Figure 1.1.

Figure 1.1 : Heats of adsorption of CD very metal
activity at 300°C @
L T T
L. _
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i
o
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Grenoble concluded that for the adsorbed CO there
should be an optimm strength of interaction bétween CO
and the catalytic surface. If this interaction is too
weak, (as is the case for An), the catalytic activity
will be low, due to the fact that the surface
concentration of adsorbed (O will be low. On the other
hand, if the interaction between (O and the metal is
too strong, (as is the case for Pd or Ir, for example),
then the adsorbed CO intermediate becomes so stable
that subsequent reaction to form the central water-gas

shift reaction intermediate slows down considerably.

Furthermore, when Grencble gt.al. (8) considered the
interaction of H,0 with the catalyst surface, t

concluded that for $i0y-and  Al,Dz-supparte
catalysts the support had .a much stvonger effect
towards reactions requiring the activation of HyO.
They finally concluded that the water-gas shift
reaction occurred bifunctionally with the active metal
activating the CO and that the support activating the

0.

1.5.2.2 The formation of the central intemmediate

The identity of th2 central intemmediate has always
been an area of great discussion. This dates back to as

i
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early as 1920, when Armstrong and Hilditch (64)
suggested the central intermediate in the water-gas
shift reaction over a Cu/Zn0 catalyst to be formic
acid. Sirce then their claim hes been backed up by
other researchers. hwenomiya and Pleitzer (65) argued
that on  promoted alumina  catalysts a  fomate
intermediate had formed. Backing “Wedr claim by
infra-ved spectroscopy, they proposea following
reaction sequence shown in Figure 1.2 for the water-gas

shift reaction

Figure 1.2 : Watex—gas shift reaction sequence proposed
by Amencmiya and Pleitzer (65)

K- 1 -
¢} H. —
N o + CcO + 20(3) T HEO,
K~ 2 k+
0 + CO,+ H 2z
~ 2t Al— OH

Al

The foomation of a formic acid camlex as the central
intermediate was also xeported by Grenobls gf.al. (8)
who suggested the mechanism given in Figure 1.3 for the
formation of such an intemwediate over alumina-

supported metal catalysts.
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Figure 1.3 : Formation of water-gas shift reaction

intemrediate as proposed by Grencble et.
al. (8)
H H H~— IC:O
N

o’ 9—

CO—M+0——$I.—-O% (e lAl-~o +
Q Q

They also reported that the formic acid must “shifc”
from the support to the active metal casponent of the
catalyst, before the decomposition of the formic acid
€ the products 0, and Hy could take place.
According to this proposal, the rate of the reaction is
governed by the accessibility of the vecant surface
site on the metal M made available by insertion of CO
into the O-H bond on the alumina support. More
credibility to the presence of a formate intermediate
was given by the results published by van Herwijnen arsi
de Jong (61). These workers also reported the existenca
of a central intermediate over a Cu/Si0, catalyst
having the same stoichicmetry as fommic acid.

Teking the idea of a formate intermediate one step
furthex, recent work of Shopov and Andreev (66)

i
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combined the theories of a redox mechanism with the
formation of a formate intermediate over a cobalt vxide

iror i talyst, These avthors proposed

a mechanism which assumes the participation of lattice
oxygen and change in the degree of oxidation of iren in
accordance with the redex mechanism. Further indication
of the participation ©f the hydroxyl goups in the
foxrmation of the swcface formate camplex was also made.
Their mechedsm s depicted in Figurs 1.4,

Figure 1.4 : Water-gas shift mechanism as proposed by
Shopov and Andreev (66}

Fe™t OH- ————3

€O co,
H, P H
3t on~ A 2+
Fe" OH ewmv—-\pe + [
H,0

One could extend this review of the long list of
researchexrs who proposed the presence of the formate
ion as the central reaction intermediate by quoting the
names of other researchers (eg. Tamaru (67)), but this

wonld merely vesalt in reproducing the reaction schemes

already presented in this section.
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Summarising the facts présented here, it can be said
that the formate ion most probably is the central
intermediate found on a variety of catalysts, and
especially on copper containing low temperature
water-gas shift catalysts, which, as mentioned
previously, operate in the temperatures range of apout
200 - 250°C.

1.5.3 Other mechanisms

In his xeview on the water-gas shift reaction, Newsame
points out that some of the most fundavental
mechanistic studies on iron-based catalysts involved
the ‘“stoichiometric rumber” method as devised by Oki
et.  al (7).

of ichi nubers. and  a

calculations, the

vate-detenmining step were used to propose plausible
elem. ary steps which then made up the overall
reaction. The value of the stoichiometric number
implied the mumber of times an elementary step had to
be repeated to obtain the overall stoichiemetric
equation for the reaction. It is interesting to note,
that by using this method, Oki -oncluded that the redox
mechanism for the iron based catalysts was incompatible
with his experimental data. Instead, he proposed that

i
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the following two mechanisms, made up of elemantory i
steps were theoretically possibles

Mechanism 1: I

€ == o)
Hy0 === 2 H{a) + 0{a)
CO(a) + O{a) e=> C0,(a)
0y (a) = C0, ]
2 H{a) = Hy

Mechanism 2:

co{a)

) Hols w2 (H/5) + Hie)
; COfa) + OR{a) == LXe7e)
i COHZR) 1= C0gt8y v Hon)

COpfa) ¥ ==t ity

2 A=y =N, r
{
where (a) represente spicles adeevbed on the aCtlvey
site
+
@ Again, it can be seen that mechanism 2 incorporatad the i
presence of a formave intermediate. Mwhiisp 1 looks
very similar to the redox mechanism proposed earlier,
v o but differs in that it does wot include the lnvolvement
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of lattice oxygen, as was the case for the redox

mechanism proposed by Temkin et. al. (59).

In section 1.4.4 it was shom that the water-gas shift
meaction could be catalysed homogensously. Tt was also
in this field that an immediate interest as to the
sequence of the reaction mechanisw was apparent. An
interesting mechanistic proposal involving mucleophila
activation of 0 by weaction with H,0 or OH under

alkaline it was proposed by Ford
{55). The mechanistic steps of this are shown in Figure
1.5 below.

Figure 1.5 : Mechanistic stéps for the hawgeneously

catalysed water-gas shift reaction as
proposed by Ford (55)

o
]
M~ €O+ Of for H0) ——> M—C—OH  (iH*)

il Mo
co/;[ M L <
M R M\ e——?,-w M ~OH
Hy H  CO, GO, H

The ocutatanding feature in this proposed mechanism (s
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that the formate intermediate was this time bonded to
the metal site of the catalyst via the carbon atom of
the formate species and not via the acidic oxygen stom

as was the case in the mechanisms described previcusly.

In a later paper published b td (88), he extended
his mechenistic ideas so as to get a generalisation to
other catalyst i i Many of these

systems can be represented by the genexal formula

My (C0)y
where M is the active metal. Modifying his earlier
reaction scheme by sSubstituting M(CO)y.; for M, Ford
then presented a mechanistic case study for
Ru3{C0)y, and Fe(CO)s.

Bven though most of the mechanisms discussed up to now
involved the presence of a fommate intermediate in sowe
form or another, this type of intermediate is nob the
only crucial species required in the water-gas shift
reaction. Elliott gt. al. (69) showed in their cyclic
mechanistic system, that, in addition to the formate
intermediate, the presence of two other intemmediate
anions are required to complete the reaction; carbonate
and hydroxide. The complete mechanism, which they
claimed could proceed in the presence of any basic
catalyst precursor which could generate one of these
catalytic species is shown in Figure 1.6.

B s = T
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Figure 1.6 : Water-gas shift reaction cycle proposed by
Elliott et. al. (J9)

H,CO [ 2H,0

et

2HCO;

1.5.4 Summary of the proposed mechanisms

Examining the information in section 1.5 it is appavent
that to this day there still exists a degree of
uncertainty as Lo the exact mechanistic steps operative
on the individial water-gas shift catalysts. However,
two main mechanistic routes zan be categorised,
Firstly, we most probably heve the regererative redox
mechanism working with a high temperature iron based
catalyst, even though this pathway is disputed by Oki
and his research team. In Oki’s defence, it must ke
said that he proposed a very similar pathway from
water-gas shift reagents to products involving either
oxygen transfer or the presence of « formate

invermediate. *

‘\\‘ Ha0
co H,0 .
‘ /\ ; /‘ \ €0, \
2C0 20H" HaCOy 5
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It was the preserce of a central formate intermediate
which was also recognised by many other researchers
that have contributed to studies on the water-gas shift
reaction mechanism. It is without doubt that one ¢ .
conclude that in the presence of a copper containing
catalyst, the fommate species forms the backiore of the
centzul intermediate. This idea can, for all practical
purposes also be extended to the homogeneous catalyst
systems. ALL the other steps required to complste the
vater-gas shift reaction cycle appear to be straight
forward adsorption and desorption steps.

1.6 The kinetics of the water-gas shift reaction

A kinetic study deals with the rate of the chemical
reaction and with all the factors that influence this
rate (52). Even though it is purely a study of how fast
reagents are transformed to the product state, it
nevertheless provides us with a means of analysing a
resction mechanism. The link between kinetic' and
mechanistic studies lies in the fact that any
acceptable mechanism has to conform to the observed
rate law. For example, if a reaction was thought to be
a simple bimolecular process, then the kinetics will be
have o be second order. However, the reverse does not

necessarily hold true; for if the kinetics ave second

v
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order, then the reaction mechanism does not have to be
a . bimdlecvlar process - it could also be complex. The
study of kinetics should thus only be regarded as a
valvatle tool to cbtain clues sbout the reaction
wechanism.

However, in order use this kinetic tool effectively,
one often has to deal with cosplex mathematical

and the in i of a catalyst to a

reaction system can only be considered to further
complicate such studies. As kinetic rate expressions
involving catalytic processes are dependent on a muber
of factors such as catalyst preparation techriques,
reagent gas camposition and operating conditions, it is
not surprising that different research workers devised
different mathematical rate expressions for the same
chemical process. Here the rate expressions derived for
the water-gas shift reaction over certain catalysts are

™ exception.

A mmber of kinetic expressions have been derived for
both the iron besed high tenperature shift catalyst
(70) and the copper basea low temperature shift
catalyst (61). As can be expected, kinetic expressions
differed significantly and soms were even of a
contradictory nature. It would be a repetitive exercise

to list all of these expressions, and so only a summary
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of the more important expressions will follow in this
section.

Kinetic formulae may be of a very sinple nature such as
the one derived by Sahay et. al. (71), using the
variance method for the Fe-Cr-O system, which is shown
below.

=% o9 ot

On the other hand, camplex equations such as the one
shown below, which was also derived for the Fe-Ce-O
water-gas shift catalyst system by Temkin et. al. (72)
also foom part of the long list of iublished kinetic
expressions.

r =~ k BpgPp -(xeq.‘l Pooa Pa)

A Pyog + Pogy

where k = rate constant
r = reaction rate
P; = partial pressure of
component. i
A = constant

Keq. = equilibrium constant

In his review, Newsome (7) considered the previous rate
equatjon as the best power expression derived for the

high ter-gas shift catalyst:

!
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In order to simplify matters and to steer away from
complex mathematical models, which could still describe
the water-gas shift reaction over a Fe-Cr-0 catalyst
adequately, Chinchen et. al. (73) .odified a rate
equation based on a Langmir-Hinshelwood modsl by
cperating the catalyst at sufficiently swall €O
conversions, so that the overall gas composition could
be considered to be constant. They thus managed to
xeduce the rate equation to the expression shown below:
r = x p?
(1 + BP)?

where k and B = constants
r = reaction rate
P = total operating
pressure
Chinchen then used experimental results obtained at
350°C and found the values of k and B to be as
follows: '
k = 0.00227 bar 157l
B = 0.227 bar™l

For the copper-based, low temperature water-gas shift
catalysts a similar situation exists - in that numerous
kinetic expressions have been published. It is however
interesting to note that an expression which is
identical to the last eguation derived by Temkin et.

BT TR
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al. (72) for the Fe/Cx oxide catalyst was also found to
describe accurately the kinetics of the watsr-gas shift
reaction over a Cu/Zn oxide catalyst (7). This finding
is very surprising, especially since the water-gas
shift reaction over the iron-bDased catalyst is
considered to proceed via the regenerative redox
mechanism, whereas the same reaction over the copper-
pased catalyst is considered to proceed via a fomate
intermediate. To this date, 1o explanation as to why
the same equation accounts for the kinetics of the
water-gas shift reaction ovex different catalyst
systems has been found.

Finally, the kinetics over a sulphur tolerant Co/Mo
oxide catalyst system will be discussed. Here again a
link to the kinetics of the other two catalyst systems
already described is apparent in the way that kinetic
daté cbtained by Hou et. al. (41) was intexpreted in
terms of a langmir-Hinshelwood surface reaction. The
kinetic expression obtained by these researchers is
shown below:
K;Kp{C0] {Hp]

{1+ By [Hp0] * Rp[co] ¥2
where x = pesction rate
k = rate constant
Xy = equilibrium constant for H;0
arlsorption
K; = equilibrium constant for CO
adsorption
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This i fitred the i 1 data in as far

as that, with increasing Hy0 feed rate, the reaction
rate increased at first, then went through a maximum

and finally settled into a plateau region, as would be
predicted by the equation.

Even though the field of chemical kinetics does not
seem to be dommented as accurately as the field of
harni it e remains an

integral part of our wderstanding of the reaction
system as a whole.

1.7. Ontline of thesis

1.6, it can clearly be seen that even though the

i

i

Following the discussion presented in sections 1.2 to i
i

i
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water-gas shift reaction is a very important catalytic I
¢

and  industrial piocess, the developent of the

catalysts and the understanding of their operation is b
still rot fully optimised and understood. Gaps in the b
/ network  of catalyst development still exist, even s
though some of the technology is more than 100 yesrs
old. The major drawbacks of curvently used catalysts

that can be identified are sunmarised in Table 1.1.

o Taking all these points into account, there definitely
exists a need to develop a water-gas shift catalyst




Fable 1.} : Characteristics of currently used water-gas

H
i
3
i
i
I

shift catalysts

! Fe-based | Cu-based | Co/Mo oxide
i catalyst | catalyst catalyst
|
-t
i Activity medium high high
.
Stability slow decay | sinters only active
with tine- | easily in sulphided
on-live phase |
E Sulphux i
poisoning moderate very totally
i sensitivity high insensitive

that has the following attributes:

- high activity
- structural stability

- sulphur poisoning insensitivity

Chapter 2 of this Thesis deals with the theoretical i

developments and small scale preparation and testing of

three such catalyst systems. The methods of catalyst
prepaxation and testing are also described. The systems
investigated include Co/Mn oxide, Cu/Mn oxide as well ok

as Co/Cx oxide.
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Initial optisdsation studies on catalytic performance
as well as comparisons to n‘existing catalyst systems are
made in. chapters 3, 4 and 5. These studies probe the
effect of catalytic composition, cperating conditions
and alkali pramoters on “he water-gas shift activity of
the various catalyst systass. A further investigation®
on the (0 hydrogenation ability of the Co/tn oxide
system is also discussed in chapter 3 as van der Riet
et. al. (74) have shown evidence of this catalyst
system having CO hydrogenation activity.

In order to obtain more information on the workings of
the three catalyst systems investigated, kinetic as
well as model reagent co-feed experiments were carried
out and the results and discussions of this work axe
presented in chapter 6. Based on these, mechanisms, as
well as kinetic expressions, were derived for <he
various catalyst systems.

Finally, to determine whether these novel high activity
catalysts could also be aperated in a coal based plant,
which contains sulphur impurities in its foed gases,
sulphur co-feeding experiments were carried out. Fox
these studies the feed gases wers spiked with low
levels of HyS and the effect was monitored. The

outcame of these experiments is reported in chapter 7.
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As a whole, this thesis will describe the development,
. preparation, and testing of novel high activity
water-gas shift catalysts and will show that the goals
st out in this section were met on a laboratory scale

‘of operation.




2. EXPERIMENTAL

2.1 Catalyst preparation

A muwber of methods ave available for the production of

catalytically active wmaterials. These methods, their

rerits and di are well in the

open literature (75-78) and shall therefore not be
discussed here. Techniques irwolving leaching selected
camponents  from solids, gel preparation, decomposition
of salts or hydrates with gas evolution, sintering of
metal oxides as well as precipitation and impregnation
are availsble to scientists for the preparation of
catalysts. It is the choice of the preparation method
that will later determine the catalyst's physical and
chemical properties.

For the work presented in this Thesis the following two
techniques of catalyst preparation were chosen:
- co~precipitation

~ impregnation, or the "incipient wetness" method

The reason for selecting ' these specific methods wexe
twofold, Firstly, the co-precipitation method allowed
for the preparation of catalysts, consisting of an
active phase as well as a structural support phase.
Secondly, . this method was found to be reproducible

!
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under carefully controlled reaction conditions (eg.
temperature, pH, reagent flow rate) and only requires
fairly simple and readily available equipment. As the
name of this method implies, it involves the controlled
precipitation of two, or more metal salts (eg. metal
nitrates) by means of an alkaline precipitating agent
(eg. dilute ammonia solution). The use of sulphate and
chloride salts was avoided as sulphur and c¢hlorine are
both krown water-gas shift catalyst poisons (Section
1.4). The detailed experimental procedwre for the
preparation of the various catalysts is given in
Apperdix 1. It should be pointed cut that despite the
fact that this method only allowed for a low recovery
ratio of reagents (eg. to produwce 5 g of a cobalt
manganese oxide catalyst with a Co : Mn molar ratio of
131, 22 g of Co(Mg)y* 6H0 and 18 g of
Mn(NO3), + 4HpO  starting waterial were reguived),
it vas chosen as it dly a

high surface area type catalyst. The low recovexy
factor was of secondary importance as only small
quantities of catalytic material were required.

The “incipient wetness" method was used in order to
introduce a catalytic promoter (eg. potassium) to the
catalysts. A detailed description of this technigue is
given in Appendix 2. This catalytic promoter was added
to the pores o the dried co-precipitated catalysts by

E
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"wetting” the material with a solution containing the
required amunt of the pramoter dissolved in a minimum
amount. of water, and then drying the catalyst. However,
this method could only be used to introduce small
amomts (eg. 2 % (wm)) of such a promoter to the
catalytic material, as this promoter is only deposited
on the catalyst’s surface.

Thus, the reasons for preparing catalysts by the

CO-] ipi and the “incipi D methods
are that these wmethods yielded high surface area
catalysts, which could be produced using common
1 and

2.2 Catalyst pretreatment

The co-precipitated catalytic material was subjected to
the following sequence of pretreatments:

~ pelleting

~ calcination

~ inzsitu reduction

~ quenching under nitrogen

~ introduction of reagent gases

The exact procedures for these steps are outlined in
Appendix 3. Catalyst pellsting was carvied out by

I T




pressing the dried material into discs with the aid of
a hydraulic press (20 tons/cm?). The disc was then
broken down and the particles were sieved to cbtain a
particle size distribution ranging from 0.500 mm to

1.180 rm.

. Calcination and reduction of the catalytic materials

was found to be necessary in order to obtain increased
catalyst sutface area (eg. 10 m2g™l for freshly
co-precipitated Co/Mn0 catalysts vs. 46 mgl for
calcined and reduced Co/MnO catalysts). Once the
catalytic material had undergone in-sity reduction (at
400°C for the Co based catalysts and at 250°C for
the Cu based catalysts), the reactor was flushed with
nitrogen and the temperature was dropped to 200°C
before the introdsction of the reagent gases to the

Teactor,

2.3 Catalyst testing

Al catalyst cesthg,. except for the mechanistic
co-feeding studies, was carried out in a stainless
steel micro-reactor assembly, icn is described in
Appendix 4. This facilitated the controlled
introduction of reagent gases, temperature control, and
allowed for indeperdently testing three different

|
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catalysts at one time. This assembly comprised three
units to a gas

chromatographic  analysis section. The mechanistic
co-feeding experiments were carxied ocut in a glass
micro-reactor of similar design. The layout is
described in Appendix 5. This glass reactor assembly
differed from the stainless stesl ones as it also
allowed for the introduction of orgenic liquids by
controlled evaporation. The glass reactor was also
linked to the same gas chromatographic system as the
1 off-line gas

steel An

chramatograph was used to analyse for the various
organic compounds formed during these reactions.

2.4 Product gas analysis, data evaluation and

calculations

Product analysis was done by gas-solid chromatography,
using the instnumentation described in Appendix 6. Use
was made of an on-line Hewlett Packard 5730A isothegnal
ges chromatograph with a themal conduotivity detector
(TCD) and an automated injection system to analyse for
the inorganic gases. An off-line Pye Unicam Series 204

gas with a flame

ionisation detector (FID) and a manually operated
sample valve was used to analyse the organic product
$pectium.

;
i
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A i 5P4290 el ic in was used ¥ ;
. to evaluate all gas chromatographic data cbtained and [
also to control certain pre-programmed external events ‘v

functions (eg. Sample injections, switching of the .

reactor valves), The i s software

built-in data evaluation programs, whose operations are
explained in Appendix 7. These programs were routinely |
used to obtain guantitative product analyses. L

i

2.5 Catalyst characterisation
Catalysts were characterised using techniques such as

powder X-ray diffractometry (XRD) (Phillips PW 1050), o
i ial scamning calori 5 (PSC},  thewmal .

gravimetvic analysis (TGA) (Dupont 9900 thewmal
analyser), as well as surface area measurements (Carlo
Erba Sorptomatic Series 1800). The reduced or active
catalysts were kept under nitrogen during the transfer
process from the reactor to the various instruments.
N Experimental details of these fechniques are given in i

|
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3. COBALT MANGANESF OXIDE WATER-GAS SHIFT CATALYSTS
3.1 Introductica

A literature search showed that even though cobalt
mangargse oxide  had been used for carbon monoxide
oxidation, no application dedicated to the water-gas
shift yeaction had been reported, with the exception of
a paper by Varma et. al. (87).

In the early 1970's a mmber of patents had appeared
claiming the use of materials containing both cobal

oxide as well as manganese oxide for the treatment of
awtomotive exhaust gases (10,88,89). The main functions
of these catalysts were .to oxidise CO, "NO," in the
presence of 0, and hydrocarbons present in these
gases. As the catalysts also contained other metal
oxides (eg. (Cu0, N0 or Al0;), it camot ke
concluded that the catalytic properties were primarily
due to the cobalt and the manganese present. However,
in a later article, Ivanova et. al. (90} reported the
catalytic oxidation of butane using a Co-Mn-O system,
thus providing evidence that this type of system could
be used for oxidative purposes.

@ BT RE
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Even though, cobalt metal supported on alumisa (B) as
wall as sulphided cobalt molybdemum based catalysts
(41) hed both been found to be active water-gas shift
catalysts, no detailed information is availsble on the
effect of supporting cobalt on manganese oxide as a
water-gas shift catalyst. However, Varma et. al. (87)
did suggest that a cobalt manganese oxide catalyst
exhibited high water-gas shift activity, but presented
no experimental data to Support their claim. They based
their claim on the abserved formation of carbon dioxide

during carbon i 1y

In this chapter, experimental data is presented to show
that the cobalt manganese oxide system showed high
water-gas shift activity under various conditions.
Catalysts with different Co:Mn wmetal ratios were
prepared and tested and their activity was compared to
a standard high temperature water-gas shift catalyst
(ICI 15/4 HD). fThe effect of the addition of alkali
promoters (i.e, potassium) as well as structural
chaxacteristics of this type of catalyst system are
also discussed here.

As mentioned previously, work carried out by Vaoma et.
al. (87) had shown that cobalt manganese oxide was an
active 0 hyd:wtmn catalyst. Given the fact that
both €O and H, are present during the water-gas shift

|
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reaction, the hydrogenation of unreacted CO could take
place inside a water-gas shift reactor, leading to the
of Iy hy- In order

to obtain more infonmmation on the feasibility of this
side i i il ly with the

vwater~gas shift reaction), a detailed investigation on
the campetition between these two reactions over a
cobalt manganese oxide catalyst was carried out, and
the results obtained ave also presented in this
chapter.

In order to control the selectivity of a chemical
xeaction, chemical promoters are usually incorporated
into catalysts in oxder to enhance desirable and retard
uridesirable reactions. For the studies presented here,
it would be beneficial if such a pronoter could enhanca
the water-gas shift activity and at the same time
retard the (O hydrogenation activity of the cobalt
manganese oxide catalysts. Various researchers have
reported that the addition of alkali salts causes an
incresse in catalytic activity for carbon monoxide
related reactions (91-93), with the efficiency of
promotion being in decreasing activity order :

Cs > K > Na > Li

The influence of potassium pramotion had been under

{
;
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investigation as early as 1931 when it was shown that
K0 lowexed the work function iron (94). Subsequent
research work carried out in this field showed that the
addition of a potassium promoter to a metal oxide
catalyst enhanced the electron donating abilities of

such a system (95, 96).

Carbon monoxide is known to synergistically bond to a
catalytic surface (97-99) as shown in Figure 3.1. The
overlapping of the occupied 5 o oxbital of CO with the
unoccupied metal orbitals, results in a donation of
electrons to the metal, with the back donation of
electrons from occupled metal orbitals  to the
antibonding 2 T ¥ orbitals of €O making up the second
camponent. The § o oxbital' is non bonding in the
isolated CO molecule (100) and donation of electrons
fram this orbital should not effect the C-O bond
strength. This back donation into the .antibonding
2 v orbitals of the CO molecule will, however,
result in a weakening of the C-O bond. This donation is
the appavent reason for the dissociative adsorption of
€O on transition metal surfaces. Catalytic systems with
enhanced electron donating abilities (eg. potassium
pramoted  metal catalysts) would thevefore aid the

i of the i €O molacule and therely

activate it and explain their increased catalytic '

activities for CO related reactions.
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Figure 3.1 : Synergic bonding model of carbon ronoxide

onto a catalytic swface

o

)
O§§ a

3.2 Experimental

AL i were and tested in

accordance with the methods outlined in Chapter 2 of

this Thesis. During the course of catalyst testing, a

of i 1 parameters, as shown
below was followed, in order to fully investigate the
catalytic performance under different experimental

conditions:

1) the catalyst was placed on-line at the relevant

start-up temperature

T T n A L O
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2) The catalyst was allowed to stabilise at start-up
condition for about 150 hours

3y The effect of variation in temperature was
investigated

4) The effect of (D GHSV was investigated

5) The effect of (O : H,0 feed ratio was investigated

After every step mentioned above, the experimental
conditions were returned to those used at the start-up
of the catalyst, in order to restore the original level
of activity of the system before proceeding with

further testing.

All catalysts were evaluated for both water-gas shift
activity and carbon monoxide hydrogenation activity at
atmospheric presswre (i.e, 620 mv' Hg in Johannesburg,
South Africa), amd it should be noted, that blank
themmal reactions in the absence of any catalyst were
found to be negligible, as was the formation of iron

in the i steel

3.3 Bffect of Co : Mn ratio on the water-gas shift

activity

3.3.1 Catalyst activity and lifetime studies

Cobalt manganese oxide catalysts with Co : M ratios of

T r
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133, 1:1, 3:3 as well as a pure Co catalyst were
prepared and tested respectively. In order to assess
catalyst stability, each sample was exposed to constant
reaction conditions (400°C ; CO ISV = 530 / hr ; and
a OO0 = 1:4.5 ,in order to drive the weter-gas
shift egaflibrium towards the product side) for a
prolonged pericd of time. Daring the course of these
studies, the activities of the respective cobalt
wanganese oxide catalysts was monitored periodically
and the results are shown in Figwe 3.2, Furthemere,

Figore 3.2 also includes data points cbtained for a
high

dron

oxide based
water-gas shift catalyst (ICI 15/4 HD) which was tested
in the same under identical 1
conditions. This curve can thus be used as an activity
xeference

line as compared to the wovel cobalt
manganese oxide catalysts.

From the results shown in Figure 3.2, it can be seen
that for these type of catalysts, there appears to be a
relationship between their water-gas shift activity and
the awcunt of cobalt lcading as both the Co : Mn = 3:1

and the pure Co catalysts showed a hich and stable

degree  of water~gas shift activity under these
experimental conditions, However, the pave Co catalyst

decayed repidly and irveversibly in activity after it
was exposed to a higher reagent feed rate (400°%C ; CO

@SV= 1500 / hr) at shout 450 hours on-line, whereas

il




i
i
t

% (0 conversion

53

the Co : Mn = 3:1 catalyst retained its high degree of

activity after being exposed to the same high feed
rata.

Figure 3.2 : Effect of metal ratios on water-gas shift
activity®
i
o e
i
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ok €0 GHSV increased to 1500 Wl |
4
0 1
0 100 200 300 400 o0 500 700

Tina-an~linathrs
=Y Coonly ; B3=Co : Mn = 3:1 ; ®=Co = Mn = 171
X=Co:¥n=1:3; = ICT 15/4 WD
a : Tenperature = 400°C ; COMH0 = 1:4.5 ;
o Gusv = 510 1

This loss in activity was believed to have been due to

the build up of “hot-spots” on the catalytically active

=
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surface, brought sbout, by the incressed mmber of
adsorbed .0 molecules per unit area per unit time. As
still emough H,0 nolecules were present to react with
the €O molecules (0 : Hy0 = 1:1.5 at €O GHSV=
1500 / hr), a rate ingrease of the exothemuic water-gas
shift reaction could; take Plae, thus leading 7o a

rapid increase in - temperature on the catalyst's

surface, This rapid increase

cauwses therwal sintering and deactivation of the
catalyst. Surface area measuxements {as shown in Table
3.1) of the discharged Co only catalyst showed a
definite loss of surface area after exposure (o the
high €0 flow rates. Such a loss in surface area would
be characteristic .of cotalyst sintering and thus lend
support to the alove hypothesis.

From these results, it can be concluded that the
addition of mnganesa’stmcturally stabilises the
catslyst system and that cobalt appeared to be the
active catalyst component.

It alse should s woted that during the entire course
of the stability wstudies, the Co : ¥n = 3:1 catalyst
showed a mgher degren of water-gas shift activity than
the standard iron chromium oxide ICT 15/4 WD water-gas
shift catalyst.
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Table 3.1 : BET surface areas of pure Co and Co:Mn =
3:1 catalyst

BET suxface avea / wo/g

pure Co Co : Mn = 3:1
before being exposed to 63.4 62.7
BHSV = 1500 / I at
400%
after béing exposed to 20.3 64.0
GHSY =1500 / hr at
400°%C

3.3.2 Tempecatuze dependent studies

Data obtained on the temperature dependence for the
verious catslysts studied is shown in Figure 3.3. For
all the caralysts investigated, a sharp increase in
catalyst activity at temperatures in extess of 300°C
was observed, indicating that the cobalt manganese
oxide system could be claessified as a typical high
temperature water-gas shift catalyst. Again note should
be taken that both the pure Co and the Co : Mn = 3:1
catalysts achieved CO conversions higher than 98 %,
which would be highly desirsble for any industrial
operation of such a catalyst system,

;
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Figure 3.3 : Effect of temperature on (0 conversion for

the various Co/Mn oXide catalysts
tested?

7 €0 conversion

b 250 Ed E) )
Tasperature/T

A=Coonly ;[(3=Co:Mn=3:1;@=Co: M =1l
X=Co: Mn= 1:3
.a 1 00 GHSV = 510 h™Y; O:H0 = 1:4.5

As the water-gas shift reaction is an exothermic
reaction, the conversion of carbon monoxide is enhanced
by lower operating temperatares. Numericsl data on the
temperstuze degendence of the equilibwium constant
(Kp7 for the water-gas shift reaction has been
published in the litevature (10i) and was used to
detemine the equilibriwn conversion of 0 for the

Fﬁ:ygﬁ
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reaction conditions used for the data presented in
Figure 3.3. The results for these calculations are
shown in Table 3.2.

Teble 3.2 : Tewperature dependence of Ko and
equilibriun CO conversion®

Tenperature KP % €O conversion
/% calculated at
equilibrimm observed

200 200 99.86 1.0
250 96 99.70 23.5
300 52 99.45 87.0
350 34 99.18 91.3
400 16 98.28 93.8

a s Cosn = 1:1 ; CO @SV = 510 h™l ; €0 « K0 =

1:4.5

It was obsexved that the % CO conversion tended towards
an  equilibrium value with increasing temperature.
However, at temperatures lower than 300 °C, a large
difference between the cbserved % CO conversion and the
eqilibriun value existed. This discrepancy indicated
that at these lower temperatures the reaction was
probably influenced by diffusion limiting factors,
which could have prevented the reagent molecules from
reaching the active sites in the catalytic network

structure.

PR
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Figure 3.4 : Bifect of tenperature on CH; by-product
levels?
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In contrast to the iron chromium oxide commercial
catalyst, the cobalt manganese oxide catalysts were
found to produce low selectivities for CHy as a
by-product, { formed by CO fon}. A
gernaral increase of CH; production with temperature
was ohbserved, and levels of about 0.2 § (w/im) of CHy

were typically produced at temperatures of 350°C, as
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is shown in Figure 3.4, It is also interesting to note
that no hydrocarbons higher than CH, were produced
under any of the conditions investigated. More details
on the interplay between the CO hydrogenation and the
C0 shift reaction over a cobalt manganese oxide are
given in section 3.7 of this chaptexr.

3.4 Bffect of i on the i

shift activity and CH, production

In order to investigate the effect of alkali promotion
on a cobalt manganese oxide catalyst, potassium
carbonate was added to catalytic material having a Co :
¥n ratio of 3:1 by the incipient wetness technique as
described in section 2.1.

The potassiun pramoted (1% and 2 % (m/m) K based on
cobalt) cobalt manganese oxide catalysts wexe then
tested for water-gas shift activity and the results
obtained are shown in comparison to an unpromoted
catalyst in Figure 3.5.

From these results it can be seen that the addition of

potacsim  significantly enhanced the rate of CO
conversion at tempervatures less than 3009C, with the
best catalytic activity being given by the cobalt
manganese oxide catalyst containing 1 % (m/m) K*. The
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BE? suxface axeas for the various catalysts studied are
given in Table 3.3. A significant decrease in surface
area was observed for the 2 & (wm) K' promoted e
catalyst as. compared to the 1% (m/m) X' promoted and s
unpromoted catalysts. L
Figure 3.5 : Effect of potassium addition on CO B
b 1
conversion for a Co : Ma = 3:1 catalyst® i* N
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Table 3.3 : BET surface aress 2 of potassium

promoted Co/Mn oxide catalysts

% K (m Surface Area / mg™!
0 ’ 64.0
1 62.7
2 52.5

a : Data taken after catalysts had been on-line for
about 600 hours

This decrease in surface area is indicative thet a

saturation point of X' promotion had been reached on
the cobalt manganese oxide catalyst containing 2 &
(wm; K*. Such a saturation point, where a monolayer
of potassiun ions has fomed on the surface had also
been reported by Amenomiya et. al. (65) for a potassium
pramoted  alumina catalyst, where this point was
observed after 9 % (m/m) Of KyCO4 had been added to

the catalyst.

Arother significant aspect concerning the pramotion of
the 3:1 cobalt manganese oxide catalyst with potassim
was that a decrease in the rate of formation of
by-product (¥ was observed at temperatures higher
than 250°C as is shown in Figure 3.6.

-8, the results obtained with the promoted cobalt
manganese oxide catalyst clearly indicate that the
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Fi .6 : Effect of potassium addition on the rate

of CH, formation for a Co : Mn = 3:1 K

catalyst?

rota of T, forealion/10” o} 2 i*

% =] E = )
. Tomparatirart

A=2% /m K;E=1% (i K; ®=0% (wm K

|
1

CO @ISV = 510 hY; COsHy0 = 114.5 1

addition of potassium to the catalyst not only enhances
o the rate of the desirved water-gas shift reaction, but
also inhibits the rate of the urwanted CO hydrogenation

reaction.

A weakening of the carbon-oxygen bond would activate
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the chemisorbed CO molecule, allowing for an easier
fommation of a reaction intermediate, and thereby
explaining the enhanced watex-gas shift activity
observed for the K promoted cobalt manganese oxide
catalyst. The fommation of such an intermediate will be
discussed in chapter 6. .

In order to explain the decrease in the CO
hydrogenation ability for the K" prowoted catalyst,
the role of surface bonded hydrogen will have to be
considered. It has been found that chemisorbed hydrogen
donates electrons to the catalytic material (102). As
potassium acts as an electron donor, it would enhance
the chemisorption of CO, but on the other hand it alsc
discourages the chemisorption of Hy (103, 104). Thus,
the decrease in surface bonded hydrogen could explain
the observed decrease in the rate of CO hydrogenation

for the i cobalt oxide

catalyst.

3.5 Bffect of reagent feed rates on the water-gas shift

activity

The effect of the variation of the Hy0 feed rate on
the water-gas shift activity has been investigated for
varicus Co/Mn oxide catalysts and the results are shown

in Figure 3.7.
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Fil .7 1 Bffect of (O ¢ HyO xatio on the

catalytic pecformance®
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A=coonly; B=Co:n=23:1;0=Co:M =1l

a : 00 GV = 510 h™}; Temperature = 400°C

As can be seen, no significant improvement in the
catalyst’'s performance was cbserved, even aftec the
H)0 feedrate had been increased to give a CC : Hy0
feed ratio of 1 : 8.8.

Similarly, increasing the (O feedrate showed no
significant enhancement in activity as can be seen from

the results presented in Figure 3.8,
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Figuze 3.8 ; Effect of 0O GHSV on catalytic activity®

2 OB conversion
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A =Coonly ;G =Co: #n=3:1; O=Co : Mn = 1:1 L
X =Co:Mn=1:3 : (
a : Temperature = 400%C ; CO:Hy0 = 1:4.5 <

The fact that the pure cobalt catalyst showed a sign ‘of
deactivation at the high CO GHSV was attributed to a
logs of surface area brought about by catalytic
o | sintering, which has already been discussed in section

. 3.3,

3.6 Structural characterisation

A The bulk properties of cobalt manganese oxide catalysts

|




.‘ wexe examined using the following technigues: o

- X-ray powder diffractametry (XRD) ;
- Differential scanning calorimetry (DSC) !

- Themogravinetric analysis (TGA) &
3

It vas found that the bulk structures of the catalysts
in their various stages of pretreatment were made up of
different phases as shown in Table 3.4,

Both the Copn0y and the CoMn0, spinel phases
i observed for the precipitated and calcined catalysts :
: displey similar Structures € the tetragemal system of
Heusmannite, MnyO4. In  this mixed oxide system,

which can also be represented as M« MngOs, the
manganese occupies both the tetrahedral {i.e. MoO) and

the octahedral (i.e. MnyO3) sites.

For the CoM0, and the CoMny0y spinels present
in the precipitated and calcined catalyst precursors,

cobalt is exclusively substituted into oither the

tetrahedral site (i.e. CcO- Mny03} or the octahedral
o site (L. MO Co,0;). Howwer, for the mixed
spinel, = (Co,Mn){CoMn)p0y,  the substitution of
cobalt into the lattice sites is randem, and the number

o ———

of sites occupied deperds on the muber of cobalt atams
o
i present in the catalyst (i.e. the Co:Mn ratio).




Table 3.4 : Bulk structure of a Co/Mn oxide catalyst®

Catalyst state

Phases present

Precipitated and

CogMin0, spinel

dried (110°%) Cotn,0y spinel
(Co,Mn) (Co,Mn) ;04 mixed spinel
Calcined as for precipitated and dried state,
{500°¢, ir) but increased peak intensities
indicated a higher degree of
crystallinity
Reduced

(400%, Hy)

Co0 and MnO as major phases

4 Co (hcp) as the minor phase

Active catalystb

L Co, Co (foe) and MO

a : CotMn = 1:1 on a wolar basis

b : data taken after catalyst had beer on-line for 600

hours

It was also found that the addition of a potassium

promoter or a change in the Co:Mn ratio did not

sigrificantly affect the bulk stmucture of the

catalyst.

i

R




The 'phases identified for the calcined cobalt manganese

catalysts have also been observed by Kuznetsova et. al.

(10),

who reported the. presence of a CoMny 04
mixed oxide after calcining in air at 400°C.

Figurs 3.9 : DSC plot for Co/Mn oxide catalyst reducing
under hydrogen
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DST and TGA were used to investigate the effects of

reducing a calcined cobalt manganese oxide catalyst

(Con = 3:1) under hydrogen. The catalyst was heated

Bae BT

i from Yoom temperature to 5509C at a rate of 5°C/min

: under a hydrogen flow of 20 ml/min and the results
cbtained are shown in Figures 3.9 (BSC) and 3.10 (TG3}.

Figure 3.)C : TGA plot for Co/Mn oxide catalyst
reducing under hydrogen :
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From Figure 3.9, it can be seen that the reduction of
the catalyst involved a two-stage process in which
phase changes occurred at 207°C and 3119%C. The
overall mass loss obsexrved during this process was
found to be 20.0% (Fiqure 3.10). Thus, the reduction
" process under hydrogen can be represented as follows:

H
(Co,Mn) (Co,Mn) 504 —> intermediates® —>
€0 +2 M0 + H0

a : the identity of the invermediates are urknown, but
most probably consist of mixed cobalt and

manganese oxides.

For the active Co/MnO catalyst, a shift in the lattice
paxameter for the MO phase from that of pure MnO was
observed as shown in Table 3.5. This shift indicated
that a solid solution of cobalt cations in the MnO
lattice was present. In contrast to this observation,
Coppertiwaite et. _al. (80) found that the bulk
structure of a cobalt manganese oxide catalyst as used
for [503 hydrogenation consisted of the
(CoyMn)(Co,Mn),04 mixed spinel as the major active
phase, thereby indicating that non-metallic cobalt
sppeared to be the active phase for CO hydrogenation,
which fn, 1 the formation of methane. Purthemore,
in section 2.4, it was shown that the addition of K
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to the Co/Mn0 catalyst decreased the rate of methane
formation. Thus, the addition of K' tended to
selectively poison €O hydrogenation sites, which appear

to be associated with non-metallic cobalt.

Table 3,5 : Lattice parameteérs of MmO present in an
active Co/Mn catalyst®

/I d-spacing / A
Co/Mn0 catalyst paxe Ma0
100 2.212 2.223
b] 2,550 2.568
60 1.562 1.571

a s Co:Mn = 3:1 , Catalyst had been on-line for 600

houxs

The decrease in the rate of methane formagion which was
observed for a potassium promoted Co/MnD water-gzs
shift catalyst can now be attributed to the following
factors:
~the electronic effect of K on 0O and Ky
adsorption onto the catalytic sucface as
described in section 3.4
and ~the selective poisoning (or blocking) of
non-netallic cobalt sites by K"

T
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3.7 Canpetitior between carbon monoxide hydrogenation ’

and water-gas shift activity

! Cobalt manganese oxide catalysts with low cobalt
loadings (i.e. < 50 % (mol) Co) have been shown to ;
exhibit carbon monoxide hydrogenation activity (79, 80,

H 87): Typical results obtained by van der Riet et. al. ‘
(79) over a cobalt manganese oxide catalyst (CoiMn = .

i
1:1 on a molar basis) indicated that, particularly at N

elevated pressures, (eg. 600 - 850 XkPa) C3
- hydrocarbons were the dominant species in the organic }
product spectrum. Carbon monoxide conversions were of ! }

the order of 35 -~ 45 % (mol).and no water-gas shift

' activity - had been observed under their reaction
conditions (CO : Hy feed = l:1 ; SV = 264 Wb
+
= 130°% ; = §00 kPa). The effect ;L -

N of introducing water to a 00 : Hy feed mixture was

investigated in oxder to obtain more iafosmation on the [
1 interplay between the €O hydrogenation and the i
water-gas shift reactions.

3.7.1 Caxbon monoxide hydregenation H

vah der Rlet et. al, (79, 81) have thorcughly s
fnvesti the cazbon fon activity

of various cobalt wanjanese oxide catalysts, and £

typical xesults obtained for a range of reaction ©

presaures are chown in Table 3.6. o
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Table 3.6 + Carbon monoxide hydrogenation over a Co/Ma

oxide catalystd/P

Pressure | @5V | CO Hydrocarbon selectivity
conversion /rass %

/iwa Mmoo omle | ooy, ley |y | Cs

(5] 263 | 13.0 | 10.4(5.4 [10.8 [10.8 [62.6

350 100 | 23.7 5.913.9 | 7.0 | 4.8 {77.9

600 264 | 38.6 | 131.5[10.0] 21.5(12.9 [43.8

850 35¢ | 4¢3 | 105 9.3 22.813.1|43.2

a : bata from reference 79
b : CoiMn = 1:1 ; Catalyst tenperature = 190°C ;
€O 2 Hy = 1:1

3.7.2 Watex-gas shift activity

Results for the watey-gas shift activity for various
cobalt manganese oxide catalysts have already been
presented in section 3.3 of this chapter and have snown
that this catalyst system exhibited copuuderable
water-gas shift activity at temperatures hiwer than
300°C. To supplement these results, a Co i Mn = u:l
catalyst was tested for both water-gae shift and Co

hydrogenation activity, using a CO:NytHO = 1:1:4.5

g Ry e T TR




feed ratio " (molar basis) and the results are shown in

Table 3.7.
e 3.7 : Water-gas shift / CO ion activity
of a Co : Mn = 1:1 catalyst®
Time on | Tewp.| O (mol %)
line /9 }to o, |to hydrocarkons | selectivity
/hrs /mass %
CHy |} Cov
2 400 92.4 0.1 100 0
673 400 89.0 0.9 100 0
264 350 87.7 0.5 100 0
351 300 84.2 6.4 100 0
43¢ 250 23.2 0.0 -

a1 COMNyiH0 = 1:1:4.5 ; GISV = 510 h°l

Pressure = §5 XPa

The xesults presented in Table 3.7 indicated that
whilst the cobalt manganese oxide catalyst was active
for the water-gas shift reaction, only very low

conversions (eg, maximm of 0.9 % (mass)) of carbon

to was Also, as methane

was the only hydrocarbon produced, no carbon-carbon
bond  formation was observed under these reaction

conditions. fThis is In contrast to van der Riet’s

o
R

;
:
!

j
T



75

rosults presented in Table 3.5, wheve considerable
carbon-carbon bomd formation had occurred when the
catalyst was reacted with CO/H, in the absence of
water. To further demonstrate that C-C bond formation
and the water-gas shift reaction do mot ocour
similtaneously to any appreciable extent, a series of
experimes " "“which the CO/HyiH0 ratio was varied
at a tempe.. <& at which both thise reactions were
known t¢ display a reasonable degree of activity (i.e.
300°%), and the results obtained are shown in Table
3.8.

Iable 3.8 : Reaction of a carbon monoxide, hydrogen and

water feed mixture?

Time on CO2Hg tHy0 €O conversion (mol %)

line /hxs mol ratio to COy | to hydrocarbons
53 i:1: 0 0 ' 26.8

145 1: © 0 12.1

164 1« 2.0 6.1 1.8

170 1tl: 3.8 6.8 1.8

189 l:1: 7.2 6.9 1.5

212 1 10.8 5.4 1.1

310 : 0 2.8 5.9

a & Temperature = 3009C ; CO GHSV = 250 bt
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Table 3.8 (continued)

COzHy tHyO Hydrocarbon selectivity / mass $

mol ratio | CHy | CyHy |CoHg |Cabg loaHg | ¢y | Csa

1:1: 0 22,2 2.3|19.7 [10.5 }13.5 |15.3 [16.5
1:1: 0 §34.8| 2.0(23.7| 6.8 [12.6 | 9.4 [10.7
1:1: 2,0(78.3( 3.4} 9.9 [ 1.6 | 1.9 1.0 | 5.9
1:1: 3.8(85.1| 2.0} 8.3 | 1.2 [ 16| 0.8} 2.0
1:l: 7.2(96.4§ 0.1} 1.4 | 0.3 0.1 0.7 2.0
1:1:10.8 (96.7| 0.8 0.8 | 0.3 | 0.1 | 0.8 [ 0.5

L1:1: O |27.6| 2.7 |26.9 | 8.7 |13.6 |10.6 {10.0

1:1 ; Temperature = 300°C ; CO GHSV =

M

50 h~t ; Pressure = 85 kea

Carbon wonoxide hydrogenation ectivity, but no
water-gas shift activity was cbserved as the catalyst
was stabilised for the first 145 hours, and a range of
hydrocarbons higher than C; weve produced. However,
upon addition of HyO to the feed gases, a significant
increase in the water-gas shift activity and a decrease
in the (0 hydrogenstinh activity were apparent
impediately. Also, a shift in the hydrocaribon
selectivity away from the fommation of Cy,
hydrocarbons was observed. The absence of water lergely
restored the hydrocarbon product selectivity to the

i
i
)
i

Lo
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i original values, but CO hydrogenation cotivity also
decreasext.

H 3.7.3 biscussion

The results presented in this study irdicated that the
water-gas  shift reaction and carbon-carbon bond

i
; formation for the O hydrogenation reaction did not
: occur simultanecusly to any significant extend over a

i 1:1 cobalt manganese oxide catalyst. As water was added

Prabey{ aucias

4 to the CO/H, feed stream, CHy was found to be the

major (>75 % (mass) selectivity) hydrogenation product.

This is probably due to an increase in the
conceritration of Hy produced by the water-gas shift
reaction and which was present on the catalyst's
surface. The rate of CO hydrogenaticn was also found to
decrease by an order of magnitude. An explanation can .
be found, in terms of a competition between the various !
rolecules adsorbing onto the surface. Water being a i
highly polar molecule, will adsorb strongly and thereby
canpete favourably with caxbon monoxide and hydrogen
for available surface sites. Thus, the observations of
a shift in the hydrocarbon seleciivity towards CHy
and the decrease in CO hydrogenation activity upon the
addition of water to the feed stxeam, could be
explained as follawst
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Obsérvation Explanation
high CHy enhanced Hy conentration on catalytic

selectivity | surface hrought about by additional Hy
(Hy produced by the water—gas shift
reaction)

lower CO HyO in the feed stream competes
hydrogenation | favourably with active sites (i.e Hy0

 activity can displace (0 and/or Hy)

3.8 Suwery

The results and discussion presented in this chapter
indicate that the cobalt menganese oxide system
exhibits a high degree of water-gas shift activity in
the high tempexature region (i.e. 350 - 400°C) under
a variety of reaction corditions. Addition of a
potassium promoter at a leve’, of 1 & (m/m) to the
cobalt mangariese oxice catalyst (CosMn = 3:1) was found
aot only te further enhance the catalyst's activity,
but also to decrease the rate at which the undesired
CHy  by-product was  formed  through the
hydrngenation reaction. The origins of this observation
were also discussed in this chapter.

The bulk structura) doteuminations carried cut by XRD
indicated that the active cobalt manganese oxide




catalyst comprised Co wetal and MO, in which save
Co?* "ions were curd to be in a solid solution in the
MO lattice.

Finally, experimental data based on the reaction of
various COiHy:H,0 feed mixtures over a Co : Mn=
1:1  catalyst was presemted to show that the CO
hydrogenation reaction to fom C,, products and the
water~gas shift reaction did not proceed simultaneously
over this catalyst.




4. COPPER AND IRON MANGANESE OXTDE VATER-GAS SHIFT
ATV VSIS

4.1 Inttoduction

This chapter extends the stu -2s on cobalt manganesge
oxide water-gas shift catalysts to copper manganese
(Cu/Mn) oxide and iron manganese (Ke/Mn) oxide
catalysts. Again, optimisation studies formed the basis
of this chapter and structural, themmametric as well as
alkdli promotion studies further supplemented the

results.

Both the copper manganese and the iron manganese oxide
systems have been known to catalyse various reactions

(used on an industrial scale).

4.1.1 The iron manganese oxide catalyst system

The main use of iron mangenese oxide catalysts
documented in the liternture (106-109) describes their
Fischex-Tropsch actjvities. In contrast to the
classical potassium promoted iron oxide based catalyst,
the manganese supported catalysts wexe found to be

particularly ive for the ion of low

wolecular weight olefins (106, 107).

L

o LR R
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However, Kreitwan et. al. (107) and Ledakowicz et. al.
(108) observed the formation of significant OOy
levels under  typical Fischer-Tropsch operating

(i-e. = 2429 ; =7.9

bar). BRlthough, €O, was r~jerally considered as a
secondary product  in the Fischer-Tropsch reaction
(110}, Kreitman ef. al. (W7) still found that the
COp levels were excessively high for the iron

oxide catalysts as to an jron silica

catalyst. They thus attributed the (0, to the oy
water-gas shift reaction, and also argued that the
shift eguilibrium was very favoursble under -their S

reaction condjtions. In sumary, water-gas shift

=

activity had already been reported for an iron
wanganese oxide catalyst, which was operated under

reducing Fischer-Tropsch reaction conditions. '

However, -no detailed results on the degree of water-gas
shift. activity have been reported in the literature. In
this chapter, results are presented which show that the |
iron manganese oxide catalyst also had same degree of
. water-gas shift activity in an oxidising envirorment
e (i.e. whexe water was present).

4.1.2 The copper manganese oxide catalyst system

The catalytic activity of manganese oxide had been

T




) discussed in the open .iterature, where its oxidation
i activity of carbon monoxide and the decomposition of

hydrogen peroxide had bem  eported (111). Furthemmore,

copper oxides dispersed on different supports are known

to catalyse processes such as methanol synthesis (26,

27), N0, removal (28), as well as CO axidation in air

(25). Howsver, only & few processes are catalysed by

copper oxide supported on a manganese oxide matrix ~

eg. the hydrogenation of 1,5,9 - cyclodedecatriene

isarers {112), as well as CO oxidation, where various

publications have appeared (113-116). It is also T

interesting to note that no publication describing the
i use of a copper manganese oxide catalyst for the
! water-gas shift resction has appeared, especially as

copper is known as a highly active water-gas shift
metal ({see section 1.4.2) when dispersed on an alumina

suppert.

In chapter 3, it was already shown that cobalt
supported on a manganese oxide matrix exhibited high )
i water—gas shift activity. Now, alse taking into account ;

that Grencble et. al. (B) showed that copper had a

higher degree of water-gas shift activity than cobalt
1 when supported on alumina, one Can already see that a
i copper manganese oxide catalyst has the potential to be
; o a highly active water-gas shift catalyst.
{




In this chspter, detailed results are presented and
discussed on +ho perfommance of such a catalyst system
under water-gas shift reaction conditions. The results
obtained will be contrasted i the two other many,. 299
oxide supported catalyst systems, namely the 1:i»
nanganese oxide and the cobalt manganese oxide system. X

4.2. Comparison Of the water-gas shift activities of
the Cu/Mn oxide, Fe/Mn oxide, and Co/Mn axide

catalysts

Catalysts of the type X :1Ma=1: i mole ratic (X =
Cu, Fe or C) were prepared and pretreated by the
methods described in  chapter 2. The catalytic
activities of these catalysts were then examined as a
function of temperature (CO GHSV = 510 Wl ; cO:

Ny ¢ Hp0 = 1:1:4.5). The results which are shown in

Table 4.1 were ically and

as pseudo first order rate constants using the formula

showm belows

np 1-X
where k) = pseudo first order rate constant
/ moles s~ig~lagm. "t

F = molar flow rate of CO

£l
"

wass of the catalyst

Bl
[

pressure in atm.

Xy = fractional conversion of CO
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The ebove formmula was derived by Thomas and Themas
(117), and was claimed to be valid for both homogensous
and heterogersous reactions taking place in a plug-type
flow reactor where longitudinal diffusion can be
considered to be negligible. Furthermore, the above
equation is only valid if no change in molar volume
during the reaction takes place {as is the case for the
water—gas shift reaction). In general, the form of the
above rate equation is similar to that for a

first-order reaction in a static system.

Table 4.1 : Pseudo first order rate constants for
XiMn = 131 catalysts (X = Cu, Fe or Co}

Tempevature] Kk / 1077 mol g7t et g1
/% Cu: Mn Fe : Mn Co : Mn
200 4.9 - 4.1
250 12.9 0 4.9
300 61.8 0.2 110.2
350 85.0 1.9 133.4
400 70.6 6.0 158.7

On the basis of the results presented in Table 4.1, a
definite activity sequence for the three manganese
oxide suwou:te:i catalysts emerged, with a decreasing
order of activity of:

Co/Mr > Cu/Mn > Fe/Mn

at virtually all reaction temperatures studied.

>
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The activity difference between the Fe/Mn oxide
catalyst &nd the other two catalysts was such that the
Fe/Mn oxide system could be considered as fairly

inactive in the temperature range studied.

4.2.1 Specific catalyst activities

In order to be able to calculate the catalysts’
specific activities, the surface areas as shown in

Table 4.2 had to be detexmined.

qable 4.2 : Surface areas® detem ined by the BET
method for the varicus manganese Oxide
catalysts tested

X : M . Surface Area / mig~t
Y 45.1
ca 6.0
¥e 18.2

a : Surface areas shown were determined after the
catalysts had been utilised for ga. 600 hours

The low value obtained for the surface area for the
Ca/Mn catalyst could ke attributed to sintering at the
high operating temperatures. Co melts at a much higher




temperature  (i.e. 1480°C) than Cu (i.e. 1083°%C). i
Thus, any Cu containing catalyst would be expected to :
sinter more easily than an equivalent Co containing

; catalyst. o

i Correcting the various catalysts’ activities for
; surface area, specific catalyst activities as shown in 1,'=
P Table 4.3 were obtained.

Table 4.3 : Specific catalyst activity for the various
metal / manganese oxide catalyst systews®

Catalyst. systen Specific activity
T / 10" mol 0O converted ™
i Cu/ n 4.6
Co/ Mn 8.68
Fo / i 0.56

a : data obtained at T = 350°C ; CO GHSV = 510 W°1;

00t Nyt B0 = 1:1:4.5

i
i
i
J
i
4

o ho

Hence, according to the results presented in Table 4.3,

the order of activity for these catalysts was as
follows:
Cu/Mn > Co/Mn > Fe/Mn

3 This activity sequence was also found to be in




T

o

agresment with a previous comparative study carried out 3
by Grencble et._al. {8) on alumina-supported metal
catalysts. As work carried out by Baltans st. al. (118}
showed that (O was a weak adsorbate on  supported . i
mangansse oxide catalysts, it can be concluded that the

manganese oxide does not significantly contribute

copper or iron can be considered to be the active phase

|
|

|

j towards the catalysts’ activity. Therefore, cobalt,
|

]

]

| for those three catalysts respectively.

4.2.2 Activation energy calculation
It is interesting to note that the Cu/Mn oxide catalyst

already showed signs of activity in the 200% -
300°C  temperature region, whexeas the Fe/Mn oxide ;

catalyst only became active in the 300% - 400%
temperature region. The Cu/Ma oxide catalyst then

l
reached a maximm degree of activity at 350°C. Thus, !\

this catalyst system is not a low temperature water-gas

shift catalyst, which is in contrast to the coppex zinc
oxide system (section 1.4.2) which ie operated on a

comercial scale in the 200° ~ 250 °C temperature

B
i

range.

5 Although, the 1 : 1 Cu/ Mn catalyst was found to be a
{ U high activity water-gas shift catalyst at temperatures
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of about 350°C, it nevertheless showed & loss in
catalytic activity at the higher tenpevature of
500°C. This decrease in catalytic activity could be
attributed to sintering at the higher terperaturs. The B
| phencmencn  of sintering is well known for copper

containing catalysts (35, 36) and has alyeady been )

described in section 1.4.2 of this Thesis. X

Calwulations to obtain the apparent activation energies i

of these oxide talysts were "

carried out. ” ise calculations were based on the

Arrhenius equation i- - ;

-E

kK = B ewp{—~———}

where

rate copstant

k
A = Pre-exponential factor
T

absolute temperature

]
s
]

activation energy

Activation energies for the Cu/Mn, Fe/Mn and the Co/Mn
oxide catalysts were calculated and the results are
shown in Table 4.4,




i
{
i
i
|

Table 4.4 : Apparent activation energies of the various

89

i
;
|
{

menganese oxide catalysts tested ;

Catalyst system

Apparent activation enargy

7 x5 o1t
Co /M 73
ca /i S5
Fe / ¥n 107
Fey0,/Cry03 ca 1309, 12°
Ca/7n0 e

a : caonparative value calculated by Chinchen et. al. ¥

(119)

b : comparetive value calculated by Salmi et. al. (57)

© : cowpazative value calculated by Campbell et. al.

(120

4.3 Effect of Cu : ¥n ratio on cataly. ty

Catalysts with CuiMh mole ratios of 1:10, 1:3, and Lil ;

were prepared and tested for water-gas shift activity .

under various operating conditions.

4.3.1 Bffect of temperature on catalytic activity

The effect of

temperature on CO conversion was




investiguted keeping both the CO ¢ Ny ¢ HyO feed

rate and the CO QV comstant at 1:1:4.5 and 510 bt

respectively. The xesults cpbtained are shown in Figure

4.1, K

H Figure 4.1 : CO cowersion as a function of temperature
for the Cu/Mn oxide catalysts tested®
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A=CutMi=1:1;[0=Cu:in=1:3;
@=0Cat M= 1:10
a s COGHSY = 510 K ; QO ¢ Ny ¢ HyO = 1:1:4.5

From the results it can be seen that all the copper
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manganese oxide catalysts tested only became active at
temperatures higher than 250°% and displayed their
highest activity in the temperature range of 350°C -
4009%. This obsexvation would classify the Cu/tn
catalysts as cypical high temperature water-gas shift
catalysts. Furthermore, it is apparent that in contvast
to the Co/Mn catalysts, improved catalytic performance
for the Cu/Mn catalysts was observed for manganese rich
fornulations, with an optimmm Cu : M ratio of about

1:3.

4.3.2 Stability studies involving copper manganese
oxide catalysts

The catalyst stability at constant reaction conditions
for the various Cu/Mn catalysts tested are shown in

Figqure 4.2,

It can be seen from the data presented in Figure 4.2,
that both the Cu : Mn= 1:3 and the Cu : Mo = 1: 10
catalysts showed stable water-gas shift activity over a
prolonged  period of time (eg. about 200 hours).
However, the Cu : Mn = 1:1 catalyst displayed a
continuous loss in activity after being on-line for
about 300 hours. An examination of the surface areas of
the discharged catalysts, after they had been on-line
for ebout 600 hours, revealed that for all of the Cu/Mn
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catalysts tested, significantly lower values as
conpared to the Co/Mn catalysts wexe obtained (Table

4.5).

Figure 4.2 : Stability of various Cu/Mn oxide water-gas

shift catalysts®
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Although both the 1:10 and the 1:3 Cu : Mn catalysts
showed a high degres of water-gas shift activity, a
further improvement in catalytic performance could be
obtained if it were possible to stabilise the

catalysts’ surface areas at high temperatures (eg.

3509 — 400°C) .

Table 4.5 : BET surface axess of discharged Cu/Mn oxide

catalysts

Cu 1 Mn mole zatic

Surface axea® / mlgt

11 3 {precipitated)

1: 3 {calcined)

1t 3 (reduced and
calcined)

81.5
79.6

60.2
10.1
6.08

a : data taken after the catalysts had been on-line for

ca 600 hours

b 1 conparative value

It is also interesting to note that in contrast to the
Co/Mn oxide catalysts,
tested did not produce hydrocacbon by-products under

any of the

1. conditions loyed

all the Ca/Mn oxide catalysts
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4.3.3 Effect of reagent feed-rate on catalytic activity
The effect of varying the CO and Hy0 feed-rate on the
catalysts’ performances were investigated and the

results are shown in Pigures 4.3 aid 4.4 respectively.

"4 4.3 : Effect of CO GHSV on catalytic perfonmance
for the various Cu/Mn oxide catalysts

tested®
100
[ —
@ 2
°
s °
§ 80
8
w70
80
400 808 80 1000 1200 e

0 GHSY / K

A=Ca:Mn=1il; 8=Cu:Hi=l:3;

© = Cu: Mno= 1110

a + Temperature = 400°C
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As can be sesen from the results presented in Figures
4.3 and 4.4, variations in the feed-rate of both of the

water-gas shift reagents (i.e. (O and Hy0) had ro

significant effect on catalytic perfommarce.

Figyre 4.4 : Bffect of Hy0 : CO feed ratio on
catalytic performance of the various Cu/Mn ¥
P oxide catalysts tested?

8

X €0 convérsfon

g
S T S R B R ]
¢ 1 D fand ratio
A=Cu:Mn=1:1;@=0Cu:M=1:3;
© ©=Cu: Mn=1:10
a & Temperature = 400°C ; 0O GHSV = 510 Wt
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Figure 4.5 : Potassium promotion of a 1:3 Cu/Mn oxide

catalyst® )

X €0 conversion
8 5 s 8 3

B

A=Cu:iMi=1:3+0%K; C=Co:Mn=1:3+06%K

a1 0D @GSV = 510 i) ; COMHy0 = 1:4.5

4.4 Bffect of potassium prowotion on the wai w-gas
ahift activity of a Cu : Mn = 1 : 3 catalyst

The effect of alkali promotion on the optimm catalyst
formlation (i.e. Cutdn = 1:3} was investigated by

e e ereone?
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addition of a potassium carbonate solution to the
calcined catalyst by means of the "incipient wetness"”
method. A similar enhancement in catalytic activity as
for the Co/Mn catalyst system discussed previously
(section 3.4) was observed for the Cu/Mn oxide
catalyst. The results which are presented in Figure 4.5
indicated that a slightly higher % (O conversion was
achieved for the 0.5 % (m/m) potassium promoted Cu/Mn
oxide catalyst in the temperaturs range 350°C -~
400°, indicating that the addition of potassium
stabilised the catalytic meterial and prevented a loss

in activity due to the high temperature cperation.

As  had been noted in section 4.3.2, Cu/Mn oxide
catalysts did not produce any hydrocarbon by-products
under typical water-gas shift reaction conditions. The
acdition of potassium to the catalyst formulation did

not affect this situation.

4.5 Structural characterisation of Cu/Mn oxide and
Fe/tn oxide catalysts

4.5.1 The Fe/Mn oxide system

The structure of the Fe/Mn catalyst system during

reactor start up and during synthesis conditions for

the Fischer Tropsch reaction had been described by




Iochner  et. (109), who found hausmennite,
alpha~iron, various iron-carbides, manganospinels and
manganowurstites as the major structural components. In
contrast to- Lochner’'s obsexvations, X-ray powder ;
diffraction analysis of the Fe/Mn oxide catalyst (Fe:Mn
= 1:1) which had lkeen exposed to about 500 hours of
water~gas shift reaction conditions showed that the
catalyst comprised of Pe in solid solution in an Mnd
matrix together with FesO4.

As already mentioned in chapter 1, iron containing
water~gas shift catalysts only displayed a mediv
degree of water-gas shift activity. it is thus possible
that the low levels of water-gas shift activity with
the Fe/Mn catalyst formulation could be attributed to

the low levels of iron oxide present. It also appeared
that the MnO support did not have any significant
effect in pramoting the catalyst’s activity.

4.5.2 The Cu/Mn oxide system

/) ¥-ray diffraction, tharmogravimetric analysis and
o} diffevential scanning calorimetry were used to cbtain s
| more information on the catalysts’ bulk structure. The
results obtained from the X-ray diffraction studies are o
o presented in Table 4.5.

It is again interesting to note that the catalysts’
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bulk structures were not found to be affected by
varisbles like Cu:Mn metal ratic or the presence of an

alkali promoter.

Table 4.6 : Bulk structures of Cu/Mn oxide catalysts as

by X-ray diff; y
Catalyst state Stxucture
precipitated Largely amorphous with only MnCO3

detected as a minor phase

calcined copper (II) manganate {III) as the
only phase detected
i.e. CuMnyOy

reduced ¥ajor phase 1 Cu (II) O
Minor phase : MngOg

active® major phases : Cn metal
: MO

txace anounts : Cuy0

a : after exposing the catalyst to water-gas shift
reaction conditions for ga. 500 hours

Furthermore, parxallels can be drawn between the Cu/Mn
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oxide catalysts’ ' structures and the Co/ti oxide
catalysts’ structures, (which had already been
discussed in chapter 3). Upon calcination at 350°C in
air, the Cu/Mn oxide catalysts were found to comprise
CuMng0,, & spinel in which the copper cations
oceupy only the tetrahedral sites and tho manganese
cations occupy only the octahedral sites. The presence
of this CuMn,0, spinel had also been reported by
Kanungo {116} for Cu/Mn catalyst samples prepared from
carbonates and which had then been calcined between
200°C and 300°C.

it can be seen that the mixed oxide,
MA(II)Mny(II1)04, which alsc played an important
role for the calcined Co/Mn oxide catalyst (section
3.6) forms the backbone for the calcined Cu/Mn oxide
catalyst. Only this ' time, a difference in site
substitution of the active metal comp;ment exists. A
schematic representation of this substitution sequence,
in which the copper cations are found to exclusively
occupy the tetrahedral sites, is given in Figure 4.6.

An explanation as to why Cu (II) cations are only found
to occupy the tetrahedral sites of the mixed manganese
oxide spinel, can be based on the stereochemistry of
this o7 complex (121,122).
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Figure 4.6 : Structural differences between calcined
Cu/Mn oxide and calcined Co/Mn oxide
catalysts

1 tetzahedral site 2 octahedral sites

basic building [ Ma (II) ] [ Mn (III) 1, Op

component:
substituting the active
metal cation

{Ca)[Mn{II1)]504 . [Co,tn][Co,Mn] 04
Cu only replaced the Mn in Co replaced the Mn in
the tetrahedral site koth the tetrahedral
and the octahedral
sites

as the & configwation makes Cu?t

subject to
Jahn-Teller distoxtion, it has a profound effect on all
its sterecchewistry. When octahedrally coordinated,
cu?* is severely distorted along one d-fold axis, it
leads to a situation which is indistinguishable from
the tetrahedral coordination (123}, This Jahn Teller
distortion  would thereby explain the cbserved
tetrahedral coordination of the cu?’ in the crystal

lattice. .
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¢ Table 4.7 : Ionic radii of Co, Cu, Fe and Mn cations®
Oxidation state Jonic radius / A
‘ Co cu Fe Mo
+ 1 - 0.96 - -
+2 0.74 0.72 0.74 0.80
+3 0.63 - 0.64 0.66

a : Data taken from reference 124

From a geometric point of view, Cu?' and Co®* have
similar ionic radii (Table 4.7). This would imply that
the selective occupat’on of the tetrahedral and
octahedral sites did not take place on a size selective
principle, It is also interesting to note that the
active phase of the Cu/Mn oxide catalyst was present in
a solution, whose presence was evident by a shift in
the d-spacing of the MnO phase of the active catalyst
(Table 4.8).

Tgble 4.8 : Lattice parameters for pure and
catalytically active Mno?

1/1, d-spacing /A
pure MnO MnO in Cu/MnO catalyst
100 2.223 2.215
62 2.568 2.559
58 1.571 1.569

a : Discharged Cu/MnQ catalyst ; Cu : Mn = 1:3ona

molar basis
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Figure 4.7 : DSC trace for Cu/Mn oxide catalyst
reducing under hydrogen®
o i
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| 4.5.3 Themmonetric analysis of a Cu/Mn oxide
] .
. y catalyst
o Two themoanalytical techniques (DSC and TGA) were used

to  further the 1

- cbtained by XRD. In these experiments, the reduction
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process under hydrogen was simulated. The catalyst
samples were heated fvom avbient to 550°C at a rate
of 59C/min under a hydrogen flow of 20 ml/min. Heat
flow (DEC) as well as weight changes (TGA) were
monitored during these experiments. The DSC and TGA
results obtained are shown in Figures ¢.9 and 4.10
respectively.

Compaxing these results to the ones obtained for the
Co/Mn oxide catalyst system (section 3.6), it can be
seen that the reduction process under hydrogen for the
Cu/Mn oxide catalyst was also found to be a 2-stage
process with endotherms at 148°C and 236°C (viz.

207°C and 311°C for the 3:1 Co/Mn oxide catalyst)

and an observed mass loss of 27 $.

4.6 Sunmary

In this chapter, results wexe presented which showed
that the Cu/Mn oxide catalyst system can be regarded as
a high activity water-gas shift system. The activity
for a CuiMn = 1:1 catalyst was compared to Fe/Mn as
well as Co/Mn oxide catalysts of similar camposition
and the following activity pattem emerged after

coxrecting the results for surface areas:

Cu/Mn > Co/Mn > Fe/Mn

i

s

g
|
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Figure 4.8 : TGA trace for the 1:3 Cu/Mn oxide i
: catalyst reducing under hydrogen T
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It was also found, that all the Cu/Mn oxide catalysts
o° tested ‘did not produce any hydrocarkon by-products
under any of the reaction conditions.

Calculations to determine the activation energies for
M:Mn catalysts, where M = Co, Cu, or Fe, were carried
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out and the results compared to literature values
obcained.

Catalytic activity for the Cu/Mn oxide catalyst system
was found to depsnd on a mmber of factors, the main
ones being the Cushn ratin, and operating tenperature.
The optimm CuzMn ratio appearad to be 1:3 and all the
Qu/Mn catalysts tested displayed their highest activity
in the temparature zange 300°C - 400%C, ’

In contrast to the Cu/Mn oxide catalysts tested, the
Fe/Mn oxide catalyst only displayed a low degree of
water-gas shift activity. This lack of activity was
artributed to the catalyst’s bulk structire, which was
enly found to contaln catalytically active Feydy as
a minor phase. The major phases detected by XRD were
metallic Fe and HnQ and it was thus concluded the Fe
was & catalytically inactive water-gas shift phase. XRD
studies furthemore revealed that the Cw/Mn ouide
catalysts comprised of Cu and MnO in their active state
ard the addition of potassium to a CusMn = 1:3 catalyst
was found to further enhance the catalyst's water-gas
shift activity without changing the catalyst’s bulk

structure.

As a fimal note, it should be mentionsd that’ although
Cu/¥n oxide catalysts demonstrated a significantly
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higher specific activity than eit“er the Co/Mn or the
Fe/Mn oxide catalysts, they nevertheless were prone to

loose catalytic activity due to a loss in surface avea

i
S

when operated contimicusly at 400°C for a prolonged
periocd of time., In order bto eliminate this problem,
future studies should be aimed ot stabilising the

surface area of the Cu/Mn oxide formulation at these

temperatures.
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5. i 11 R

CATALYGTS

5.1, Introducticn

Fundamental studies of cobalt chromium oxide {Co/Cr
oxide) catalysts have been well docamentad in the
literature (125-129), and researchexrs have used bulk
technigues such as Infra Red spectxoswopy (126), X-ray
diffraction studies (129) and surface techniques such
~ LEED - RAuger measurements {128) to obtain more
information at the molecular level of these catalyst

Previcus workers have established that materials

cobalt and iun oxide proved to be

valuable catalysts, and numexous articles have appeaved
describing the use of such materials for processes
renging from amonia oxidation (130, 131) to
hydrocarbon  oxidation (132-134) as well as exhaust or
pollution control (135-137).

Althongh the use of Co/Cr oxide catalysts for carbon
monoxide conversion had been shown by Rajwar et. al,
(138) as well as Mekhandzhiev et. al. (139), the
processes described in their studies were limited only
to oxidation of carbon monoxide as shown belows

gy * /2 0yq) &= 00 (g (51
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Even though, it has been claimed in a patent (140) that
materials containing the oxides of cobalt and
chreomim, catalyse the water-gas shift reaction, it
must be pointed out,; that iron oxides were the major
phases present in these compounds and, therefore one
cannot describe these materials as pure Co/Cr oxide
catalysts; but ome should rather refer to them as
cobalt and chromium prometed iron  based  high
temperature water-gas shift catalysts (141).

The use of wvarious Co/Cr oxide water-gas shift
catalysts which were operated under o variety of
reaction conditions is described in this chapter. The
results are and to the

Co/MnO as well as to the Cu/MnD catalyst systems
described previously.

5.2. Activity Studies

Co/Cr oxide water-gas shift catalysts of various
compositions were prepared and pretreated by the
methods detailed in Chapter 2. All activity studies
were carried out using the same micro-reactor and
reactfon conditions already described for the Co/MnO
and the Cu/MnO catalysts in Chapters 3 and ¢
respectively.
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5.2.1 Temperature dependence

The effect of temperature on the water-gas Shift
activity for the various Co/Cr oxide catalysts tested

is shown in Figure §.1.

Figure S.1 : Effect of temperature on the water-gas
shift activity for the various Co/Cr oxide

catalysts scudied®

£ 0 conversion
@

Egr 30 Ed o
Temparasurs / X

A=Co:lr=100;8=CosCr= L1

@ =Co:Cr=3:1 ;X=CosCre 10:1

a '+ OO GHSV = 510 Kb, COnNyiy0 » 1:1:4.5 (on a

molar basis}
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The results presented in FPigure 5.1 indicate that the
Co : Cr metal ratio is a critical feature of the
catalyst’s activity. Activities for the catalysts of
higher cobalt loading was found to increase sharply in
the region of 250 - 300°C. The fact that all the
CofCr oxide catalysts exnibited their highest degree of
activity in the temperature range of 300 - 400°%C
indicated that, similarly to the Co/Mn0 and the Cu/Ma0
catalysts, the Co/Cr oxide catalyst system could also
be classified as a high temperature shift catalyst.

These activity results were also in agreement with work
carried out by Andreev et. al. (141), who reported the
maximm degree of conversion of carbon monoxide with
steam over a cobalt promoted iron~chromia catalyst in
the temperature region of 320 ~ 420°C. Furthemore,
Kadenatsi ef. _al. (129) showed that in the temperature
region of 330 - 400°C CO could be oxidised completely
over a Colrg0, spinel catalyst, thersby indicating
that a Co/Cr oxide catalyst could be used for reactions
involving CO activation.

The apparent activation energies for the various Co/Cr
oxide catalysts in the temperature range 200 - 300°C
were caleulated by a similar mwethod €o that used in

section 4.2.2 and are given in Table 5.1.

A  genera) increase in activation energy with an
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Table 5.1 : Apparent activation energies for the
various Co/Cr oxide catalysts studied®

Co : Cr metal ratio | Activation energy / kJ mol™d
1:10 17.2

1: 01 125.2

3: 01 167.7

10: 1 218.4
Co:Mn= 73

Fe/cx® ca. 130

a : for the temperature range 200 ~ 300°C
b ¢ comparative value
< 1 comparative value for a commercial high temperature

water-gas shift catalyst (119)

intrease in cobalt loading was observed for the Co/Cr
oxide type catalysts. It is also interesting to note
that the activation energies for all the Co/Cx oxide
catalysts tested were not only higher than the
comparative value shown for the Co/MnO catalyst, but
they were also camparable with the value cbtained (viz.
130 kJ/mol) for the Fe/Cr oxide catalyst by Chinchen
et. _al. (119}, Based on tihese activation energy
calculations, the mechanism by which the reaction
interwediates foxm on a Co/Cr oxide catalyst appeaved
to be similacr to that for a Fe/Cr oxide catalyst.

SRR
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Fiqure 5.2 : Stability of Co/Cr oxide catalysts®

% C0 conversion

8 50 100 IS¢ 200 250 300 350 400 450 500 550 60D ASD
Time~on-line / hrs

A=Co:Cr~1:10 ;@1=Co: Cr= lil;
©=Co: Cr=3:1 ; X=Co: Cr=10:1

& & Temperature = 400°C ; CO GHSV = 510 k™1 ;
CO:NgtHy0 = 1:1:4.5

5.2.2 Stahility studies

The stability data of the variocus Qu/Cr catalysts under
water-gas shift reaction conditions are shown in Figure

5.2,
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From these results, it is apparent that the
formilations with Co:Cr = 1:1 and 3:1 both demonstrated
high and stable activity for the water-gas shift
reaction, It cen also he seen that even though the
CosCr = 1:10 catalyst showed a fairly constant pattern
of activity, it never reached the high % CO conversions
of the Co/Cr oxide catalysts with the higher Co
loadings. RAgain, this can be taken as evidence that
cobalt and not chromium is the active watex-gas shift

component in this catalyst system.

5.2.3 Surface area detemminations

The sucface areas for the various stages of catalyst
preparation were determmined for a Co:Cr = 1:1 catalyst
{Table 5.2) and compared to the values for CoiMn = 1:1,
CusMn = 1:i and Pe:Mn = 1:1 catalysts.

The distinctly larger surface avea for the Co:Cr =l:l
catalyst as compared to the other catalysts would
explain the high water-gas shift activity observed for
this system and could also account for the fact that
this catalyst achieved (0 conversjons of 98 % at a
tenperature  (300%) where the other comparative
catalysts returned a much lower value (chapter 4)

™
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Table 5.2 : Surface arveas for Co:Cr = 1:1 catalyst for
the various stages of pretreatment

Catalyst state Surface area / m/g
Precipitated 2.06
Caleined 27.8
Usad® 85.9

Comparative catolysts

Co:Mn = 1:1 (used)? 45.1
CusMn = 1:1 {used)? 6.0
Fe:Mn = 1:1 (used)? 10.2

a : after the catalysts had been operated under
water-gas shift conditions for ca. 600 hours

5.3 Methane by-product formation under water-gas shift

reaction conditions

Cobalt chromium catalysts were found to produce
significant levels of by-product methane under
water-gas shift resction conditions as is shown in

Figure 5.3.

The levels at which methane was produced over these
catalysts were considerably higher than those observed

for the Co/Mn0 catalysts (section 3.7). In an attempt

e,
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to decresse the methane yield, alkeli promotion (ses
section 3.1}, as well as introducing manganese to the

catalyst surface was investigated.

Fiqure 5.3 ¢ Methane by-product formation over various
Co/Cr oxide catalysts operated under

water-gas shift reaction conditions®

Gogron)

£

X0, (o) i exit streos

] & L]
Taagersturs / €

o /’_—0

A=Co:Cr=1:10;8=Co: Cr= 1:1;
G=Co:Cr=3:1 ; X=Co:Cr= 101

a + Temparature = 400°C ; CO Gisv = 510 hL ;
CONyiHa0 = 1:1:4.5
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The effect of potassium promotion on the rate of
methane formation (by its electron donating abilities
to the chemisorbed €O molecule) has already been
discussed in section 3.4 of this Thesis. The manganese
promotex for the supression of methane by-product
formation had been chosen because:~

Sachtler {142) has described a case where the a;idition
of mangarese to an iron-containing catalyst changed the
CO hydrogenation selectivity towamds oxygenates. He
thereby provided evidence that the addition of
manganese to a metal oxide catalyst enhanced such a
catalyst's oxidation properties. Furthezmore, the
addition of manganese to an iron catalyst had been
reported to increase the fomation of the Feg0y
oxide phase, and since it was noted that CHy
formation was believed to take place on the metallic
phase (143), the addition of manganese should
indirectly have reduced the rate of CHy Ffomation

over such a catalyst.

Kreitman et.al. (107) have alsc shown that the addition
of MO to a conventional ¥e catalyst, which was then
operated under FT conditions was more active for the
water-gas shift reaction and less selective for methane
as compared to :he unpromoted Fe catalyst. They
coneluded that the M0 interacted with the Fe
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) Figure 5,4 : Effect of introducing potassium or,

(
nanganese on the levels of methane ég
formation® over a CoiCr = 3:1 catalyst il
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a 1 Temperature = 350°C ; CO GHSV = 510 h~! i ,
COtNyiH,0 = 1:1:4.5 s
i
constituents of the catalyst to such an extent that M0 3
encapsulated sope iron particles in extreme cases and ¥
thereby created a MO promoted catalytic surface. This B
catalyst interacted with the reaction produsts OO 4
H
1




Fique 5.5 : Effect of introducing potassium or
manganese on the watex-gas shift activity

over a Co:Cr = 3:1 cataiyst

2 L0 oxmersion
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Tonparatur / T

A=Q + Cr=31+0%K; D=Co

C=Co:Cr=3:1+2%M

a : Temperature = 350°C ; CO-Giv = 510 h™1 ;
CONyiHQ = 1:1:4.5

ad H, in swh a way as to depress hydrogen
chemisorption and the secordary hydrogenation activity
of olefins. It is therefore apparent that the addition
of manganese to a supported metal oxide system (i.e. an
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Fe-based FT catalyst) could promte the desired
water-gas shift reaction and at the same time supress

by &

the formation of nethane Y-

formation.

The effect on methame by-product formation and the
resultant water-gas shift activity after introducing
potassium and manganese onto the catalytic surface by
the incipient wetness technique is shown in Figures 5.4

and 5.5 respectively.

Unfortunately, compared to the Co/MnO catalyst system,
the addition of these promoters .to the Co/Cr oxide
catalysts gave no positive effect on the catalysts’
methane production (Figure 5.4) or CO-shift activity
(Figure 5.5}. An explanation for this cbservation was
found Ly analysing the catalysts’ bulk structuxe and
drawing pevallels between the Co/Cr oxide and tho
Co/Mn0  systems. This discussion is presented in section

5.4,
5.4 Struc tural Studies

Analyses of the bulk struwtures of Co/Cr oxide

catalysts vas carried out by we following techniques:

- Xeray diffractometzy (¥RD)
and - Differential Scanning Calorimetry (DSC)

e e

P
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Teble 5.3 Bulk structure of Co/Cr oxide catalysts®

Catalyst state Phases present

Precipitated | Catalysts were totally amorphous
Caleined CoCry0, spinal

Reduced CoCrg0y spinel (more crystalline)
traces of Co metal were algo detected

Used® CoCry0, spinel

a : Resuits cbserved for Co:Cr = 1:10 ; 1:1 ; 3:1 and
10:1 as well as Co:Cr = 3:1 + 2 % (wm) Mn?" and
CorCr = 3:1 + 1 % {m/m) K™ catalysts

b : Data taken after catalysts had been on-line for
about: 600 hours

The bulk structures, as analysed by XRD, of the variocus
Co/Cr oxide catalysts were fourd to consist mostly of a
cobalt chromium *pinel as is shown in Table 5.3 and it
appeared that the CoCep0y spinel was the
catalytically active species, as no other crystalline
phases could be detected for the discharged catalyst.
However, the possibility of an amorphous active phase
co~existing with the crystalline active phase should

not be ruled out, even though Colry0y spinels have
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been known to be the catalytically active component for
other reactions. Kadenatsi et. al. (129, 144) as well
as Fattaknova et. al. (126, 132) have both reported

active CoCro0y spinel oxidation {0 and
hydrocarbons) catalysts.

Rgain, structural similarities to ~the CuMny0y
spinei already described in section 4.5.2 can be drawn,

as one ion exclusively occupies the tetrahedral sites

while the other Jon occupy the 1

sites, This point is further illustrated in Figure 5.6.

Figuge 5.6 : A comparison of the CulMny0, spinel to
the CoCry0y spinel

Base Unit

(Tetrahedral site)?*(octahedral site)3s0,
Substitution of

Cu and Mn Co and Cr

(co?) (130, (@o?*) (ex3t)o04

An  explanation of the observation of exclusive
substitution can be based on the knowledge that the
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octahedrally coordinated Cr3* is kmown to be the most
stable state of chramium (145) and that CryOy has
besn known to fuse with a mumber of M2¥ oxides to
give crystalline MCryOp coawpounds having a spinel
structure  with Cr¥* jons cosupying the octahedral
sites (146). Assuming that the sbove theory also holds
for the GoCry0p spirel, it could then have keen
possible that Cry0; was a precursor in  the
fomation  of  the CoCry0, spinel during the
transition from the precipitated to the calcined state,
cren  thowe. it was. not detected by the X-ray

diffraction pattemns.

However, the fact that Co metal was only present in
trace levels for the active CoCr,0, catalysts is in
direct contrast with the results obtained for the
structure of the Co/M0 catalysts (section 3.6), where
Co metal supported on a MnO matrix was found to he the

major phases present.

This fundumntal difference in the stiucture of these
two catalyst systems can also be considered to form the
basis for the difference in ths levels of CHy
by-product  cbserved over both the promoted and

Colry0, . B8 the  Colry0y

catalysts with high ccbalt loadings were found to be
mors  active than the catalysts with low cobalt

SO

H
i

i
&
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loadings, it must be concluded that cobalt appeared to
be the active metal in the CoCrgQy spinel. However,
as the cobalt was present in a ron-metallic state (i.e
co?*), and since Copperthwaite st. al. (80) have
shown {as discussed in section 3.6) that non-metallic
cobalt appeared to be associated with CHy formation,
it is ot swprising that the CoCry0, catalyst
produced  significantly  higher  levels of CH,
by-procuct  as  campared  to  the Co/MnO catalysts
described in chapter 3.

Taking into account that the addition of potassium
tended to selectively poison catalytic sites associated
with non-metallic cobalt as discussed for the "~/MnO
catalysts in section 3.6, and extending .

the CoCsp0, catalysts, one can visualise »
addition of any potassium promoter to a ColrqQy
catalyst would only result in the poisoning of active
sites, and thereby explain the slight decrease in
water-gas shift activity observed in Figure 5.5 for a
potassium  promoted  CoCrp0y catalyst. Bven though,
these catalysts wars found to produce CHy
by-products, tieir rate of #, amd C0) formation was
still much larger as cowpaved to the rate of CHy
formation. As both CH, formation and the water-gas
shift reaction are thought to take place on the same
catalytic sites, it is not surprising that the addition

P

s

e
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of a potassium promoter, only decreased the catalyst's
water-gas shift activity to a minor extent, thereby
explaining the results presented in Figure 5.4 for the
potassium promoted CoCry0, catalyst.

Similar conclusions can be drawn for the manganese
promoted OoCry0, catalyst, as the cbserved decrease
in water-gas shift activity (Figure 5.3) also pointed
towards a blocking (or poisoning) of the active sites.
Whether this blocking was achieved by encapsulating the
active species, in the way described by Kreitman et.
al. (107} for the Fe-based FT catalyst, could not be
arsectained as the X-ray diffraction patterns for the
Mn prowoted CoCry0, catalyst showed no differences
as ocompared to the pattern for the unprowoted catalyst.
It is also interesting to note that the levels of CHy
by-product did not detrease upon promotion with 2 ¥
(m/m) Mn  (Figuoa 5.4}, This result therefore indicates
that even though the addition of Mn to a Fe-based FT
catalyst had a chemical effect on the rate of CHy
formation (107), no such effect was obsexrved for the

CoCry0, catalyst inves,igated.

The DSC technique ves used to further investigate the
effects of reaucing a calelred CoCry0y catalyst
under  hydrogen, using the experfmental conditions
described in chapter 2. The DSC plot is shown in Figure

5.7.
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: Figure 5.7 + DSC plot for the reduction of a .
i Colrg0y catalyst under hydrogen
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o the catalyst involved a single step process with an
N endotherm representing a phase change ocourring at
283°%C. as the calcined state of the catalyst s
comprised the QoCry0, spinel, and since only trace

I From Figure 5.7, it can be séen that the reduction af
!
\i}
i levels of Co metal had been detected upon reduction
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under H, (Table 5.3), it can only be concluded that
the endotherm observed in the DSC plot was due to the
formation of additioral CoCr,0y spinels, probably
from highly dispersed amorphous chromiwm oxides and
cobalt oxides.

5.5 Sumary

In  this chapter, it was shown. that CoCny0y
catalysts with high cobalt loadings (i.e. (o : Cr =
3:1) displayed high and stable water-gas shift activity
{i.e. 98 & CO conversion) at temperatures as low as

300%. i energy caleulations showed that the

values cbtained for the CaCry0y catalysts
investigated were similar to the ones obtained by
Chinchen et.__al. (119) for the coammercial Fe/Cr oxide
based high temperature water-gas shift catalyst. It was
thus concluded that , based on these calculations, the
water-gas shift reaction would be expected to operate

via gimilar mechanisms over both these catalysts.

It was also found that the Colxy0y formulations
tested gave significant levels of CH, by-product (ca,
0.4 mole %) under watex-gas shift reaction conditions.
A structuzal analysis of the catalytic material shoved
that the corystalline phase of the active catalyst
com ised the CoCrg0, spinel end it was argued

N

i
i
i
i
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that the presence of non-metallic cobalt in this active
phase was the cause of the CHy by-product formation.
The effect of various promoters (i.e. K' and mn?h)
on the rate of CHy formation and water-gas shift
activity ovex & (o : Cr = 3:1 catalyst was also
investigated. It was fouwnd that while neither of these
elements could significantly suppress the levels of
CHy produced by the catalyst, they brought about a
slight deactivation in the catalyst’s water-gas shift
activity. Both these cbservations were belieéved to have
been caused by the blocking or poisoning of the
non-metallic cobalt sites, which were thought to
catalyse both the water-gas shift reaction and CH,

by-product. formation,

Nevertheless, the  Colrp0,  catalysts can be
considered as a useful high activity water-gas shift
catalyst, which could be particnlarly suited for a
coal-based amonia synthesis plant, which requires the
conversion of high levels of carbon monoxide (eg. about
60 % (vol.)} prier to the actual amwonia synthesis

wycle.

2
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6. A KINBTIC AND MECHANISTIC STUDY OF_Co/Mn OKIDE,
Su/Mn OXIDE, AND Co/Cr OXIDE WRTNR-GAS SHIFT
CATRLYSTS

8.1 Introduction

A detailed description of the many mechanistic and
kinetic studies dealing with water-gas shift reaction
catalysts has already been presented in sections 1.5
and 1.6 xespectively, of this Thesis. Summarising the
in section 1.3, it

was shown that two main types of mechanisms have become
widely accepted for the nmore commwon water-gas shift
catalysts. Thesa  mechanistic schemes can  be
distinguished in as far as that one involves a redox
type mechanism by which an oxygen atum is transferred
from the water molecule to the carbon monoxide molecule
with the aid of a catalyst, which undergoes reduction
and oxidation during the reaction cycle. This type of
mechanism has lLeen postulated for the iron-k. .ad
catalysts (56,59), kut has recently also been reported
over the copper based low temperature water-gas shift

catalyst (58,61,147).

The other, more general type of a water-gas shift
‘hanism, tulates  the of a transition

state (i.e. central i iate}, which is d of

= s et
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fragrents of the resgent molecules. This central
intenmediate then decomposes to form carbon dioxide and
hydrogen. A mmber of different intermediates have been
proposed over various water-gas shift catalysts, and a
description of their nature has been given in section
1.5.2, Furthemmore, a survey on the various kinetic
studies described 'n the literature was presented in

secticm 1.6.

However, it should be mentioned that although a great
number of papers have appeaxed in the lit.rature
dealing with kinetic and mechanistic aspects of
commercial iron and copper based heterogenecus (and
various hemogeneous) water-gas shift catalysts, no
reference could be found addressing these issues
involving Co/Mn0, Cu/MnO or Colxp0y catalysts
operated under water-gas shift conditions. Thus, in
this chapter, the mechanism of the water-gas shift
reaction over these three catalyst systems is discussed

using both kinetic and model reagent studies.

6.2 Experinental techniques

The kinetic studies were based on techniques described
in the literature (148-150), by which the partial
pressure of one of the reagents (eg. Py OF Pyyg)

was varied while keeping the partial pressure of the

1
|
!
i
i
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other reagent (eg. Pypg ©Or Pgg) constant and in
excess. An inert carrier gas vis also used to keep the
overall flow rate of the system constant and the rate
of the water-gas shift reaction was monitored using the
gas chramatographic techniques desuribed in chapter 2.

Furthermore, it was decided to carry out the kinetic

at reduced (i.e. 275% for
the Co/Mn0 catalyst, 229°C for the Cu/MnO catalyst
and  261°C for the CoCry0; catalyst)in order to
eliminals wy interference from the reverse watex-gas
shift  reaction, which is favoured at higher

temperatiwes.

‘the experimental results were used to obtain a
aroghical pepresentation of the partial pressure of the
vavious reagents as a function of the rate of the
xerghlon.  An empirical form of the rate law under these
exporimental conditions was thus predicted.

The wwvaluation of all catalysts for the model xeagent

rudles  was carried out, using the all-glass

already i in section 2.3 of this
Thesis. Tt should ke noted that a similax design had
been usw! by Hutchings et. al, (151) to feed reagents
to a reartor, using controlled vaporisation in an inert
cacrier gas. Also, all products, both liguid and
gaseous, - were analysed by the gas chromatographic

technique.: drwcribed in section 2.4.

]
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6.3 Kinetic Studies

6.3.1 The effect. of the partial prassure of L0 on
the rate of the reaction

The effect of the partial pres ure of Hy0 on “he rate
of HyO conversion (i.e. the rz e of the reaction) was
investigated for the following cz:alysts:
1) Co:M =11
Wy cuiMp=
i) Co:Cr 3l

The results for these set of axperiments, which were
carmxied out &t a constant 28.3 kPa partial pressure of
€0 and a CO @SV of 510 h~! are shown in Figure 6.1.

The results shown in Pigare ..l denonstrare that, for
all thvee catalyst systans tested, the rate of Hy0
conversion was found to be liwerly dependent on the

yartial pressure of Hy0, i:dicating that in the

rvange i i i, the -qas shift
reaction was first order in v .ter concentration ovex
the Co :tMn=1:1, theCu:n: l:landtheCo & Cxr =

3:1 catalysts.

As a first ozdarrate‘depe:ﬁem: can be considered to
be the simplest case in the maz. of wathematical rate

expeessions, it conld now be wqued that in the
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Figure §.1 ¢ Rate of H,0 conversion as a function of

Puyp for the varicus catalysts tested?®

v

10" a0l 10 converted 7 &

Ui az 0 G s 68
Pag /-

A=go:Mi=1:1;=0Cu:M¥=11;

©=Cot Cxw= 3:l

a: Co:Mi=1l:l ; Temperature = 275°C
Cu: M= 1il ; Temperature = 229°C
Co : Cr =311 ; Temperature = 261°C
By *28.2 ke

presence of these catalysts, the water-gas shift
reaction could be classified as a “simple" reaction of
the form

) A+B -—>> PRODUCTS
which cowld precesd on  the basis of a simple

!
i
{
I
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bimolecular collision with the ccllision fregquency
being proportional to the concentration of both
resgents A and B (152). This would thus imply the

following rate law:

- diA] =k (A) (B) (5.1
dt

In our case, equation 6.1 holds true for the rate

dependence of Hy0 as detemmined experimentally.

However, the interpretation of a rate law is full of
pitfalls and one should not lose sight of the fact that
one-step reactions could also result from a reaction
scheme which is far more complex than just a simple
bimolecular collision process. In order to make a
deduction about the fina! foxm of the rate law, one
first has to investigate the sffects of all the other

reagents on the overall rate of the reaction.

6.3.2 Bffect of partial pressure of (O on the rate of

the reaction

The effect of CO partial pressure on the rate of CO
corwversion was investigated for the various catalysts.

The results for these sets of experiments, which were
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carried out at a constant Hy0 feed rate of 2.72 g

H,0) /hour are shown in Figure 6.2.
(Hy

Figws 6.2 : Bffect of CO partial pressure on the rate

of C0 conversion for the various catalysts oy

vasted®

2

10 wol T0 convertod / 5

Tes T o0 805 028 GA 04
Py £ oa

A=Co: M= 1l ;)=Cat Moo= L) g ,

q ©=0Co:Cr=3:1

The temperatures at which these experiments were
carried out are identical to the ones shown in
g TFigre 6.1

Hy0 feed rate = 2.72 g ‘Hy0)/hour
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Fron the results presented in Figuwre 6.2, it is
apparent, that the CusMn = 1:1 catalyst displayed a

different kinetic behaviour to both the Co:Mn = 1:1 and
the CosCz = 3:1 catalysts, as the rate of CO conversion
wes found to be linearlly dependent on Bpy for the S
Custn = 1:} catalyst, whereas for the other two .
catalyst systems, the rate of reaction initially
1 increased with increasing CO partial pressure, but was 1
than found to decline to a steady value. i

Thus, considering only the Cu:Mn = 1:3 catalyst, the .

weter-gas shift xveaction could very well take place as
a simple bimolecular collision reaction over this type
of catalyst. The rate law can therefore mathematically >

be expressed as follaws: N

Rate of reaction = - dfCO1 = ~ d{HH0} = k(CO]{Hy0]

de dt
The observation of the -water-gas shift reaction e
‘! kinetics being first order with respect to CO had ) :
already been reported for other catalyst systems, when
. Tequi Khan gt. al. (153) showed this type of kinetic
] behaviour for the ly catalysed water-g
A shift reaction over a K{Ra (H EDIA) (CO}} catalyst
a

under ambient temperature conditions.




137

On the other hand, the kinetic results for the Co:Mn =
1:1 and the Co:Cr = 3:1 catalysts, which xeach a
maximum rate with increasing CO partial pressure could
possibly be indicative of a Langmir-Hinshelwood type

reaction mechanism.
6.3.2.1 The Langmir-Hinshelwood mechanism

The Langmuir-Hinshelwood mechanism is besed on the
principles of localised chemisorption as first proposed
by Langnuir (154) in 1917, The following is a
simplified interpretation (155,156) of the Langmuir
isotherm, which assumes that:
i) a gas molecule can only be adsorbed on a
Linite number of sites on the surface of the

solid

ii) the guantum states of adsorbed gas
molecules are the same for all sites and
are independent of the effects (eg.
pressure) of the neighbouring molecules

Using these assumptions, the well-known ILangmuir

isotherm can be derived in the following form:

EXP [ -pH + S0 B, = L) (6.2)
RY R I




138

where 8 = fractional coverage of gas molecules
on the solid surface sites
Py equilibriun gas pressure
AH = molar heat of adsorption
$ = entropy par mole of adsorbed nolecules
$°= entropy per mole of gas at unit

pressure

If AH and § are both independent of 8, then equation
6.2 reduces to the following form :

1-e
where b = constant = EXP (-AH + §
RT R

Solving this equation for § one gets:

(6.4}

The catalysed water-gas shift resction can be looked
upon as imvolving the collision between CO and Hy0
fragments adsorbed on the surface and can thus ke
expected to be second-oxder in the extent of surfece

coverage. The rate of these so-called




139

Iangmir-Hinshelwood types of reactions (157) can
therefore be expressed as follows:
A% B ~———> Products
(6.5)

- dPy = xate of reaction =k € &g
dt

Applying equation 6.4 to the water-gas shift reaction

one gets:

Rate of reaction = - o = ks Bo eﬂzo (6.6)
de
where G = fractional coverage of CO molecules
on the solid surface

SH20= fracticnal coverage of Hy0

molecules on the solid Surface

but 8p = bRy (£xom 6.4)
l+bEpta PHzO

and SH'ZO= a?y (fram 6.4}
1+a PHZO* b Py

where & = constant
Thus, equation 6.6 becumes
{6.7)

-dBgp = kg baPygPy
at (1+ay320+b9m)2
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ad  at ccnstantPHQG(asmsﬂnecasefcrﬂle

experivents)
-y = n P (6.8)
at (1+mEg)?
where n » Jg b aPyg ad m= - b
——2
(1+apH20)2 1eary,
= constant .

= constant

Although expression 6.8 predicts a maximm for the rats
of the reaction with l‘-\'K:An'iSiﬂg Feor it does not fit
the experifental data for the Co:iMn = L1 and the Co:Cr
= 3:1 catalysts shown in Figure 6.2 particularly well,

as can be seen in Figure 6.3.

From Figure 6.3, it can be seen that the experimentally
detexmined rgn increased less Tapidly than predictad
by the [angmuiv-Hinshelwood cxpression (equation 6.8).

the i 1 2y rapidly
to a steady value, whereas the theoretical empression
predicts a gradual amd steady decrease with increasing
Poy- The cbserved variation in rcoasafuncti.oncf

Pop is thexefore not wholly consistent with a simple
Langmir-Hinshelwood bimolecular reaction mechanism cn
thess catalysts. '

The chserved decline of the reaction rate to a steady




Figqure §.3 : A comparison between experimental and
theoretical rates of CO convexsion at
constant #,0 partial pressure for the
Co/MnO and CoCr;0, catalysts
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e = pathematical expression

O =Co: M =3

T = R B 4 {1+ B
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where n = 0.000164 mol CO converted / s / atm.

m = 18.0 /atm.

value with increasing Ppp could be indicative of a
these

different reaction pathway ocourring at
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conditions., It is possible that at high Py a
regenerative wechanism could occur in which the
reaction proceeds in two steps:

HO(g) + * ¥ B (g) + O(a)
O (g) +0(a) = 0y (g} + *

where * is a vacant surface site. This type of
mechanism, which wes first proposed by Temkin st. al.
(59), has already been discussed in chapter 1 (section
1.5). The reaction rate for suca a mechanism would
depend on the availability of the Hy0 and CO on the
catalyt.c surface. At a high Pgy, the catalytic
surface would become depleted of HyO molecules, and
thus the hydrogen production step for this type of
mechanism would kecome the rate Limiting step. The
overall reaction rate would thus yeach a steady value
which would be equivalent to the rate of the hydrogen
production cycle of this regenerative mechanism. Such a
mechanism would be consistent with the observed

constant xpy at the high Peg (45).

It is thus possible, that the water-gas shift reactiop
proceeds by means of at least two different mechanisms
over the Co/Mn0 and the Colry0y catalysts. At low
Prn  the reaction was observed to obey the
Langmuix-Hinshelwood behaviour to a reasonable extent,

i

[
|
{
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whereas at a high Pey, a regenerative mechanism could

account for *he kinetic results obtained. !

Overall, the rate of the water-gas shift reaction can
be mathematically expressed for the various catalysts

tested as shown below: :

~ IO} = ~ d[Hy0] = X PypgBrg
—_— —_— i
dt dat for the Cu/MnO catalyst s

| = k<PH20 . a PCO .
{1 + Brgg)?
for the Co/Mn0 and CoCra0y

catalysts at low Py

= k- Pyygy-constant.
for the Co/MnO and CoCry0y |

catalysts at high Peg

6.4 Model xeagent mechanistic studies

The rumber of mechanisms accounting for the formation
of CO, and Hy from CO and H,0 have alveady been

P

either proceed via a redox regenerative mechanism or

[
i
1
discussed in section 1.5, and can be summarised to I .
(1 through the formation of a central intermediate. }
i
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6.4.1 Reaction of formic acid over various catalyst

systens

In section 1.5 of this thesis, the presence of a
gurface formate had been identified as the centwal
intermediate for copper comtaining water-gas Shift
catalysts (61, 158). However, as there still exists
uncertainty as to the exact co~oxdination (mono- or
bidentate} of these surface formate intermediates,
researchers have generally omitted structurel details
when representing & surface formate. Using the field of
organcmetallics as an analogy, both the formation of
monodentate and bidentate formate species have heen
reported. For example, a nonodentate formate
intermediste has been reported by Beguin et al. (159)
on copper in the presence of phosphine ligands as shown
below:

Further evidence for this type of co-ordination was
given by Paonessa et. al. (160), who also reported the

formation of & terminal formate over platinum.

e
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of stable bidentate formate
by Roper and Wright
{161) on osmium and ruthenium as shown below:

In .
iat have been

In the field of heterogenecus catalysis, the subject of
formate adsorption on catalytic surfaces has been
discussed by Edwards et. al. {162), who provided
evidence for the existence of a bidentate formate
surface spevies over copper- containing heterogencus
catalysts. In their publication, Bdwards gt. al. (162),
used a Fourier Transform Infra Red (FIIR)

spect: to ise the varicus surface

intermediates present during the synthesis of methanol
from O and Hy over a Cu/an/Cr oxide catalyst.
However, even though they proposed the fon!\aﬁon of a
bidentate intermediate in their overall reaction
mechanism, their infra red spectra also showed a weak
adsorption band (at 1470 om'l), which could be

assigned to ic 0 ing of a

carbonate species (163).

H
J

|
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Thus, despite the fact that the fomation of a
bidentate formate intermediate on a heterogensous
catalyst surface has generally been accepted, one
should nevertheless not exclude the possibility of the
formation of a minor fraction of momodsntate foumate

intermediates as well.

The formation of surface formate Intermediates on

ocours by an

oxidative ocddition reaction in which the H and the HCOO
fragments add to the metal atom surfsce site. The
deconposition of formic acid (to COy and Hy), which
is believed to ccowr via the formation of a surface
formate, is well known over metals such as copper
(164-166) ox nickel {167). In order to test whether the
water-gas shift reactjon proceeded over the various
catalyst systems investigated in this Thesis via
fomate fragrents, it wes decided to co-feed formic

acid over these catalysts.

The formic acid was rigurously dried (using phthallic
anhydride and then distilled wunder nitxogen) and was
then ryeacted over the two catalyst systems
investigated, using the exparimental apparatus
described in Chapter 2. The results of these studies
are shown in Table §.1. It-can be seen that, under the
conditions tested, fommic acid did not react aver

either the Co/Mn0 or the Colry0y catalyst systems
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{(i.e. no Hy and CO; were produced). These results
should be contrasted with those obtained by van
Herwijnen et. al. (61, 158}, who showed that fomic
acid decomposed at 150°C to fom 00, amd Hy ovexr
a Cu/2n0 low temperature water-gas shift catalyst.
These result can therefore be considexed as an
indication that the water-gas shift reaction proceeds
via a different reaction mechanism over non-copper

containing water-gas shift catalysts.

Bs the decomposition of formic acid over Cu-containing
catalysts is generally considered to proceed via the
formation of a bidentate surface intermediate, the
mechanism of fommic acid decomposition over a Cu/Mnd
catalyst (Figure 6.4) is believed to take place via the

formation of the following incermediate:

where M = surface site

This it i is ted to involve

oxidative addition and reductive elimination steps as
depicted in Figure 6.4. However, one should also keep
in mind that a monodentate formate intenédiate could
also be expected to be present on the surface to a
minor extent. The decomposition of such an intexmediate
would take place by the same mechanistic steps outlined
in Figure 6.4 for the bidentate intevmediate.

i
|
{
i
|
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Table 6.1 : Reaction of fommic acid over the various

catalysts tested

Catalyst |Time on| % (mass) Selectivity
System {line
/min| 8 | |, CHy HCOOH
Co/Me0 10 [0.002 - - 0.057 $9.94
54 ]0.005 - - 0.068 99.92
CozMn = 134 }0.003 - - 0.043 99.95
1:1 260 |0.003 - = 0.025 99.57
Colry0y 12 0.004 - - 0.102 99.89
32 10.007 - - C.149 99.84
Co:Cx = 48 [0.011 - - 0.085 99.89
3:1 76 {0.005 - - 0.059 99.94
129 |0.003 | - - 0.046 99.95
Cu/MnO 80 ]0.200 - 1.97 0.018 97.65
105 {0.985 - 3.66 0.010 95.37
Cusin = 120 |2.12 - 4.01 0.007 93.86
1:3 180 [3.01 - 3.69 - 93.03
20 (3.7 - 4.91 - 91 3R
245 (2,72 - 3.72 0.008 93.56

H
;
:
b




Figure 6.4 : Deccrposition of fomic acid over metal

oxide catalysts

co,
H
M
Ha
- Cotton and Wilkinson (168) have also described Cu-H 8s

a horderline hydride with low stability, and Co-H, Cr-#
as well as Mn-H as themmodynamically stable hydrides.
Therefore, it van be envisaged that, upon formic acid
co-feeding over the Co/M0 and the CoCr,04

i e ¥ 4
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catalysts, the metal hydride, which hed formed upon the

N dissociation of the formic acid on the active sites ave ;’
too stable to decompose readily and could thereby block :‘
these sites. This theoxry therefore alsc aids in

explaining the inactivity (and particularly the absence

of any H, formation) of fommic acid decamposition

" over these catalysts. However, as the Cu-H can
decampose  readily, no such blocking will cccur and thus
formic acid will decompose over these types of :

as COy.

'

|

| catalysts, resulting in the fomation of H, as well
i

|

i §.4.2 Reaction of methancl over the varicus catalysts

systens

Due to similarities between CHzOH and Hy0 (i.e. -OH
vs. ~CH3) wethanol was used to further probe the

reaction mechanisms of the watex-gas shift reaction
over the three catalysts investigated under a range of i
experimental conditions, and the results are given in

Tables 6.2 and 6,3 respectively.

For CH3OHN-CO mixtures, methyl formate was chserved as
a significant product in the organic spect:xmrn for all
three catalysts investigated (Table 6.2). Even though
the production of methyl formate was not particularly

e e,
- SR~ ST S

"iif
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Table 6,2 ¢ Reaction of methanol over the.various s
catalysts studied K
1} Organic product distribution

Time on | % Selectivity (mass) of gaseous organic phase !
line/min| Oy Lﬂ!300{3 ] MeOH } HOO,CHy [

Co/MnO0 Co:Mn = 1:1 Temperature = 1509C

k3 2.68 1.53 81.8 14.0
2 0.63 | 407 67.7 2.5 !
i 41 0.3L | 2.22 81.8 15.6
‘ 59 0.67 | 3.72 95.6 - i
90 0.14 0.61 99.2 - »

CoCry0y Co:Cr = 3:1 Terperature = 150°C

30 2.11 - 97.10 0.82
0 1.56 - 97.38 1.08

50 0.60 - 98.13 1.27

60 0.61 - 97.42 1.97 {
70 0.39 - 98.44 1.8 |
80 0.47 - 97.93 1.60

Cu/M0 Cu:dn = 1:3  Temperature = 100°C

20 0.02 - 99.02 . 0.95
30 0.31 - 85.72 10.34
40 0.68 - 84.46 14.85
50 0.35 - 86.93 12.70
70 0.40 - 86.83 12.75
30 .23 - 92.29 7.46
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Table 6,3 : Reaction of methanol over the various
catalysts studied
(ii) Inovganic product distribution
Tine on |% (vol) Selectivity of gasecus inoxganic phase
line/min Hy Ny <o 0,
Co/MRG  ; CosMn = 1:1 ; Temperatire = 150°C
4 0.19 18.90 80.63 0.28
25 0.14 16.79 82.68 0.39
48 0.05 13.95 85.80 0.15
7 0.05 13.98 85.80 0.15
CoCry04 7 CoiCr = 3:1 ; Temperature = 150°C
10 0.03 19.10 80.87 0.01
37 0.04 18.67 81.29 -
82 0.04 17.33 82.63 -
Cu/Mn0 ; Ca:Mn = 1:3 ; Temperaturs = 100°C
10 0.48 18.62 78.56 2.34
29 8.51 17.49 71.16 2.84
s 9.16 16.95 71.58 2.31
7 9.23 16.73 72.74 1.30
90 8.76 17.04 73.99 0.21

e

i
;
;

e
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long lived (ga. 1.5 hours), it nevertheless was
observed as the major product for all three catalysts.
The formation of methyl formate from reaction of
CH0H / €O is known for other catalyst systems,
particularly at higher reaction pressures (169). Methyl
fomwate is considersd to be formed via the oxidative

addition mechanism as shown in Figure 6.5.

Figure 6.5 : The formation of methyl formate over the

various catalysts studied
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In this i CHy0H disscciatively adsorbs onto

the surface to give a methoxy group, which subsequently
reacts with co-adsorbed (0 on an adjacent site to

ultimately produce methyl formate.

High H, and (0, levels were observed for the
408 co-fesding experivents over the Cu/MnO catalyst
(Table 6.3). The decomposition of methanol is knwwn to
ocour over copper containing catalyst systems (170,
171) and could thus account for the high Hy levels
chserved. lThe process proceeds according to the reverse
methanol synthesis reaction:

CHyOH s==2 2H, + @

The high levels of carbon dioxide obsexved for the

Cu/MnO catalyst could be due to two possible ruactions:

1) 0 + 0 == 00y +Cg
or2) GO FHO =2 0y tHy

(the water-gas shift reaction)

It is unlikely that any €Oy had formed by means of
resction 2 {i.e. the water-gas shift reaction) as the

exclusion of water was ensured at all times. (i.e. all




155

experiments had been carried out under dry conditions
and the methanol had been dried rigorously beforehand).
Furthemwre, the fommation of water from methanol is
unlikely under the experimental conditions used.

Reaction 1 would account for the decrease in the level
of €O, with incwveased time-on-line (Table 6.3). Also,
for reaction 1, the catalyst would become "coked up”
and eventually lose its activity. An analysis revealed
that the spemt catalyst contained 3.4 % {m/m) carbon.
This result thereby provided evidence that the
disproportionation of CO to fom €0 and C tocok place
over the Cu/MRO catalyst during the methanol co-feeding
in the i of €0;.

However, even though the deposition of carbon would be
expected to deactivate the catalyst, it is interesting
to note that the production of hydrogen and wethyl
formate was still being observed to a significant
extent after 90 minutes on-line. As the levels of CO,
formation decreased with time, an indication is
therefore given that methanol decomposition and carkon
fomation took place on different catalytic sites (with
the build up of carbon cnly deactivating the catalytic

sites over which this reaction takes place).

T
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Fram Teble 6.2, it cen also be seen that the levels of
methyl formate produced during the methanol co-feeding
experinents were found to be higher for the Cu/MnO
catalyst than for both the Co/MnO and the CoCry0y
catalysts. This cbservation explains why copper has
been found to be the most active water gas shift metal
(Grenoble et. al. (8)), as it readily adsorbs CO and
thereby activates it.

6.5 Reaction Mechanism

The ewperiments carried out with the various model
reagents are considered to be highly significant with
respect to the mechanism of the waber-gas shift
reaction over the catalyst systems investigated. The
major vreaction product observed for the methanol
co-feeding experiments was methyl formate, which formed
from the insextion of a surface methoxy intermediate
into a surface CO. Additional mechanistic evidence was
cbtained from co~feeding fomic acid over the various
catalysts. The decomposition of fommic acid did not
take place over the Co/Mn0 and the CoCr)0
catalysts due to the formation of a bidentate surface
formate intemwediate. However, over the Cu/MnQ catalyst
formic acid was found to decompuse to form COp and
Hy due to the fomation of a monodentate fommate
inteumediate.

R 4
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Based on these model reagent studies the water-gas
shift resction mechanism proposed in Figure 6.6 is
thought to occur ows the Co/MRO and the CoCryOy
catalyst systems investigated

In this scheme, it is proposed that water adsorbs
dissociatively onto a surface site with subsequent
adsorption of CO onto an adjacent sucface sits. This is
then followed by the insertion of the surface-bonded
hydroxy group into the M-CO bond. The reaction of
CHyH to form methyl formate is direct evidence for
this proposed step and also insertion reactions are
well Jnown in analogous complexes in organcmetallic
chemistry (172,173), Subsequent reaction would occur
via a beta-elimination reaction to give gas-phase COp
and surface hydrides, which lead to hydrogen formation.

Such decomposition of a metallocarboxylic acid to yield
0, is also well supported in the reactions of
numerous  argancmetallic complexes (174-176), eg. as was
11ic complex

initially for the

1rCly (COoH) {C0} {BMeyPh), (177).

The kinetic data obtained in the first part of this
chapter supports such a xeaction scheme. The key
surface species derived from water is the surface
hydroxy and the observed linear dependence of the
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Figure 6.6 : Water-gas rhift reaction mechanism over
the Co/MNO and the CoCry0 catalyst

systems investigated
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resction rate on Py (Figure 6.1) is consistent with
this wechanistic step. The observation that rgg
reaches a naximm and the: becopes constant at high
Prp for these two catalyst systems could be due to CO
successfully competing with Hy0 for adsorption sites.
The concentration of surface hydroxy groups thexefors
becemes limited. Eventually, with increasing Py, it

would no longer be possible to form a surface formate

&
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intermediate, due to the lack of surfare hydroxy
species and this transition state type mechanism would
break down. Hence, as stated previously (section
6.3.2.1) at high By, a regenerative mechanism (59,
§0, 178, 179)) may become a dominant reaction patimay,
with the rate limiting step being the production of
hydrogen. It is therefore possible for the Co/MnO and
CoCry04 catalysts, that, at low Eg), the proposed
surface formate mechanism pathway is deminant, but at
high Pgg the regenerative mechanism may alsa compete.

The proposed water-gas shift reaction mechanism over
the Cu/Mxd catalyst is shown in Figure 6.7. In this
mechanism, water is again adsorbed dissociatively onto
a surface site with the subsequent adsorption of CO
onto an adjacrnt site. However, instead of the
insertion by the surface bonded hydroxy species into
the M-CO bond (as was shown for the Co/MnO and the
CoCry0; catalysts) the CO is inserts into the O-H
bond to form the bidentate formate intermediate, which

is with copp catalysts. Such

insertion reactions imnvolving copper complexes have

been documented in the literature (180).

As the kinetics of such a reaction mechanism depend
primarily on the availability of a surface hydroxy
species, the rate of the reaction would hence be
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Fiqure 6.7 @ Water-gas shift reaction mechanism over

the C/MnO catalyst system

directly proportional to rumber of adsorbed H;0
molecules (i.e. the [H;0]). In Chapter 4, it was
shawn that the Cu/Mn0 catalyst system displayed the
highest specific activity of all the three catalysts
tested, This suggests that the Cu/Mn0 catalyst is
capable of highex twmover frequencies than the Co/MnO
or the CoCry04 catalysts. Hence, the competition
(between €O and H,0) for adsorption sites would only
effect the reaction wate at a very high Pey or
Pypo- One would therefore not espect the yeaction
rate to xeach a maximum (as was observed for
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the other two catalyst systems) except at very high
By OF Ppg. This, the high specific activity of
the Cu/MnO catalyst cowld explain the chserved first
order rate deperderce on (O under the esperimental
conditions exployed.

£.5 Summary

In this chapter, an i ion of the g
shift reaction over three different catalyst systems
has been described using both kinetic and model reagent
studies., The results obtained lead to the derivation of
kinetic expressions and mechanistic reaction schemes.
The kinetics of the various catalyst systems

investigated can be lly expressed as

follows:

i) Cu/Mn0 catalysts :

o = KPog'Bmo

1) Co/MnO and Colr,0, catalysts:

a Py

Yoo = KByt at Jow Prg
(L + b Beg)?

= ke Pyyq + constant. at high Peg

i
i
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Based on the model reagent studies, mechanisms for the
water-gas shift reaction have been proposed for all
three catalyst systems foc which it iIs considered that
the following sequence takes place:

1) water dissociatively adsorbs to form a

surface hydroxy and hydride species
ii) subsequent adsorption of CO

iii) insertion of €O into {a) the O-H of the
surface hycdroxy species over the Cu/MnO
catalyst or (b) insertion of the surface
hydroxy species into the metal carbonyl over
the Co/Mn0 and CoCry0y catalysts to foom
surface intermediates

iv) decomposition of the surface intermediates
to fom gaseous 00, and surface hydrides

v) combination of the surface hydrides to form
gaseous Hy
The e ti Xt i in this chapter

showed much promise for explaining the route of the
water-gas  shift reaction over the three catalyst
systems studied, thereby helping to explain the complex
interaction of catalyst surface sites on xeagent

molecules in the ultimate production of C0p and Hy.
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7.1 Intxoduction

Sulphur is considered to be one of the most cammon
catalyst poisons (181} as it not only alters the
catalyst’s surface “wt also its bulk structure and
hence its overall activity and selectivity. Tue to the
comexcial intexest in the subject, it is not
surprising that a great deal of ressarch work has been
dedicated to sulphur poisoning (5, 181~183). Feed gases
containing sulphur impurities (even in ppm levels)
drastically reduce the activity of most
metal-containing industrial catalysts. On plants which
utilise coal-derived synthesis gas to produce chemicals
or fuels, sulphur removal units have to be incorporated
(Figure 7.1) in order to protect various catalysts from
the relatively high levels of HyS (about 0.4 %) and
€0S {about 0.04 %) present in the feed gases (184,
185).

There stili exists a fair degree of uncertainty about
the mechanism by which metal catalysts are poisoned by
sulphur, but it is believed that both themodynamic
(i.e. bulk chavacteristics) as well as surface
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Fi 7. * Schematic diagram of a coal based ammonia

synthesis plant

189 3 spaam 1

e
-

[t omveea
=

Trmes
o 18 e
fongressey

Artreret gre

interactions are involved (182). From the thermodynemic ~
results presented in Table 7.1, it can be seen that

most metals have a very high affinity for sulphur and !
hence it is vexy difficult to avoid sulphur poisoning
of ‘transition nmetal catalysts., Due to the low
electronegativity of sulpmr, metal-sulphur bonds are
mainly non-ionic, thereby esplaining the many metal
sulphide phases (sawe of which can also be present in a
nonstoichiometric form) which can exist. It is not

difficult to envisage that the formation of such metal




165

sulphides alters the bulk structure of metal catalysts
and hence their catalytic properties.

Table 7.1 : Free energies of formation of various metal

sulphides 2

{;lenent Metal Sulphide A Gg (kI/mol)
300 K 600 X
Co cos - 54.0 - 477
Cop83 - 69.8 -
CogS3_y - 39.3 - 39.8
Cog8g - 65.3 - 55.3

Cr cxs ~110 -108
oY cus - 55.4 - 62.3
Cas, - 444 - 60.7
Cups - 46.5 - 52.3
Fe Ye§ - 58.2 - 57.3
FeSy - 75.8 -

¥ uns -185 ~180

oSy -6 128

un znS ~168 ~152

a : Data computed from reference 181 and 186 and
based on the following stoichicmetry:
(x/y) B+ HS <=, (1/y) M,S, + Hp

Oudar (182) has shown that the enthalpy of adsorption
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of sulphur—containing compounds onto most catalytically
active metals (i.e Ni, Cu, Fe, Cr ;indPt) ig directly
related to the enthalpy of bulk sulphide formation. At
a 50 % adsoxption layer, he concluded that the enthalpy
of fommation for a surface sulphide species is between
20 and 40 % higher than the enthalpy of formation for
the most stable bulk sulphide. Evidence was thereby
presented that sulphur poisoning should not just be
considered to medify the bulk characteristics of a
catalyst, but that it also alters the surface structure

significantly,

The effect of strong sulphur adsorption on metal
catalysts are far reaching, particularly if one
considers that sulphur-containing molecules (i.e.
HyS) have been lknown to adsorb dissociatively onto a
copper surface (187). The build-up of metal sulphides
not only prevents the adsarption of reagent molecules,
but can  also markedly affect the selectivity of
reactions. A typical example of an extreme case of
catalyst  poiscning by sulphur exists in the
Fischer-Tropsch process. There, a fused iron catalyst
has been found to loose about three orders of magnitude
specific activity when ppb levels of sulphur impurities
had heen present in the foed stream {181). Furthemmore,
evidence in the open literature was presented that
sulphur containing feed gases brought sbout an increase

e T GBI : BT By
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in the yield of liquid hydrocarbons ard a decrease of
gaseous hydrocarbons when €O and H, were fed over a
Co/ThOp/kieselquhr catalyst.

another type of catalyst, which is prone to sulphur
poisoning  {s  the nickel-containing methanation
catalyst, which has Yeen reported to seriowsly
deactivate when the sulphur content in the feed gases
excesded about 0.1 % (188). ’

However, sulphur must not always be considered as a
catalyst poison. 7There are certain catalysts which
depend on high sulphur levels to remain active. These
are the so-called "CoMox" catalysts which ave mainly
used  for isati (HDS)

(189-193); but have also been Jmown to catalyse the
water-gas shift reaction (section 1.4.3) In spite of
the great comwercial significance of these catalysts,
little is understood regarding their activity in terms

of jc  feature: Different istic models

have been suggested o explain the catalyst's
hydrodesulphurisation activity (194,195) but no such
information is available to explain its water-gas shift
activity. Topsoe et.al. (195) give a good insight of
how the interaction betwsen the catalytic structure of
a su],phided. CoMox  catalyst accounts for its

desulphurisation activity. Fram their proposed resction

i
1
[
;
|
|
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sequence (shown in Figure 7.2), one can see that
sulphur foms part of the catalyst's active structure.
Even though the Co and Mo have to change oxidation
states twice in order to camplete the reaction cydle,
their role as a sulphur support is alse vital to the
catalyst’s activity. Thus, the presence of sulphur
containing compounds would not poison this type of
catalyst, but rather keep it active.

Figure 7.2 : Hydrodesulphurisation reaction sequence
over a CoMox catalyst proposed by Topsoe
et. al. (195)
HSR
s a
i
s IECIS S
® I
S S

3+

e ey
>

w=0—0—3x
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where 0 = vacant anlon site
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Fram the discussion presented in this section, it can
be seen that sulphur compounds must not always be
regarded as deactivating agents, but that they can also
act  as building blocks to ensure the catalytic activity

of certain material However, no ical method

exists for the prediction of whether sulphur will
poison or promote a certain resction over catalytically
active material. Thus, the only means of obtaining such
i i is by 3 i which involves the

feeding of gases containing a known quantity of sulphur
into a controlled reaction envirorment. The effect of
this modified feed gas on the catalytic performance can
then be monitored and the results can then be compared
to those done with pure feed gas.

7.2 Experimental

Desulphurised feed gases for the water-gas shift
reactor of a coal-based ammonia plant were obtained
from AECI Ltd., Modderfontein, South Africa and spiked
with a known quantity of HyS. The overall camposition
of the gas is shown in Table 7.1.

The following catalysts were tested for water-gas shift

activity
1~Co/Mn0 : Co : Ma= 3:1
2-—C0C\'.‘204 : Cg i Cr=3:1
I-caMO : Cut M= 13

T N R g 5
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and tested in the manner described in chapter 2.

Table 7.1 : Composition of sulphur containing feed gas

% (mol)

| Component: Cylinder 1 Cylinder 2
Hy 30.5 3.5
Ny 4.2 3.8
co 56.8 57.9
o, 8.4 6.7
Total sulphur 0.00011 0.024
{HyS +C0S}

7.3 Results

From the results shewn
using Cylinder 1)

in Figures 7.3 (carried ot

and 7.4 (carried out using Cylinder

2), it can be seen that both the Co/MnO and the

CoCry0, catalysts not only displayed high water-gas

shift activity under these conditions, but they also

maintained this activity over an extended period of

time. These observations suggest that both catalysts do

not appear to be poisoned by the sulphur containing

components present in the feed gas. X-ray diffraction

analysis of the bulk structure of both catalysts showed
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that no detectsble changes in the individual phases i
. present in each of the catalysts as campared to the ( .
¢ sulphur-free laboratory gas studies (section 3.3.1 and s
]
section 5.2.2) were chserved. i
) { !
: Fi 7.3 : Stability studies of various catalysts ‘r?
i using coal derived feed gas containing jf‘iy R
|
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Figure 7.4 : Stability studies of varicus catalysts
using coal derived feed gas containing
240 ppm sulphuc?

200 conversion

200 £
Tineron=line / hrs,

A=Co:M=3:1;T=0Co:Cr=3:;
O=Cu s My = 1:3

a:all catalysts were tested at the same conditions
shown in Figure 7.3

7.4 Discussion
7.4.1 The Co/Mn oxide and Co/Cr oxide catalyst systems

Frem the figures presented in Table 7.1, it can be seen
that large differences exist among the vericus metal
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sulphides in temms of their themmodynamic stabilities.
For example, wmetals such  as Co or Fe have a
significantly lower free energy of formation for their
various bulk sulphides as compared to metals such as Cr
or M, which have much higher free energies of
formation of their bulk sulphides. Tms, it wes
suggested that sulphur poisenirg over Co- or Fe-
containing catalysts could ba reduced by conbining
these metals with other metals such as Cr or Mn. As the
formation of Cr or Mn sulphides would thus be
thermadynamically more favourable, cobalt would not
preferentially sulphide, assuming negligible kinetic
control (181). This “protection mechanism®, thus allows
the Co-containing catalysts to remain active for the
desired water-gas shift reaction. This theoxy, which
has been discussed in the literature (196}, would thus
explain the experimental results shown in Figures 7.3
and 7.4 for the Co/MnO and the CoCr,04 catalysts.

7.4.2 The Cu/Mn oxide catalyst system

The conversion of sulphur—containing feed gases by
means of the water-gas shift reaction over a Cu/Mn0
catalyst, led to severm catalyst deactivation at both

I
1
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salphur levels (Figures 7.3 and 7.4). This chservation
suggests that the Mn part of the catalysts did not
provide protection from sulphur poisons, even though
MnS is move stable than CupS { A G° = -185 kJ/mol
for MnS and A @ = .55.4 kJ/mol for Cus). It can
therefore be concluded that the thermodynamic
information provided failed to raticnalise the
experimental observations, However, as catalytic
reactions primarily occur on the surface, one should
lock at explaining the experimental data by analysing
the events that occurred on the surface of the Cu/MiO
catalyst: during the sulphur poisoning experiments.

In section 7.3.1 it was shown that the formation of MaS

fram HoS was ically more e than

the formation of CuS and should thereby provide &
protective mechanism to sulphur poisoning. Yet, in
contrast to the Co/MnO catalyst, the Cu/MnO catalyst
tested was found to deactivate after prolonged sulphur
exposure (Fiowes 7.3 and 7.4). However, a distinct
difference in the magnitude of the sucface aveas of the
Co/Mn®) and the Cu/MnD catalysts was found after these
catalysts had been exposed to the sulphur containing
feed gases. These surface area results are presented in
Table 7.2. B

;
{
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Table 7,2 : Surface area determined by the BET method

for the various manganese oxide catalysts

i
I
H
i
after sulphur exposure experimenta® i
i1
¥
i

Sulphur content Surface area  / mig !

/ ppm Co/MO catalyst Cu/Mn0 catalyst .

0 64.0 10.1 ;
11 0.8 3.7 |
240 25.7 2.1 |

a : Surface reas were determined after the catalys.s {

had been on-line for ca. 600 hours

Now, combining both the thermodynamic results and the
surface area cbservations, the sulphur poisoning .
" !

! 1
process for a Cu/Mn0 catalyst can ke envisaged as fue

i

{

1

follows -

i Firstly, the MO component of the catalyst allows the
i

catalyst to absorb sulphur, by the thewmodynamically
favourable reaction to form nanganese sulphides and

H0.

‘ eg. HoS + MnO === MnS + Hy0,
AG = -185 kamol ™t

TR T TR
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This reaction step takes place on the surface of the
MnO crystals. However, the large sulphide anions can
geametrically block the passage of reagent gas (eg. CO
or Hy0) to the remaining active Cu centres in the
structure of the catalyst. The cbserved distinct loss
in surface area (Table 7.2) upon sulphux exposure'to
the Cuw/HnO catalyst confiyms that the pore structure of
this catalyst had been adversely affected by the

S-containing molecules.

Thus, the Cu/Mn0 catalyst can be considered to have
been poisoned primarily by the geametric blocking of
the active sites by adsorbed sulphur, which resulted in
the ically favoured fi of

sulphide. Support for such a sulphur poisening
wechanism can also be found in the litérature (5, 181)

7.5 Sumary

Sulphur poisoning studies were carxied out over the
CoCry04, Co/MO and the Cu/MnO catalysts by feeding
gases conaining diffexent levels of sulphur (1 ppm and
240 ppm). The results obtaired indicated that only the
Cu/MnQ  catalyst was found to d/zact.\:.vabe after prolonged
exposure of either of the sulphur containing feed

g

|
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gases. It was found that the formation of manganese
! sulphides and chromium sulphides were themodynamically
more favourable than the foomation of cither copper
sulphides or cobalt Sulphides. Thus the manganese and b
the chromimm catalyst supports wexe protecting the .

active components of the catalyst from deactivation, i
The fact that the Cu/MnO catalyst was nevertheless
found to deactivate even after low level sulphur
exposure, was believed to have been due to the
geometric blocking of the active Cu sites by the I
manganese sulphide product. A distinct loss of the !

catalyst’s surface area after exposure to the sulphux- ;
containing gases and similar observat ons and results !
- reported by other researchers were found to support
this theory.
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8. CONCLUSICN

This Thesis has endeavoured to cover several important
aspects water-gas shift catalysis. In Chapter 1, a
historical overview of the development of various
water-gas shift reaction catalysts and their
mechanistic and kinetic workings was presented.
Furthermore, the need to develop a novel stable and
sulphur tolerant high activity water-gas shift catalyst

was identified. ical and ical

for . the  identification, preparation  and
characterisation of such catalyst systems were
described in Chapter 2.

These developments led to the identification of three
novel high activity water-gas shift catalyst systems
(ie. 1) Co/Mn0 ; 1i) Cu/MnO ; iii) CoCry04).
Optimisation studies for the Co/MnO catalyst system
(which were presented in Chapter 3) indicated that a 1
% (m/m) co/m catalyst with a Co:Mn ratio of 3:1
exhibited its highest CO conversion activity with
minimm  CHy  by-product  fomation at  350°C.

F i data was in Chapter

3 to show that the water-gas shift reaction and the CO
hydrogenacion reaction, to produce c products, did
not proceed simuitaneously over this catalyst system.

|
3
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P comparisnn of other manganese oxide containing 5
water-gas shift catalysts, was presented in Chapter 4 {
! and revealed the following specific (i.e. corrected for

surface avea) reactivity pattern :

Cu/Mn0 > Co/MnO >> Fe/MnO
In contrast to the Co/MpO catalyst system, Cu/Mn0 was
found to display <‘- hishest water-gas shift activity :
{ at low Cu loadings . CasMn = 1:3), Although, the |
Cu/Mn0  catalysts had the highest specific activities of !
all the Mn0 containing catalysts tested, they !
nevertheless lost their catalytic activity when ;

temperature of 400°C. :

{
}
!
2 . operated continuously at their optimm operating
i
|
i
i

) A third novel high activity water-gas shift catalyst ;
i system was also identified in the form of CoCr;0,-
This catalyst was found to give an optimm CO
corversion activity at high temperatures (350-400°C)
and high cobalt loadings (Co:Cr = 3:1), However, it was »
also found that the CoCry0, formilations tested i
produced  significant levels of CHy by-product which

N
was believed to have formed on the non-metallic Co
) sites.
In oxder to obtain a better understanding of the events
¢ ocowrring on the catalysts’ surfaces, both kinetic and
)

mechanistic model reagent studies | ad  to the

SF L Rt SRl L S TR )
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derivation of mathematical rate laws as well as the
proposal of mechanistic reaction cycles {Chapter 6).
Based on the results optained for the model xeagent
studies, the watexr-gas shift xeaction was found to
proceed via the fomwation of various surface formate
intermedistes for all three catalyst systems studied.
However, the kinetic results obtained for the Co/Mn0
and the CoCr,0 catalysts showed that the reaction
could also proceed via a regenerative “Temkin® type
mechanism at a high partial pressure of CO.

Finally, sulphur poisoning  experiments clearly
indicated that, with the exception cf the Cu/MnO
catalyst system, all the novel high activity catalysts
developed were found to be sulphur tolerant under
water-gas shift reaction conditions and sulphur levels
up to 220 ppm. Hence the work presented in this Thesis
has laid the foundations to further industrial scale
developments in the field of substitute high activity
water-gas shift shift catalysts, which can also be
operated in a plant utilising coal-derived synthesis

gas.

e
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APPENDIX 1

The methods used were based on the work of van der Riet
et._al. (79-81), who prepared various manganese oxide
supported catalysts for Fischer-Tropsch synthesis. All
work was carried out using the experimental equipment
shown in Figwe 2.1. Routine experiments were carried
out to optimise the parameters (viz. temperature, pH or
precipitating agent) used to prepare the various
catalyst systems studied. This apparatus was used in
such a way that it allowed for the simultaneous
precipitation of two metal nitrates. Variations in the
xatio of mixing these metal nitrate solutions
detemmined the final active componsnt : support ratio
of the catalyst. It was found that for all catalysts
prepared a direct correlation between these ratios

existed.

The mixed metal nitrate solutions (0.75 M ; Merck
Chemicals) were then preheated in the temperature
controlled water bath to the yequired precipitation
temperature as detailed in Table 2.1. A peristaltic
pavp (Gilson Minipuls 2) was used to transfer the
solutions of nitrates as well as the precipitating
agent. to the reaction vessel. The flow rates of both
solutions were kept at 5.0 ml/min. Tt should be noted

TRy T
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at th.\,s point that different experimental conditions
were used to prepare the various catalysts tested. A
detailed breakdown of these conditions can be found in
Table 2.1.

Table 2.1 : Experimental parameters used for the
preparation of the various catalyst systems

tested

Catalyst system

Co/Mn oxide [Cu/Mn oxide | Co/Cr oxide

Temperature
/°c 70 25 70

[Metal nitrate]

fmol/L 0.75 0.75 0.75
Precipitating | 30 % (vl) | 1M 30 % (voly
agent Ny NayCO3 Ny

o 8.30 8.70 9.30

The pH of the solution was continuously monitored
{Swiss Lab digital pH meter connected to a Ross Orion
sleeveless junction electrode) and maintained to an
accuracy of 0.0l pH units during the preparation
procedure by mamally adding either dilute nitric acid

or amonia solutions. The precipitating solution was

constantly stirred magretically.

£
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Reaction time was about 1 houx and yielded about 5 g of
solid material suspended in solution. The solution was
: then vecuum filtered at the reaction temperature i
' (Whatman No. 31 paper) and weshed epestedly with
distilled water to remove any nitrates or carbonates.
The co-precipitated material was dried at 110 °C
under vacaum (S kPa) for 16 hours.

Figure 2.1 : Schematic representation of the
\ experimental set-up used for the
co-precipitation method 3

pH meter
P electrode i
Pump

magnetic, stirrer
ammonia  solution ;. )

metal nitrate solution

water bath
heater/ putp
;
o
t
|
. | !
. ;
) The catalyst meterial was analysed to detemiine the .

metal ratios using atomic absorption spectroscopy (AAS)
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(Varian Techtzon BA4). This was done by dissolving
about 0.100 g of material in boiling aqua regia and
diluting it 100 times with distilled water. Calibration
curves were then obtained and the concentrations of the
various metal components were detémmined from these
curves. Typical results obtained showed that if the
metal nitrates of cobalt and manganese were mixed in &
1 : 1 ratio, then the final co-precipitated catalyst as
prepared by the method outlined in this section had a
cobalt ¢ manganese xatio of 1 : 0.98. Similar results

were obtained for the otber catalyst systems tested.
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APPENDIX 2

or Incipi Wetness" method

This method was used to introduce a small amount (viz,
0.5 - 2. % (m/m)) of a third metal component {eg.

o ium) to the pores of the
co-precipitated catalysts. These components were added
to a dried catalyst by just wetting it with the minimm
volume of a solution containing these promoters. The
wetted catalyst was then dried under vacuum (5 kPa),
and the third metal comgonent remained in the

catalyst’s pores.

A typicel example of the method followed to introduce
potassium to a Co/Ma oxide catalyst will now be given,
In order to prepare any other three-component catalyst
system, this method was only modified by making the
required changes to the amount or nature of the third
camponent to be added.

It was found that 0.612 g of water just wetted 1.000 g
of co-precipitated, dried, Co/Mn oxide catalyst. Thus,
in order to add 1 % (mw/m) of K to 2.000 g of Co/Mn
oxide catalyst, 0.141 g of Ky03 were dissolved in
1.22¢ g of water and this solution was contacted with
the Co/Mn oxide catalyst, The wetted catalyst was then
dried at 110°C under vacwm (5 kPa) for 16 hours,
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All  pramted catalysts were prepared according to
similar procedures using the following metal salts:

Ky, and Mn(NOg) 5 dHa0.

Again, the use of salts containing sulphur or chlorine

was avoided since these elements are potential catalyst
poisons.

i ;
3

(v é

:
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Catalyst pretreatment v
]

The dried co~precipitated catalytic material, which was

produced in powder form, was pressed (20 tons/cw?) in
i order to obtain a hard pelloted disc. This disc vas
broken down and sieved to obtain catalyst particles of
the size 0.500 mm - 1.180 nm. These particles were then
; further treated, bassd on procedures outlined in the
litexature (79,82-84).

Tablg 2.2 : Calcination temperatures? during catalyst X

w

pretreatments
Catalyst system 9
Co/tn oxide Co/Cr oxide Cu/Mn oxide
! 500°¢ 500°C - increased from
! isothemmal isothermal 150 to 350% g

for 16 hours for 16 hours within 2.5 hours
3509C for
3.0 hours i !

o as all calcinition was carried out in air

o The calcination and reduction conditions used for the
Co/Mn and Co/Cr oxide catalyst systems were adopted

i
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from work cesried out by van der Riet et, al. (79). For
the Cu/Mn oxide catalyst system, sork done by Klier et.
al. (82), Ray et. al. (83) as well as Sirgh et. al.
(84) fommed the basis for choosing the relevant
calcination and reduction conditions. The exact
parameters for the calcination and reduction of the
various systems are shown in Tables 2.2 and 2.3
respectively. A lower caicination and reduction
temperature was used for the Cu/Mn oxide catalysts as
compared  to the Co/Mn oxide and the Co/Cr oxide
catalysts to pxevent  sintering during these
pretreatment stages.

Table 2.3 : Reduction conditions fox the various
catalysts tested

Catalyst system

Co/Mn oxide} Co/Cr oxide Cu/Mn oxide

Gas used Hy Hy 2 %.(vol} Hy

98 % (vol) N,
GHSV 200 200 1000
/Mt

Temperature] iscthermal isothermal | from 150 to 250

°c 400 400 in 2 hours and
for 16 hours |for 16 hours | then 250 for
16 hours

i
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BPPENDIX 4
Stainless steel peactor assembly u catalyst
testing

A schematic representation of the reactor assembly is
given in Figure 2.2. This set-up allowed for the
similation of the catalysed water-gas shift reaction on

a laboratory Lench scale (eg. 2.0 g)-

It should be noted that all squipment, escept the feed
gas and the analysis section was triplicated in order
to allow three catalysts to be tested simultanequsly.
what follows will be a descripticn of the function and
cperation of one of such reactor units. Using this

cazbon ide and (>99.9 %

purity, supplied by Afrox, South Africa) were fed to
the evaporator part of the reactor assenbly. Nitrogen
was introduced as an inert tracer gas as well as a
catalyst coolant as the water-gas shift reaction is an
exothemmic reaction. Gas flow control, at a manifold
pressure of 100 kPa was carried out using Aalboxg
standard flow meters (0-2 1 gas/hour). Water from the
reservoir was introduced by means of a peristaltic pump
(Gilson Minipuls 2) capable of flow rates as low as
0.60 g/hr, The avaporator was designed and manufactured
in the University workshops and a detailed schematic

diagram is shown in Figure 2.3.

et e o
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3 Stainless steel reactor assembly layout
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Fiqure 2.3 : Schematic diagram of evaporator

2
_ 3
Key : 1 = 1/4" gas inlet tube
4 2 = Thermocouple
3 = 1/4" gas outlet tube
4 = Bvaporating section
> 5 5 = Preheating section
5 = 1/8" Hy0 inlet tube
7 = metal beads
& 8 = 1/16" restriction

The evaporator was heated to 110 OC using a
thermostatically controlled electric heating tape
(Electuic Elements , South Africa). The temperatuxe of
the water, which was introduced to the evaporator via
the 1/8" stainless steel tube was first msw in
the preheating section and finally converted to steam
in the evaporating section. The steam was then
hemogenised with the nitrogen and carbon monoxide feed
gases in the upper mixing section. The final nitrogen,
carbon monoxide and  steam mixture was then channelled
to the 1/4" stainless steel cutlet tube, It was found
that this evaporator design allowed for the evaporation

of water, even at £low rates as high as 10 g HyO/hr.

| = crmoe e—
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Thus this design was considered satisfactory for the
testing of the various catalysts. The outlet line of
the eveporator was comnected to the inlet of the
microreactor and in omder to avoid water cordensing
inside this line it wes electrically heated using a
rheostat contxol, which kept the temperature between
150% and 180%.

The r:actor design wes very similar to the one used by
van der Rist (81) for his Fischer-Tropsch catalyst
studies and was originally based on a design by Karf
and Espircza st. al. (85). A detailed layout of this

design is given in Figuve 2.4.

The reactor consisted of two main sections:

The First section was the preheater and here the
reagent gas ‘temperature was slowly brought up to the
catalyst bed temperature. The second part was the
catalyst bed, in which about 2.0 g of catalytic
material was supported on a metal grid. With the
reagent gases entering the reactor at the top and the
catalyst supported in the centre of the reactor, it can
be said that the reactor design was of a fixed bed
down-flow microreactor type and it exhibited plug flow
characteristics.

Electric heating tapes, governed by a tewperature
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Figure 2.4 : Details of reactor design

Rey : 1 = Thermocouple
= Mut
= Stainless steel seal

= Reactor insert

iy
UJ_—'T

4 = Thermocouple holder

= Top plate

= Bottom plate

5
5 ——7
7

2
3
4
5 = Preheating section
6
7
8
9

= Reactor cutlet ]

10 = Reactor inlet

i

i .

! 1 11 = Catalyst bed
i

:

] :

} controller {RKC Instxuments), allowed for an sccurate
i temperature control of +/- 1,0°C. The controller

¢ monitored the catalyst tewperature by means of a

i with an {ron/copper-nickel junction (type

J). This themocouple was fitted into a well, which

extended into the centre of the catalyst bed.

. A dual-trap system removed any unyeacted water from the
¢ product gas mixture before analysis. This was found

necessary as  water could have damaged the gas
chromatographic coluns used to carry out the product

C
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identification. The trap system consisted of two 500 ml
Dreschel bottles which were kept at room temperature.
The unreasted watsr was condensed in the first trap and
the complete water removal was achieved in the second
trap, which contained anhydrous calcium chloride drying

agent.

A comuter controlled valve system selected the
individual product Streams, which were analysed. This
system used 1/8" hrass ASCO on/off valves which could
be individually switched on and Off through the
contxols on the ics SP 4290 i e, via

an external events module. A schematic representation

of this operation is given in Figure 2.5.

Figuze 2.5 : Valve system used to select individual
product streams

EELE:

[
TETE ]
2

1
= Integrator 3

= Externa) events module

= Relay box

= 3-way valve

= From reactor 1

o m e W N e

= From reactor 2

~

= From reactor 3

@
[

=10 gas

w

= To vent
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Bopendix 5
Glass veactor assembly for the istic co-feeding
Sxperivents

The basic reactor design of this apparatus was
essentially the same as the one described in
Appendix 4. Figure 2.6 gives an overall layout of the
individual components used for this reactor assembly.

FPigure 2.8 : Glass reactor used for mechanistic studies

vent

GC

Key : 1 = Flowweter 4 &
2 = Evaporator containing organic liquid
3 = Reactor

4 = Trap 1 (0%)

Gas sample point
6 = Trap 2 (~30°)

CTTEETETTST
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The manifold section used for the introduction of the
feed gases was identical to the one employed in the
stainless stesl reactor assembly. However, instead of
introducing water to the system, organic liquids,
requized for the mechanistic experiments (eg. methanol,
and  formic acid) were co-fed. These liquids were
introduced by means of & tubbler system, in which a
controlled flow of fesd gases (eg. nitrogen or carbon
monoxide) were passed through a Dreschel bottle
containing the liquid. To further control the amount of
liquids to be evaporated, the Dreschsl lLottle was
electrically heated, by means Of a temperature
controller similar to that described in Appendix 4.

The cylindrical resctor (400mm long ; ISmm inner
diameter) was made from quartz glass, containing a
porous sintered disk in the centre to support the
catalyst particles. Temperatwre control was again
carried out by meaus of a thermostatically controlled
heating tape, which had been wrapped around the

reactor.

The trap system was slightly modified, to allow for the
complete removal of any organic components. The liquids
produced during the course of the reactions were
condensed in a two Stage trap consisting of Dreschel

bottles. The first trap was kept at room temperature
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¢ and the second trap was cooled down to -309C, using a
:
i liquid  nitrogen/ -acetone mixture. On-line gas
, chronartographic  analysis was used to identify the
: inorganic products. The organic fraction was analysed H
i i
: using off-line gas chromatography. Gas samples were i
1
3 taken after the first trap and analysed by the
hni described in ix 6.
:
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Prodyct snalysis

A preumatically operated six port sample valve (Valco,

Switzerland), containing a 2.0 ml sample lcop was used
to inject the various gas samples into the on-line gas

, Chramatograph. A diagram of the valve’s cperation is i
: given in Figure 2.7. ) )
| Eigure 2.7 : Pneumatically cperated gas chromatographic L‘
f B sanple valve 2
! 0
i 3 3
O
1 1
: 4 ‘
; < 4
: L 5 |
5 5
sample position inject position
Key : L = GC carrier gas 4 = Vent
2 = Sample loop (1.0 mi) 5 = &C colum i
© i
3 = From reactor § = To detector
i
The valve was switched by camands sent from the |
Spectza-Physics 4290 integrator. This set-up allowed i
o H L
I ] {
i ]
sl \{ i
! H
3 N
: b1 o
o }
L
A Pk R I




e g

221

for programwble gas sample injection into the on-line
Hewlett Packard 5730A gas-solid chromatograph, which
contained a 3 m X 1/8" Carbosphere column (Alltech
associates, 60-80 meshj. This colum was fomd to :

separate Hy, N, CO, CHy and COp very well. It .

. should be noted that the separation of N, and Oy i
could not be achieved with this column. However, a ;
separate off-line analysis, using & molecular sieve g
! : column confirmed that the Oy levels were less than
0.001 % for all work carried out. The carbosphere

colum was operated isothermally at $0°C using argon

as a carrier gas (20 ml/min) and utilising a thermal i
i conductivity detector (TCD). The detector cutput was

to  an i integrati system I
(Spectraphysics SP 4290), which allowed for accurate O

and reproducible data collection.

Hydrocarbon  and organic oxygenate analysis (C3-Cp)

was carried out using an off-line Pye Unicem 204

! gas containing

: a 2mX 1/8" Porapsk O colum (Waters Associates Inc. ,

‘-\ 80-100 meshj, using nitrogen as a carrier gas (20
[ ml/min) and a flame ionisation detector (FID) unit. A

i similar gas sample valve as for the on-line unit was
i used to introduce the gas mixtures to be analysed, but
the valve was mamually operated. Liquid samples were

injected with a microsyringe into a preheal:d injector

T T T T e
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block, where evaporation took place and the carrier gas
then fed the sanple into the column. Data acquisition
was carried out using the second chamnel of the
electronic  integrator, whose operation will be
desaribed later.
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Bppendix 7 :
Dita ion and caleulation
The signal from the themmal condictivity detector was
transferred to the Spectxa-Physics SP 4290 electronic i ;
integrator, which convarted it to an area count for the 4
various components analysed for. The integrator also
provided a gas trace of ‘time X
versus detector response as shown in Fiqure 2.8 for a
typical analysis. 1
;
Figure 2.8 : Chromatogram of a typical permanent gas B
i :
analysis 1 .,
SHENHEL A IHJECT  48-U9-~86 1H:12:59 i ‘0
i £ 8 10 1 Y i
Tore B 5 ;
2 ;
5 { ;
B 15-69-36 10:24:51 "R PE= 4 B
FIE 4 HETHOD 1. RUH &4 HpER 36 ;‘
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A romalisation method was used to cbtain quantitative
results, after correcting for detector response of the

various comgonents. The method of correcting for

detector response of the individual components was

cutlined by Dietz (86), who tskulated the response
factors for many orgamnic and inorganic compounds.
However, from  expeviments perfonned in  oux
laboratories, it was found thst Dietz's response
factors were considered toc inaccurate for the work
presented in this thesis. Thus, a standaxd
pre—calibrated gas  mixture,  containing  known
quantities of all the components analysed for was
obtained from Afrox's special gas division and injected
into the gas chromatograph. The individual response
factors were then calculated from the area counts
cbtained for esch component and nomalised using
nitregen as the base.

The factors were then enteved into the integrator’'s
data evaluation program which was used to calculate the

volume % of each componer... using the following formula:

Area count (i) X RF(i)

& vol (i) = X 100

i(Area count (i) X RF(1))
i=l
where % vol {i) = volute percent of component i
RF (i} = response factor of component i

Area count (i) = area count of component i
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Flame ionisation detector (FIDj response was also
comverted to an area count using the secord imput
channel of the integrator, which monitored and recorded
the both the TCD and the FID signals simultaneously.
The integrated FID data was corrected for detector
vesponse, by using the literature correction factors
(86). For campounds not covered in the literature, a
fnown volume of the compound was injected into the gas
chramatograph  and the relevant response factor was then
calculated. Once the corrected arsa counts were
obtained, the ryesults for all the organic compounds
were normalised and a % selectivity on a mass basis was

obtained and xeported.
A1l catalyst wctivities were expressed as % (O
conversion, which was calculated using the following

formula:

moles CO in - moles CO out

moles CO in

|
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o t_cl terisati

Powder X-ray diffractonetry (XRD) was used to detezmine
the crystalline bulk structure of the various catalyst
i igated. The ion included a

Phillips PW 1050 diffr » which i a

copper anode and & graphite monochramator. The peaks of
the individual spectwa obtained were uanually assigned
using data in the JCPD file.

BET surface area measurements wexe determined with a
Carlo Erba Sorptomatic Series 1800 analyser. The
samles analysed were heated and degassed at 1109C
for & hours under nitrogen and adsorption isotherms
were plotted and the surface area was calculated using

the BET equation.

In order to supplement the XRD data obtained, DSC and
TGR  were also undertaken. These experiments were
carxied out using -~ Dupont 9500 thermal analysis
system, which was ! n o to a 910 DSC as well as a 951
TGA moxiule.

The various catalysts investigated were heated from
ambient temperatwre to 550°C at a steady rate of

y
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K 5°%C/min, in the presence of various gases hydrogen.
i These techniques allowed for the detection of phase
changes (DSC) as well as weight changes (1GA) in the
catalysts, which could be interpreted as changes in the k
bulk structures at specific temperatures.
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Appendix 9
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2} F.M. Gottschalk, R.G.Copperthwaite M. van der Riet i

i and G.J. Hutchings
Cobalt Manganese Oxide Weter-Gas Shift Catalysts:

Competition Between Carbon Monoxide Hydrogenation
and Water Gas Shift Activity
Bppl. Catal. , 38 , 103 , (1988)

3) G.J. Hutchings, F.M, Gottschalk, R.Hunter and
§.W. Orchard
Cobalt Manganese Oxide Water-Gas Shift Catalysts:

i A Kinetic and Mechanistic Study

~ J. Chem. Soc.,Faraday Trans. 1 , 85 , 363 , (1989)
[ 4) G.J. Hutchings and F.M. Gottschalk
cobalt Oxitie Wat shift. Catalysts:

3 Comparison with Copper Manganese and Iron Manganess
catalysts .
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LIST OF PUBLICATIONS (continued) }“
| |
M
5) F.M. Gottschalk and G.J. Hutchings N
Catalyst Material
South African Patent No. 9002 , (1987)
. 6) F.M. Gottschalk and G.J. Hutchings .
\ ;
‘ Catalyst Material %

i South African Patent No. 5269 , (1988)

7) F.M. Gottschalk, T. Sangiorgio and G.J. Hatchings
Method for the conversion of CO
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