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&BSIBACT

The water-gas shift reaction (HgO + CO Hg + CO;) 

is used extensively in a nunber of industrial processes

either to produce the large tonnages of hydrogen

required in the manufacture of ammonia, or to adjust 

the CO/Hg ratio of synthesis gas for the manufacture 

of chemicals. At present most production units operate 

a two stage process involving an Fe/Cr oxide high 

temperature shift catalyst (to reduce the CO content of 

gas derived synthesis gas frcm about 10 irole % to ca* 3 

mole 1) followed by a low temperature shift unit which 

utilises a Cu/Zn oxide catalyst (to further reduce the 

CO content to s^l 0.3 mole %). However, as the Cu/Zn 

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 various novel high temperature 

water-gas shift catalysts with significantly improved 

activity and sulphur resistivity when compared to 

current industrial formulations. Co/Mn oxide, Cu/Mn

oxide and Co/Cr oxide catalysts were .prepared by 

co-precipitation from their respective metal nitrates 

and tested for water-gas shift activity using a 

laboratory scale (2g catalyst) testing rig. Catalytic



activity was found to fee mainly a function of the metal 

ratios as well as operating temperature. Under optimum 

conditions, all three catalyst systems were found to 

give appreciably higtier activity when compared to an 

existing Fe/Cr based cannsrcial catalyst.

Kinetic and mechanistic investigations revealed that 

the water-gas shift reaction proceeded via the 

formation of surface formate intermediates over all 

three catalyst, systems tested. Furthermore, a 

regenerative "Tsndcin 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 vrere also carried out by 

co-ieedL.^ different levels of sulphur (i.e 1 ppm and 

240 ppn total S). ihe 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 valuable as substitute 

commercial high temperature water-gas shift catalysts.
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1.1 History of catalysis

■ Catalytic power actually means that substances are 

able to awake affinities which are asleep at this 

temperature by their mere presence and not by their 

own affinity "

This was part of the definition first proposed by 

Berzelius (1) in 1836 about an unexplainable power that 

has turned out to be a major driving force in the 

chemical industry. Berzelius was referring to the

observations made in the early 19th century, when it 

was noticed that a number of chemical reactions were 

affected by the presence of trace anounts of foreign 

substances that did not take part in the reaction 

itself. Considering what little was known 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 be 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 tine when wine, vinegar and 

soap were made using catalytic techniques, although 

their workings were not entirely understood.

It was only in 1746 when modem industrial catalysis as 

we know it came into being with the introduction of the 

"lead chamber process" for the manufacture of sulphuric 

acid. In this method nitric acid was used to oxidise 

SC>2 to SO3 in an aqueous environment. Mi rest 70 

years later, in 1831, the above mentioned oxidation of 

SO2 was carried out over a platinum surface and was 

patented by Phillips. It was first carried out on a 

comercia^. scale by Squire and Messel in 1875. By this 

time the catalytic production of chlorine gas £rm IC1 

and air over a supported CUCI2 catalyst (2) had been 

introduced by Deacon in 1860. From then onwards 

followed a never ending surge of developments of 

catalytic processes operated on an industrial scale.

It was the understanding brought to the subj-ot by the 

Nobel prise winners Bosch and Hater (introducing the 

catalytic production of anitmia frcm hydrogen and 

nitrogen in 1913), and Ziegler and Natta, who in 1955 

developed a catalyst that could polymerise ethylene at 

low pressures, which transformed the "black art" of 

catalysis into the science as we know it today.



The production of ammonia,

N2 + 3 H2 *5=^ 2 KH3 (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 Hafcer-Bosch process, 

hydrogen was manufactured by means of electrolysis or 

by dissolving iron in sulphuric acid (3). However, 

these processes only allowed for the production of 

hydrogen on a small scale. Thus the need for

large-scale hydrogen production was recognised.

1.2 The water-gas shift reaction

Already before the turn of tie 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 t’se CO 

shift reaction.

™(g) + H2°(g) ^  h2 (g) + (g) i1'2)

This reaction is an exothermic (AH = -40.6 IcJ/mol)

chemical change controlled by a thermodynamic



equilibrium, which can be accelerated by a catalyst. 

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

volume during the reaction, the equilibrium constant is 

therefore independent of pressure.

1.3 Applications of the water-gas shift reaction

Ihe water-gas shift reaction has bee are a veil studied 

reaction of industrial importance (5-8), as it not only 

produces hydrogen, but can also be utilised to remove 

any unwanted carbon monoxide. It was these two 

applications that ensured this reaction an integral 

part in many large scale ch^tilcal operations.

The itost important use of the water-gas shift reaction 

will always be in the production of amrronia, where it 

not only produces sufficient hydrogen, but also removes 

unwanted carbon monoxide, which would otherwise poison 

the amronia synthesis catalyst. However, there are far

more areas where 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:

CH4 + H20 ?=& (1.3)



The water-gas shift reaction was then used to "shift" 

the unwanted cartoon nonoxide together with more steam 

to produce irore hydrogen and carbon dioxide. The carbon 

dioxide could then be easily rarctved in a cryogenic 

"rectisol" unit.

Further applications can be found in the 

Fischer-Trqpsch industry, where, for the hydrogenation 

of carbon monoxide, a feed gas containing about tvro 

parts hydrogen and one part carbon monoxide is 

required. Synthesis gas derived from various sources 

{eg. coal gasification or steam reforming of 

hydrocarbons) yield a H g i C O  ratio of about 1 : 1. 

The water-gas shift reaction is then used to convert 

the excess CO and produce rrore hydrogen so that the 

required H2 : 03 ratio is reached.

Other applications of the water-gas shift reaction 

include the detoxification of town gas (9) and 

automotive emission control {10) where the lowering of 

03 levels is required. Sore speculation and research

(12) has also been aimed at employing the CO-shift 

reaction for hydrogenation by using H20 as the 

hydrogenation agent instead of Hg. Here the 

hydrogenation of coal could bring about a new means of 

hydrocarbon production, with the ever increasing demand 

for hydrogen, the water-gas shift reaction is certain 

to continue as an Important industrial process.

'-O', - n



1.4 Catalysts used for the water-gas shift reaction

It has been found that the water-gas shi.'t reaction is 

catalysed heterogeneously by many iretals and metal 

oxides and recently the academic interest in 

hcrrogeneous water-gas shift catalyst systems has 

increased (40, 44-46). Woe (13) and Grenoble et.al. (8) 

give accounts of the activity of various matals for the 

water-gas shift reaction. Grenoble found the activity 

of alumina supported metal catalysts (at 300° C) to 

decrease in the following order :

C u > R e > C o > N i > P t > O s > A u > F e > P d > R h > l r

toDwever, only two classes of catalysts are currently 

used on an industrial 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 I960' s.

1.4.1 High temperature water-gas shift catalysts

The history of the Pe based high tsnperature shift 

catalysts can be traced back to -1913, when BASF claimed 

the use of an iron oxide based catalyst that could be 

pram ted with other metal oxides including thoria. It 

was soon found that these iron based catalysts could be



operated successfully in the temperature range : 320 to 

450 °C - hence the naire "high temperature" shift 

catalysts. These catalysts were found to contain about 

70 - 74 % Fe2°3 and 8 - 10 % Cr203 and other

volatiles (14) in their precursor stage. However, 

Markina et. al. (15) showed that the optimum CrgOg

content appeared to be about 14 % (wt). It is generally 

believed that the CrgOg only acts as a stabiliser 

to prevent deactivation due to high temperature

sintering, and not as a catalytic promoter. This 

finding is best supported by the vrork of Singh et. al.

(16) who observed that catalysts prepared without 

CJ.-.5O3 lost catalytic activity much faster than the 

CC2O3 supported Fe203 catalysts.

Before use, the high temperature water-gas shift 

catalysts have to be activated by means of partial 

reduction of FegOg to form F e ^ . This step has 

to be carried out under controlled conditions as the 

fonnation of metallic Fe must be avoided because it

catalyses the highly exothermic methanation reaction

(17) shown below.

CO + 3 H2 v =* ai4 + H2O (1.4)

Gonzalez et. al. (18) give a good discussion of the 

influence of thermal pretreataent and reduction



conditions on the activity of various high tenperature 

water-gas shift catalysts. They concluded that the use 

of pure hydrogen gas or a gas mixture comprising 

hydrogen, nitrogen, carton nonoxide and water vapour 

were best suited as reducing agents to obtain a highly 

active Fe^O^ / Cr^Og water-gas shift catalyst. 

Furthermore, they claimed that the use of these two 

reducing mixtures eliminated an over-reduction as long 

as the temperatures were kept below 500 °C. These 

findings are also in agreement with those of Bohlbro 

@t. al. (19), who recommended a reduction temperature 

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

temperatures result in decreased catalytic activity 

due, presumably, to sintering of the active phase.

Another feature of these ferrochrcme catalysts is their 

very long lifetimes, with continuous industrial

operations of rare than two years laving been achieved 

(20). nevertheless, these catalysts do show sane 

deactivation with time-on-line, and this problem has 

been the subject of numerous studies (21-24) with many 

theories being proposed as to the causes. Ahmad et. al.

(23) for example claimed that the deactivation was due 

to various tenperature and time-on-stream factors. A 

more detailed explanation is given by Chinchen et. al,

(24), who reported two forms of decay - the initial



fast decay and the subsequent slow decay of activity. 

They attributed these foots of decay to the rapid 

sintering of Fe^O^ crystallites which are in 

contact with each other. They then clairred that after 

seme tine CrgOi crystallites will separate tie

Fe304 crystallites and the deactivation process 

will slow down. In practice, the loss of activity of a 

high temperature shift catalyst is compensated for by 

increasing its operating temperature (5), which in turn 

restores the catalytic activity.

In contrast to the copper-based low temperature shift 

catalysts, which shall be discussed later in this 

chapter, the ferrochrane catalysts are not very 

susceptible to poisons, thus making than ideal choices 

for plants operating on oil-based or coal-based 

feedstock, which contain sulphur compounds. Bohlbro 

al. (19) found that snail levels of sulphur (i.e. < 10 

ppm) had next to no effect on the catalytic activity, 

but that at sulphur levels higher than 100 ppm the 

catalysts' activities decreased approximately 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 

ppm, before having adverse effects on the catalytic 

activity.



Fran this discussion of the high temperature 

ferrochrare shift catalysts, it can te seen that they 

are adequately suited for operation on current chemical 

plants. They represent a generation of catalysts which 

are not only reasonably economical to manufacture, but 

also show good water-gas shift activity 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 attraction of 

developing a yet more active catalytic material, which 

otherwise has the same advantages as the Fe-based 

catalysts, still exists.

1.4.2 Copper based low temperature water-gas shift 

catalysts

Copper based materials have been known to catalyse 

various reactions carried out on an industrial scale, 

such as carbon monoxide oxidation (25), methanol 

synthesis {26, 27), and nitrous oxide decomposition 

(28). However, in the field of water-gas shift 

catalysis, the use of these copper based materials was 

k nly reported in the literature in the mid 1960's, when 

Uchida et. al. (29) reported an active zinc

oxide-copper oxide catalyst for carbon monoxide shift 

conversion. They found that the optimum Cu/Zn atomic 

ratio for their type of catalyst was about 0.4.



Studies have since been carried out to determine the 

various phases present in this catalyst system. In sore 

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 2nO. Structural studies have also been carried out 

on the active form of the Cu/ZnO catalysts. These 

studies have shewn 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 iias 

been shown (32) that a Cu catalyst supported on alumina 

showed the same activity as a Cu catalyst containing 

significant amounts of ZnO. Thus, it now be concluded 

that Cu matal seems to be the active phase and it 

appears that ZnO acts as a structural...support in order 

to stabilise the surface area of the Cu metal. This 

theory is also supported by tfchida et. al. (33), who 

used X-ray diffraction analysis to confirm the presence 

of Cu metal and ZnO as the only major phases present in 

their active 1cm terperature water-gas shift catalyst.

The Cu/ZnO catalysts are generally operated at much 

louer temperatures than the Fe based high terperature



shift catalysts. Typical operating temperatures range 

from about 210°c to 240°C (34). As Cu is known to 

sinter readily at elevated temperatures (35, 36), an

operating tenperature of higher than 280°C should be 

avoided in order to prevent catalyst deactivation (5). 

Even though the low terperature 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 reacting to form zinc sulphide and water. 

Thus in an industrial water-gas shift reactor,

operating with a Cu/ZnO catalyst, it is possible, that 

the upper part of the catalyst bed will only be used to 

reirove any sulphur inpurities by absorbing them onto 

the ZnO, and the lower part of the ted will be used for 

the CO shift reaction. Hawker furthermore described 

chlorine, which is generally present in tlie form of 

HC1, as a note severe poison than sulphur, as it 

increased the sintering rate of the Cu/ZnO catalyst. It 

thereby reduced the overall surface area of the 

catalyst, leading to loss of activity.



This short discussion on copper containing lew 

terperature shift catalysts has shown that these are 

highly active water-gas shift catalysts, which use Cu 

ratal as their active ccrrfonent, and ZnO as a 

structural support. They are, however, not ideal, 

particularly for ccal derived synthesis gas, because 

they are susceptible to high tenperature sintering and 

irreversible poisoning by both sulphur and chlorine.

1.4.3 Sulphided Cobalt Molybdenum based water-gas shift 

catalysts

Sulphided cobalt molybdenum catalysts have proved

themselves highly active hydrodesulphurisation 

catalysts (38,39). For this process, the active phases 

are claimed to be a mixture of CogSg and M0S2 

supported on ^  - AI2O3 (40), but due to the

complexity of the sulphided form there still exists

disagreement as to the precise structural features.

Apart frctn catalysing various hydrodesulphurisation 

reactions, this type of material has also teen 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 form (41).



Activation is generally carried out by pretreating the 

calcined Co-Ms-AlgOg precursor material with a gas 

mixture of H2S and H2 at an elevated temperature 

(42).

Comparing the sulphided C0-W3-AI2O2 catalysts with 

the Fe-based and the Cu-based water-gas shift 

catalysts, Kewsone (7) used data to shew that at 

404°C and even at 300°C the water-gas shift 

activity of a Cs prattoted C0-I4D-AI2O3 catalyst is 

superior to the activity of both the Fe-based and the 

Cu-based catalyst systems. However, in order for this 

sulphided type of catalyst to remain active, the feed 

gas has to contain sulphur carpounds at levels higher 

than normally found in process gas. Furthermore, the 

required presence of sulphur in the gas stream might be 

harmful to other catalyst systems, which are generally 

operated in conjunction with the water-gas shift 

reaction. These last two observations could explain why 

the sulphided Co-Ms-AlgCy material is not yet 

operative as an industrial water-gas shift catalyst.

1.4.4. Homogeneous Water-Gas Shift Catalysts

The introduction of harogeneous catalyst systems 

started with the "Oxo process", which was developed by 

Roelen in Germany in 1938-1946. It involved the



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 Repps 

et. al. (44), who suggested :he use of Fe(CO)5 as a 

catalyst. Jfcwe.'ar, their study only seated to be of a 

theoretical nature. The reaction was thought to proceed 

according to the following uycle:

CO + H20 ---> C02 + h2

It was not until the early 1970's that more information 

appeared in the literature in the form of patents, 

which described the use of a variety of group VIII 

metals in conjunction with phosphine, arsine or stibine 

ligands as honegeneous watej.-gas shift catalysts (45). 

Further advancement in the field was made in 1977 when 

several researchers discovered new catalyst systems for 

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

showad that a cf.calyst derived from [RhfCO^Cl]], 

(Cl and Mai in glacial acetic acid was an active 

homogeneous water-gas shift catalyst at as low- a 

temperature as 80°C. On the otter hand , Ka et. al. 

(47) and Laine et. al. (48) developed h i. leneous

H2Fe(CO)4 + CO 

Fe(CO)s + H20

Fe(CO)s + H2 (1.5) 

H2Fe(CO)4 + C02 (1.6)



water-gas shift catalysts which vrere active in a basic 

medium.

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

reaction could be catalysed under homogeneous 

conditions and the development of new homogeneous 

catalyst systems increased at a rapid rate. A system 

based on platinum chloride - tin chloride was first 

reported by Cheng and Eisehberg (49). This followed the 

introduction of numerous other catalysts based on 

ratals such as platinum (50) and nickel (51).

Numerous other homogeneous systems, mainly consisting 

of metal carbonyls have been found to exhibit water-gas 

shift activity. Laine and Wilson (45) give a gccd 

review on the composition and working of these systems. 

The major advantage of all these homogeneous systems is 

that they can successfully be operated at terperatures 

much lower than 200°C, 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 shewed that an 

amine-prcmc'-ed Ru3(CO)12 complex run in an alkaline 

solvent showed outstanding water-gas shift activity at 

a tenperature of only 100°C.

ifcwever, significant disadvantages of these catalyst



systems include their susceptibility to sulphur 

poisoning and the unfavourable costs involved in 

producing and operating such systems on an industrial

1.5. Mechanisms for the water-gas shift reaction

The classical definition of the term "mechanism" as 

found in many textbooks (52, 53), includes all the

individual collisional or other elementary processes 

involving molecules, atoms, radicals and ions that take 

place simultaneously 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 ttiat the current data 

can account for the existence of several plausible 

mechanisms. In such cases, more experimentation is 

required to at least eliminate seme of the 

possibilities. Jtus, a mechanism should only be seen as 

a tool in the quest to understand and describe the 

entire reaction.

Due 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



studies (7,45,54,55). However, to this day there is 

still considerable controversy as to the exact 

mechanism operating in the water-gas shift reaction. A 

short review of mechanistic aspects will now be given.

1.5.1 The Redox Mechanism

At first sight the water-gas shift reaction appears to 

be an oxygen transfer reaction, as an oxygen atom is 

transferred from a water molecule to a carton monoxide 

molecule as shown below : 
catalyst

-r i ii-,>
CO + HgO  COj + Hg

This type of transfer is known as the 

reduction-oxidation mechanism (56-58). It was first 

proposed by Tsmkin et. al. (59) in 1549 for the 

water-gas shift reaction over an iron based catalyst. 

The overall reaction was envisaged to proceed as 

follows: 

reduction :

+ Red. h2 (g) + Ox (1.8)

oxidation :

CO (gj + Ck v=* C02 (gj + Red (1.9)

Where Ox = Oxidised species of the -ictive catalyst 

component

Red = Reduced species of the active catalyst 

component



As has been mentioned previously, Fe304 appeared to 

be the active phase for the standard high temperature 

shift catalyst. Boteskov et. al. (60) have shown that 

the required reduction of Fe304 and the subsequent 

oxidation of the reduced species is possible under 

normal reaction conditions. If one now assumes that the 

oxidised and reduced species of the active catalytic 

material are Fe304 and Feo respectively, then the 

water-gas shift reaction will prtceed over the high 

temperature Fe-based catalysts as follows according to 

this redox type mechanism (61; :

HjOjg, + 3 Fed 5— S H21g) t FBgO, (1.10)

COlg) * Fe3°4 4- ^  CO^g, * 3 Feo (1.11)

There still exists a great deal of uncertainty as to 

the catalytically active species involved in the redox 

mechanism over the Cu-based low temperature shift 

catalysts, especially since van Herwijnen et. al. (61) 

repor ted that the required oxidation of copper is 

thermodynamically not favourable at normal operating 

tenperaturef However, Salmi 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 m i n  reaction pathway probably 

proceeds via the formation of a surface intermediate.



1.5.2 Surface Intermediate type Mechanisms

These type of mechanisms incorporate the build-up of 

the reagent species on tlie surface of the catalytic 

material with the subsequent fonnation of a central 

intermediate. This intermediate will then react 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 et. al. (62) to occur on a 

copfer-chranite catalyst :

GO (g) CO(ads.)

h2° (g) ^  h2° (ads.)

03 (ads.) + h2° (ads.) £ 3*

^  CO2 (ads.) + h2 (ads.)

(ads.) 1™ *  ^ 2  (g)

h2 (ads.) 1™ *  h2 (g)

where [ ]* denotes the central intezmtidiata oi

unknown composition. It is thus of relevance to 

consider previous studies conducted to determine the 

identity of this central intermediate. These studies



involve specifically the adsorption of both CO and 

H20 onto the surface sites of the catalyst.

1.5.2.1 Reagent adsorption onto catalyst sites

Grenoble et. al. (8) considered that it would be 

reasonable to expect a relationship between the 

water-gas shift activity of the metal catalyst and the 

strength of interaction of CO with the catalyst

surface. Using the heats of adsorption obtained by 

Vannice et. al. (63), they vrere 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 CO ver^y- metal



Grenoble concluded that for the adsorbed CO there 

should be an optimum strength of interaction between CO 

and the catalytic surface. If this interaction is too 

weak, (as is the case for Au), the catalytic activity 

will be low, due to the fact that the surface

concentration of adsorbed CO will be low. On the other 

hand, if the interaction between CD 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 foon the central water-gas 

shift reaction intermediate slows down considerably.

Furthermore, when Grenoble et.al. (8) considered the 

interaction of H%0 with, the catalyst surface, th 

concluded that for SiOg-and AlgOj-suRXctt

catalysts the support had a much stronger effect 

towards reactions requiring the activation of H20. 

They finally concluded that the water-gas shift 

reaction occurred bifunctionaUy with the active metal 

activating the CO and that the support activating the 

HgO.

1.5.2.2 The formation of the central intermediate

The identity of ths central intermediate has always 

been an area of great discussion. Ihis dates back to as



early as 1920, when Armstrong and Hilditch (64) 

suggested the central Intermediate in the water-gas 

shift reaction over a Cu/ZnO catalyst to be formic 

acid. Since then their claim has been backed up by 

other researchers. Amenatiiya and Pleitzer (65) argued 

that on promoted alumina catalysts a formate 

intermediate had fonned. Backing "heir claim by 

infra-red spectroscopy, they proposeu following

reaction sequence shown in Figure 1.2 for the water-gas 

shift reaction ;

Figure 1.2 : Water-gas shift reaction sequence proposed 

by Amenomiya and Pleitzer (65)

K '' O +  C O  4- H20 
A! /  fa)

O  +  C O , +  H ,  < - 1 —  ^
Al Al

The fonration of a formic acid ccarplex as the central 

intermediate was also reported by Grenoble et.al. (8) 

who suggested the mechanism given in Figure 1.3 for the 

formation of such an intermediate over alumina- 

supported metal catalysts.



Figure 1.3 s Formation of water-gas shift reaction 

inteotediata as proposed by Grenoble et. 

fll» (8)

H H
v

C O - M  +  0 —  A!.— 0 
0

0 — Al- 
0

They also reported that the fcaanic acid oust "shift" 

fran the support to the active metal cctiponent of the 

catalyst, before the decomposition of the formic acid 

to the products and could take place.

According to this proposal, the rate of the reaction is 

governed by the accessibility of the vacant surface 

site on the metal M  made available by insertion of CO 

into the 0-H bond on the alumina support. Mare 

credibility to the presence of a formate intermediate 

was given by the results published by van Bsrwijnen an.' 

de Jong (61). These Markers also reported the existence 

of a central intermediate over a Cu/Si02 catalyst 

having the same stoichianetry as formic acid.

Taking the idea of a formats intermediate one step 

further, recent work of Shop^v and Andreev (66)



formation of a formate intermediate over a cobalt oxide 

proroted irort-chrcralvsu catalyst. These antiiors proposed 

a mechanism which assumes the participation of lattice 

oxygen and change in the degree of oxidation of iron in 

accordance with the zedcx mechanism. Further indication 

of the participation of the hydroxyl groups in the 

formation of the surface formate canplex was also made. 

Their meche rdsm is depicted in Figure 1.4.

Figure 1.4 : Water-gas shift mechanism as proposed by 

Shopcv and Andreev (66)

H

H,0
One could extend this review of the long list of 

researchers who proposed the presence of the fomate 

ion as the central reaction interned? ate by quoting the 

names of other researchers (eg. Tamaru (67)), but this 

would merely result in reproducing the reaction schemes 

already presented in this section.
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Summarising the facts presented 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 lew temperature

water-gas shift catalysts, which, as mentioned 

previously, operate in the temperatures range of accut 

200 - 250°C.

1.5.3 Other mechanisms

In his review on the water-gas shift reaction, News are 

points out that sane of the most fundamental 

mechanistic studies on iron-based catalysts involved 

the "stoichiometric number" method as devised by Oki 

et. al. (7). Thermodynamic calculations, the 

assignments of stoichiometric numbers and a

rate-determining step were used to propose plausible 

elemu -azy steps which then made up the overall 

reaction. The value of the stoichiometric number 

implied the number of times an elementary step had to 

be repeated to obtain the overall stoichiometric 

equation for the reaction. It is interesting to note, 

that by using this method, Oki concluded that the redox 

mechanism for the iron based catalysts was incompatible 

with his experimental data. Instead, he proposed that



the following two mechanisms, made up of elersantaxy 

steps were theoretically possible:

Mechanism 1:

CO ? = &  CO(a)

H2o 2 H(a) + 0(a) 

C0(a) + 0(a)  ̂002(a)

002(a) 5=": C02 

2 H(a) ?==& H2

Mechanism 2:

a  00(a)

H20 v *~- CH's) 4 H(.j 

C0(a) + 0H(a) = =-5' (JTt'e)

COWHft:) ; =*3 CO?(S, .• it..a)

C02{e,' tLy

2 H(a% = = 4  H2

where (a) represents spsc.'.es adf.tnzaU on the ='C c Ivi'

Again, it can be seen that mechanism 2 incorpsrated the 

presence of a formate intermediate. Mx-lWdsti 1 looks 

very similar to the redox mechanism proposed earlier,



(59)

horrogeneously. I t

activation of CO by reaction 

moderately alkaline conditions 

(55). The mechanistic steps of this

involving

in Figure

for the hcrogeneously

catalysed water-gas si 

proposed by Ford (55)

CO +  "OH for H 20)

'C0aH

The outstanding feature .in tills proposed mechanism is



that the formate intermediate was this time horded to 

the metal site of the catalyst via the carbon atom of 

the formate species and not via the acidic oxygen atcm 

as was the case in the mechanisms described previously.

In a later paper published b- rd (68), he extended 

his mechanistic ideas so as to gen a generalisation to 

other homgeneous catalyst intermediates. Many of these 

systems can be represented by the general formula 

% ( C 0)Y

where M is the active metal. Modifying his earlier 

reaction scheme by substituting M(CD)y_1 for H, Ford 

then presented a mechanistic case study for

RU3{C»)12 and Fe(CO)5 .

Even though nest of the mechanisms discussed up to now 

involved the presence of a formate intermediate in sane 

form or another, this typa of intermediate is rot the 

only crucial species required in the water-gas shift 

reaction. Elliott et. al. (69) showed in their cyclic 

mechanistic system, that, in addition to the formate 

intermediate, the presence of too other intermediate 

anions are required to complete the reaction; carbonate 

and hydroxide. The complete mechanism, which they 

clairred could proceed in the presence of any basic 

catalyst precursor which could generate one of these 

catalytic species is shown in Figure 1.6.



Figure 1.6 : Water-gas shift reaction cycle proposed by- 

Elliott et. al. (J9)

2HC0.

CO

1.5.4 Summary of the prcposed mechanisms

Examining the information in section 1.5 it is apparent 

that to this day there still exists a degree of 

uncertainty as to the exact mechanistic steps operative 

on the individual water-gas shift catalysts. Hovrever, 

two main mechanistic routes can he categorised. 

Firstly, we most probably have the regenerative redox 

mechanism working with a high terperature iron based 

catalyst, even though this pathway is disputed by Oki 

and his research team. In Oki's defence, it must be 

said that he proposed a very similar pathway fron 

water-gas shift reagents to products involving either 

oxygen transfer or the presence of a formate 

intermediate. ' '



It was the presence of a central formate intermediate 

which was also recognised ’ey many other researchers 

that have contributed to studies on the water-gas shift 

reaction nechanism. It is without doubt that one c  

conclude that in the presence of a copper containing 

catalyst, the fontate species forms the backbone of the 

centre! intermediate. This idea can, for all practical 

purposes also be extended to the homogeneous catalyst 

systems. All the other steps required to complete the 

water-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 

reaction 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 biirolecular process, then the kinetics will be 

have to be second order. However, the reverse does not 

necessarily hold true; for if the kinetics are second



order, then the reaction mechanism dees not have to be 

a bisolecular process - it could also be complex. The 

study of kinetics should thus only be regarded as a 

valuable tool to obtain clues about the reaction

mechanism.

Hwever, in order use this kinetic tool effectively, 

one often has to deal with ccttplex raa'̂ henatical 

expressions arri the introduction 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 number 

of factors such as catalyst preparation techniques, 

reagent gas composition 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 

no exception.

A number of kinetic expressions have been derived for 

both the iron based high temperature shift catalyst 

(70) and the copper baseo low temperature shift 

catalyst (61). As can be expected, kinetic expressions 

differed significantly and sore vjere even of a 

contradictory nature. It mild be a repetitive exercise 

to list all of these expressions, and so only a sunrary



of the irore important expressions will follow in this 

section.

Kinetic formulae may be of a very simple nature such as 

the one derived by Sahay et. al. (71), using the 

variance method for tie Fe-Cr-0 systsn, which is shown

r = k [CO]0-9 [HjO]0-1

On the other hand, conplex equations such as the one 

shown below, which was also derived for the Fe-Cr-O 

water-gas shift catalyst .system by Tankin et. al. (72) 

also form part of the long list of toblished kinetic 

expressions.

r = k PH20 PC0 PC02 PH2)

A PH20 + PC02

v.here k = rate constant 

r = reaction rate 

?! = partial pressure of 

corponent i 

A  = constant 

Keqi = equilibrium constant

In his review, Newsome (7) considered the previous rate 

equation as the best power expression derived for the 

high temperature wtar-gas shift catalysts.



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) >nodi$ied a rate 

equation based on a Lajigmir-Hinshel'rood model by

operating the catalyst at sufficiently small CO 

conversions, so that the overall gas composition could 

fce considered to be constant. They thus managed to 

reduce the rate equation to the expression shown below:

(1 B P )

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 

follcws:

k = 0.00227 bar-1s_1 

B = 0.227 bar-1

For the copper-based, lew 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 equation derived by Temkin et.



al. (72) for the Fe/Cr oxide catalyst was also found to 

describe accurately the kinetics of the water-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-based catalyst is 

considered to proceed via the regenerative redox 

gechanism, whereas the same reaction over the copper- 

based catalyst is considered to proceed via a formate 

intermediate. TO this date, ro explanation as to why 

the same equation accounts for the kinetics of the 

water-gas shift reaction over 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 

data obtained by Hdu et. al. (41) was interpreted in 

terms of a langmuir-Hinshelwood surface reaction. The 

kinetic expression obtained by these researchers is 

shown below:

KjK^CO] [H2]

r = k ------------------------------

< 1 + + k2[CO] I2

where r = reaction rate 

k = rate constant 

Kj = equilibrium constant for H20 

adsorption 

Kg = equilibrium constant for CO 

adsorption



This expression fitted the experimental data in as far 

as that, with increasing H2O 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 documented as accurately as the field of 

reaction mechanisms, it nevertheless remains an 

integral part of our understanding of the reaction 

system as a whole.

1.7. Outline of thesis

Following the discussion presented in sections 1.2 to

1.6, it can clearly be seen that even though the 

water-gas shift reaction is a very inportant catalytic 

and industrial process, the development of the 

catalysts and the understand! ig of their operation is 

still not fully optimised and understood. Gaps in the 

network of catalyst development still exist, even 

though seme of the technology is more than 100 years 

old. The major drawbacks of currently used catalysts 

that can be identified are sunmarised in Table 1.1.

Taking all these points into account, there definitely 

exists a need to develop a water-gas shift catalyst



Table l.l : Characteristics of currently used water-gas 

shift catalysts

Fe-based

catalyst

Cu-based

catalyst

Co/Ma oxide 

catalyst

Activity medium high

Stability slew decay sinters only active

with time- easily in sulphided

on-line phase

Sulphur

psisoning rroderate very totally

sensitivity M * insensitive

that has the following attributes:

- high activity

- structural stability

- sulphur poisoning insensitivity

Chapter 2 of this Thesis deals with the theoretical 

developments and small scale preparation and testing of 

three such catalyst systems. The methods of catalyst 

preparation and testing are also described. The systems 

investigated include Co/Mn oxide, Cu/Mn oxide as well 

as Co/Cr oxide.



Initial optimisation studies on catalytic performance 

as well as comparisons to existing catalyst systems are 

made in chapters 3, 4 and 5. These studies probe the 

effect of catalytic conpasition, operating conditions 

and alkali pramters on “.he water-gas shift activity of 

the various catalyst systems. A further investigation' 

on the CO hydrogenation ability of the Co/Mn 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 rrore infonration 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 are 

presented in chapter 6. Based on these, mechanisms, as 

well as kinetic expressions, were derived for the 

various catalyst systems.

Finally, to determine whether these novel high activity 

catalysts could also be operated in a coal based plant, 

which contains sulphur inpuzities in its feed gases, 

sulphur co-feeding experiments vere carried out. For 

these studies the feed gases were spiked with low 

levels of H2S and the effect was monitored. The 

ou teems of these experiments is reported in chapter 7.

1 'i



As a whole, 

preparation,
: water-gas sh:

j set out in 1

| of operation.

|

0

this thesis will describe the development, 

and testing of novel high activity 

Lft catalysts and will show that the goals 

Lhis section were met on a laboratory scale



2.1 Catalyst preparation

A number of methods are available for the production of 

catalytically active materials. These methods, their 

merits and disadvantages are well documented in the 

open literature (75-78) and shall therefore not be 

discussed here. Techniques involving leaching selected 

components fron solids, gel preparation, dec exposition 

of salts or hydrates with gas evolution, sintering of 

metal oxides as well as precipitation and impregnation 

are available 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 t 

techniques of catalyst preparation vere chosen:

- co-precipitation

- impregnation, or the "incipient wetness" method

The reason for selecting" these specific methods were 

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



under carefully controlled reaction conditions (eg. 

temperature, pH, reagent flew 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 iretal salts (eg. metal 

nitrates) by means of an alkaline precipitating agent 

(eg. dilute amtonia solution). The use of sulphate and 

chloride salts was avoided as sulphur and chlorine are 

both known water-gas shift catalyst poisons (Section 

1.4). The detailed experimental procedure for the 

preparation of the various catalysts is given in 

Appendix 1. It should ke pointed out that despite the. 

fact that this method only allowed for a low recovery 

ratio of reagents (eg. to produce 5 g of a cobalt 

manganese oxide catalyst with a Co : Mn nolar ratio of 

1:1, 22 g of CofNOg^ * 6H20 and 19 g of

Mn(N03>2 • 4H20 starting material were required), 

it was nevertheless chosen as it repeatedly produced a 

high surface area type catalyst. The low recovery 

factor was of secondary importance as only small 

quantities of catalytic material were required.

The "incipient wetnpss" method was used in order to 

introduce a catalytic pmroter (eg. potassium) to the 

catalysts. A detailed description of this technique is 

given in Appendix 2. This catalytic pmrroter m s  added 

to the pores oe the dried co-precipitated catalysts by



"wetting" the material with a solution containing the 

required amount of the promoter dissolved in a minimum 

amount of water, and then drying the catalyst. However, 

this method could only be used to introduce small 

amounts (eg. 2 % (m/m)) of such a promoter to the 

catalytic material, as this prcrroter is only deposited 

on the catalyst's surface.

Thus, the reasons for preparing catalysts by the 

co-precipitation and the "incipient wetness" methods 

are that these methods yielded high surface area

catalysts, which could be produced using common

laboratory equipment and techniques.

2.2 Catalyst pretreatirent

The co-precipitated catalytic material was subjected to 

the following sequence of pretreabrents:

- pelleting

- calcination

- in-situ reduction

- quenching under nitrogen

- introduction of reagent gases

The exact procedures for these steps are outlined in 

Appendix 3. Catalyst pelleting was carried out by



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 obtain a 

particle size distribution ranging frcm 0.500 mu to

Calcination and reduction of the catalytic materials 

was found to be necessary in order to obtain increased 

catalyst surface area (eg. 10 for freshly

co-precipitated Cb/MnO catalysts vs. i6 it̂ g-1 for

calcined and reduced Co/MnO catalysts). Once the

catalytic material had undergone in-situ reduction (at 

400°C for the Co based catalysts and at 250°C iior 

the Ox based catalysts), the reactor was flushed with 

nitrogen and the temperature was dropped to 200°C

before the intnxUction of the reagent gases to the 

reactor.

2.3 Catalyst testing

All catalyst testing, except for the mechanistic 

co-feeding studies, was carried out in a stainless 

steel micro-reactor assembly, whicn is described in 

Appendix 4. This facilitated the controlled 

introduction of reagent gases, temperature control, and 

allowed for independently testing three different



catalysts at one time. This assembly comprised three 

individual micro-reactors units connected to a gas 

chromatographic analysis section. The mechanistic

co-feeding experiments ware carried out in a glass 

micro-reactor of similar design. The layout is 

described in Appendix 5. This glass reactor asseebly 

differed f im the stainless steel ones as it also 

allowed for the introduction of organic liquids by 

controlled evaporation. The glass reactor was also 

linked to the same gas chromatographic system as the 

stainless steel reactors. An additional off-line gas 

chranatograph 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 chrcmatography, 

using the instrumentation described in Appendix 6. Use 

was made of an on-line Hewlett Packard 573QA isothermal 

gas chranatograph with a thermal conductivity detector 

(TCD) and an automated injection system to analyse for 

the inorganic gases. An off-line Pye Unicorn Series 204 

temperature programmable gas chromatograph with a flams 

ionisation detector (FID) and a manually operated 

sample valve was used to analyse the organic product 

spectrum.

i d
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A  Spectraphysics SP4290 electronic integrator was used 

to evaluate all gas chranatographic data obtained and 

also to control certain pre-programmed external events 

functions (eg. sample injections, switching of the 

reactor valves). The integrator's software contained 

built-in data evaluation programs, whose operations are 

explained in Appendix 7. These programs were routinely 

used to obtain quantitative product analyses.

2.5 Catalyst characterisation

Catalysts were characterised using techniques such as 

ponder X-ray diffractanetry (XBD) (Phillips FW 1050), 

differential scanning calorimetry (DSC), thermal 

gravimetric analysis (TGA) (Dupont 9900 thermal 

analyser), as uell as surface area measurements (Carlo 

Erba Sorptcmatic Series 1800). The reduced or active 

catalysts were kept under nitrogen during the transfer 

process fran the reactor to the various instruments. 

Experimental details of these techniques are given in 

Appendix a.



3. COBALT MftHS&NRSF! OXIDE WRTKR-CAS SHIFT CATALYSTS

3.1 Intzoductic.i

A literature search showed that even though cobalt 

manganese oxide had been used for carbon monoxide 

oxidation, no application dedicated to the water-gas 

shift reaction had been reported, with the exception of 

a paper by Vazma et. al. (87).

In the early 1970's a number of patents had appeared 

claiming the use of materials containing both cobal 

oxide as well as manganese oxide for the treatment of 

automotive exhaust gases (10,88,89). The main functions 

of these catalysts were to oxidise CO, "M3X" in the 

presence of O2 and hydrocarbons present in these 

gases. As the catalysts also contained other metal 

oxides (eg. CuO, NiO or AlgO^), it cannot be 

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-0 system, 

thus providing evidence that this type of system could 

be used for oxidative purposes.



Even though, cobalt rretal supported on alumina (8) as 

well as sulphided cobait jrolyibderasi fcased catalysts 

(41) had both been found to be active water-gas shift 

catalysts, no detailed information is available on the 

effect of supporting cobalt on manganese oxide as a 

water-gas shift catalyst. However, Vama et. al. (87) 

did suggest that a cobalt manganese oxide catalyst 

exhibited high water-gas shift activity, tut presented 

no experimental data to support their claim. They based 

their claim on the observed formation of carton dioxide 

during carbon nmoxide hydrogenation experiments.

In this chapter, experimental data is presented to sba? 

that the cobalt manganese oxide system showed high 

water-gas shift activity under various conditions. 

Catalysts with different Co:Mn metal ratios were

prepared and tested and tlieir activity was compared to 

a standard high temperature water-gas shift catalyst 

(ICI 15/4 HD). The effect of the addition of alkali 

promoters (i.e. potassium) as well as structural 

characteristics of this type of catalyst system are 

also discussed here.

As mentioned previously, work carried out by Vanra et* 

al. (87) had shown that cobalt manganese oxide was an 

active CO hydrogenation catalyst. Given the fact that 

both CO and Hg are present during the water-gas shift



reaction, the hydrogenation of unreacted CD could take 

place inside a water-gas shift reactor, leading to the 

fomation of unwanted hydrocarbon by-products. In order 

to obtain trore information on the feasibility of this 

side reaction (occurring simultaneously with the 

water-gas shift reaction), a detailed investigation on 

the corpatition between these two reactions over a 

cobalt manganese oxide catalyst was carried out, and 

the results obtained are also presented in this 

chapter.

In order to control the selectivity of a chemical 

reaction, chemical proraters are usually incorporated 

into catalysts in order to enhance desirable and retard 

undesirable reactions. For the studies presented here, 

it would be beneficial if such a promoter could enhance 

the water-gas shift activity and at the same time 

retard the CO hydrogenation activity of the cobalt 

manganese oxide catalysts. Various researchers have 

reported that the addition of alkali salts causes an 

increase 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 promotion had been under



investigation as early as 1931 when it was shown that 

KgO I w e m i  the work function iron (94). Subsequent 

research work carried out in this field sheared that the 

addition of a potassium promoter to a metal oxide 

catalyst enhanced the electron donating abilities of 

such a system (95, 96).

Carbon nonoxide is known to synergistically bond to a 

catalytic surface (97-99) as shown in Figure 3.1. The 

overlapping of the occupied 5 cr orbital of CO with the 

unoccupied metal orbitals, results in a donation of 

electrons to the metal, with the back donation of 

electrons frcm occupied metal orbitals to the 

antibonding 2 tt * orbitals of CO making up the second 

component. The 5 <r orbital is non bonding in the 

isolated CO molecule (100) and donation of electrons 

fron this orbital should not effect the C-0 fcorvi 

strength. ihis back donation into the . antibonding 

2 it * orbitals of tha CO molecule will, however, 

result in a weakening of the C-0 bond. This donation is 

the apparent reason for the dissociative adsorption of 

CD on transition metal surfaces. Catalytic systems with 

enhanced electron donating abilities (eg. potassium 

pranoted metal catalysts) would therefore aid the 

dissociation of the chetiiisorbed CO molecule and thereby 

activate it and explain their increased catalytic 

activities for CO related reactions.

T F T ) :



Figure 3.1 : Synergic bonding model of carbon monoxide 

onto a catalytic surface

3.2 Experimental

All catalysts investigated were prepared and tested in 

accordance with the methods outlined in Chapter 2 of 

this Thesis. During the course of catalyst testing, a 

sequence of changing experimental 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



2) The catalyst was allowed to stabilise at start-up 

condition for about 150 hours

3) The effect of variation in temperature was 

investigated

4} The effect of CO GHSV was investigated

5) The effect of CO : H20 feed ratio was investigated

After every step mentioned above, the experimental 

conditions ware 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 carton ironoxide hydrogenation activity at 

atmospheric pressure (i.e. 620 mm/ fig in Johannesburg, 

South Africa), and it should be noted, that blank 

thermal reactions in the absence of any catalyst were 

found to be negligible, as was the formation of iron 

carbonyls in the stainless steel reactors.

3.3 Effect of Co i Wi ratio on the water-gas shift 

activity

3.3.1 Catalyst activity and lifetime studies

Cobalt manganese oxide catalysts with Co : Mn ratios of



1:3, 1*1, 3:1 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 GKSV - 510 / hr ; and 

a OOsHjO = 1*4.5 ,in order to drive the water-gas 

shift equilibrium towards the product side) for a 

prolonged period of time. During the course of these 

studies, the activities of the respective cobalt 

manganese oxide catalysts was ironitored periodically 

and the results are shown in Figure 3.2. Furthermore, 

Figure 3.2 also includes data points obtained for a 

standard high temperature iron chromium oxide based 

water-gas shift catalyst (ICI 15/4 HD) which was tested 

in the same microreactor under identical experimental 

conditions. This curve can thus be used as an activity 

reference line as compared to the novel 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 amount of cobalt loading as bath the Co : Mi = 3:1 

and the pure Co catalysts showed a high and stable 

degree of water-gas shift activity under these

experimental conditions. However, the pure Co catalyst 

decayed rapidly and irreversibly in activity after it 

was exposed to a higher reagent feed rate (400QC ? CO 

GHSV= 1500 / hr) at about 450 hours on-line, whereas



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

activity after being exposed to the same high feed

Figure 3.2 : Effect of metal ratios on water-gas shift 

activity®

I

•line/hrs

= Cb : Mn = 1:3 ; ICI 15/4 HD

: TQiperature = 400% ; C0sH20 = 1:4.5 ;

This loss in activity 

the build up of "hot-s£ i" on the catalytically active



surface, brought about by the. Increased mrber of

adsorbed jD molecules per unit area ]%r unit tints. As 

still enough H20 molecules were present to react with 

the CO molecules (CO : H20 = 1:1.5 at CO GHSV=

1500 / hr), a rate increase of the exothermic water-gas

shift reaction could), take glare, thus leading to a 

rapid iiKrease if. tenperature on tiie catalyst's 

surface. This rapid temperature increase ultimately 

causes thenral sintering and deactivation of the

catalyst. Surface area neasurenents (as shown in Table 

3.1) of the discharged Co only catalyst showed a 

definite loss of surface area after exposure to the

high CO fir*; rates. Such a loss in surface area vmld

be characteristic of catalyst sintering and thus lend 

support to the above hypothesis.

Fran these results, it can fce concluded that the 

addition of manganese structurally stabilises the 

catalyst system and that cobalt appeared to be tiie 

active catalyst component.

It also should te noted that during the entire course

of the stability '.studies, the Co : Mn = 3:1 catalyst

showed a higher degces of water-gas shift activity than 

the standard iron chromium oxide ICI 15/4 HD water-gas 

shift catalyst.



Table 3.1 : EET surface areas of pure Co and CozMi = 

3:1 catalyst

pure Co

after being

3.3.2 Temperature dependent studies

Data obtained on the temperature dependence for the 

various catalysts studied is shown in Figure 3.3. For 

all the catalysts investigated, a sharp increase in 

catalyst activity at temperatures In excess of 300°C 

was observed, Indicating that the cobalt manganese 

oxide system could be classified as a typical high 

temperature water-gas shift catalyst. Again note should 

be taken that both the pure Co and the Co z Mn ■ 3:1 

catalysts achieved CO conversions higher than 98 %, 

which would be highly desirable for any industrial 

operation of such a catalyst system.



s Effect of temperature on CO conversion for 

the various Co/Mn oxide catalysts

I
§

A  = Co only ; Q  = Co : Mn = 3:1 ; O  = Co i Mn = 1:1

X  = Co : Mn = 1:3
a : CO SiSV « 510 h-1; C0iH20 = 1:4.5

As the water-gas shift reaction is an exothermic

reaction, the conversion, of carbon zrorexide is enhanced

by lower operating temperatures. hmerical data on the

tenperatura dependence of the equilibrium constant 

(Kp) for the water-gas shift reaction has been 

published in the literature (101) and was used to
determine the equilibrium conversion of CO for the

S e v l n
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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.

Table 3.2 : Temperature dependence of Kp and 

equilibrium CO conversion3

Temperature

/ °C

% CO conversion

calculated at 

equilibrium observed

200 99.86

99.70

300 87.0

400 93.8

a : Co:Mn « 1:1 ; CO GHSV = 510 h"1 ; CO : H20 =

It was observed that the % CO conversion tended towards 

an equilibrium value with increasing temperature. 

However, at temperatures lower than 300 °C, a large 

difference between the observed % CO conversion and the 

equilibrium 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 frcm 

reaching the active sites in the catalytic network 

structure.

J



FiaMre 3.4 s Effect of tarperature on CH^ by-product

£, = Co only ; Ef - Co : Mn “ 3sl ; O  - Co s Mn *• 1:1

X  = Co : tin = 1:3

a : CO S B V  = 510 h"1; C0:H20 = 1:4.5

In contrast to the iron chranium oxide commercial 

catalyst, the cobalt manganese oxide catalysts were 

found to produce low selectivities for CH4 as a 

by-product, (presumably formed by CO hydrogenation). A  

general increase of CH^ production with tenperature 

was observed, and levels of about 0.2 % (m/m) of CH4 

were typically produced at temperatures of 350°C, as
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is shewn in Figure 3.4. It is also interesting to note 

that no hydrocarbons higher than GH4 were produced 

under any of the conditions investigated. More details 

on the interplay between the CO hydrogenation and the 

CO shift reaction over a cobalt manganese oxide are 

given in section 3.7 of this chapter.

3.4 Effect of potassium pranotion on the water-gas 

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 raterial having a Co : 

Mn ratio of 3:1 by the incipient wetness technique as 

described in section 2.1.

The potassium praioted (1 % and 2 % (m/m) K4" based on 

cobalt) cobalt manganese oxide catalysts were then 

tested for water-gas shift activity and the results 

obtained are shown in comparison to an unprorroted 

catalyst in Figure 3.5.

F r m  these results it can Be seen that the addition of 

potassium significantly enhanced the rate of CO 

conversion at terperatures less than 300°C, with the 

best catalytic activity being given by the cobalt 

manganese oxide catalyst containing 1 % (m/m) K+. The



SET surface areas for the various catalysts studied are 

given in Table 3.3. A significant decrease in surface 

area was observed for the 2 % (m/m) Kf1- pranoted 

catalyst as compared to the 1 % (m/m) X+ pranoted and 

unpraroted catalysts.

Figure 3.5 s Effect of potassium addition on CD

conversion for a Co : Mn = 3:1 catalyst3

'Z'" I V



Table 3.3 : BBT surface areas a of potassium

promoted Co/Kn oxide catalysts

% K+ (m/m) Surface Area / m2g 1

0

1

2

a s Data taken after catalysts had been on-line for 

about 600 hours

This decrease in surface area is indicative that a 

saturation point of K+ promotion had been reached on 

the cobalt manganese oxide catalyst containing 2 %

(m/m) K+. Such a saturation point, where a monolayer 

of potassium ions has formed on the surface had also 

been reported by Amenomiya et. al. (65) for a potassium 

promoted alumina catalyst, where this point was

observed after 9 % (m/m) of K2CO3 had beet added to

the catalyst.

Another significant aspect concerning the pranotion of 

the 3:1 cobalt manganese oxide catalyst with potassium 

was that a decrease in the rate of formation of

by-product CH4 was observed at temperatures higher 

than 250°C as is shown in Figure 3.6.

.us, the results obtained with the promoted cobalt 

manganese oxide catalyst clearly indicate that the



Figure 3.5 : Effect of potassium addition on the rate 

of CH4 formation for a Co : Mn = 3:1 

catalyst®

A  = 2 % (m/m) K ? □ =  1 % (m/m) K ; 0 =  0 % (m/m) I 

a : CX) OISV = 510 h-1; C05H20 = 1:4.5

addition of potassium to the catalyst not only enhances 

the rate of the desired water-gas shift reaction, but 

also inhibits the rate of the unwanted CO hydrogenation 

reaction.

A weakening of the carbon-oxygen bond would activate



the ehemisorbed CO molecule, allwing for an easier 

formation of a reaction intermediate, and thereby 

explaining the enhanced water-gas shift activity 

observed for the K+ promoted cobalt manganese oxide 

catalyst. The formation of such an intermediate will be 

discussed in chapter 6.

In order to explain the decrease in the CO 

hydrogenation ability for the K4" promoted catalyst, 

the role of surface bonded hydrogen will have to be 

considered. It has been found that ehemisorbed 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 also 

discourages the chemisorption of H2 (103, 104). Thus, 

the decrease in surface bonded hydrogen could explain 

the observed decrease in the rate of CO hydrogenation 

for the potassium promoted cobalt manganese oxide 

catalyst.

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

activity

The effect of the variation of the H20 feed rate on 

the water-gas shift activity has been investigated for 

various Co/Mn oxide catalysts and the results are shown 

in Figure 3.7.



Figure 3.7 : affect of CO $ H2O ratio on the

catalytic performance3

A  = Co only ; Q  = Co-: Mn = 3:1 ; O  =” Co : Mn - 1:1 

a : CO S E V  = 510 h"1; tenperatvire = 400°C

As can be seen, no significant improvement in the 

catalyst's performance was observed, even after the 

H2O feedrate had been increased to give a CO : HgO 

feed ratio of 1 : 8.8.

Similarly, increasing the CO feedrate showed no 

significant enhancement in activity as can be seen fran 

the results presented in Figure 3.8.



Figure 3,8 $ Effect of CO GHSV on catalytic activity3

A  = Co only ; □  = Co : Mn ■= 3:1 ; O  = Co : Mn = I2I

X  = Co 1 Mn = 1:3

a : Temperature = 400°C ; CO1H2O = 1:4.5

The fact that the pure cobalt catalyst shewed a sign of

deactivation at the high CO GHSV was attributed to a 

loss of surface area brought about by catalytic 

sintering, which lias already been discussed in section

3.6 Structural characterisation

The bulk properties of cobalt manganese oxide catalysts



were examined using the following techniques i

- X-ray powder diffractonetry (XRD)

- Differential scanning calorinetry (DSC)

- Thenrogravimetric analysis (T2A)

It vras found that the bulk structures of the catalysts 

in their various stages of pretreatrrent were made up of 

different phases as shewn in Table 3.4.

Both the CX^MnO* and the CoMngO^ spinel phases 

ci)served for the precipitated and calcined catalysts 

display similar structures to the tetragonal system of 

Hausmannite, M113O4. In this mixed oxide system, 

which can also be represented as MnO • the

manganese occupies both the tetrahedral (i.e. MnO) and 

the octahedral (i.e. M 12O3) sites.

For the CojMrAj and the CcMi2®4 spinels present 

in the precipitated and calcined catalyst precursors, 

cobalt is exclusively substituted into oither the 

tetrahedral site (i.e. CcO • Mn20^) or the octahedral 

site (i.e. MnO « CO2O3). Hawever, for the mi>ed 

spinel, {Co,Mn)(Co,Mn)204, the substitution of 

cobalt into the lattice sites is randan, and the number 

of sites occupied depends on the murker of cobalt atona 

present in the catalyst (i.e. the Co:Mn ratio).



Table 3.4 : Bulk structure of a Co/Mn oxide catalyst9

Catalyst state Phases present

Precipitated and 

dried (110°C)

CojMnO^ spinel 

CoMngO* spinel

{OD,Mn)(Co,tot)204 mixed spinel

Calcined 

(500°C, -dr)

as for precipitated and dried state, 

but increased peak intensities 

indicated a higher degree of 

crystallinity

Reduced 

(400°C, H2)

CoO and MnO as major phases 

JL Co (hep) as the minor phase

Active catalyst13 Co , Co {'fee) and MnO

a : Co:Mn = 1:1 on a irolar basis

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

It was also found that the addition of a potassium 

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

significantly affect the bulk structure of the

catalyst.



The ' phases identified for the calcined cobalt manganese 

catalysts have also been observed by Kuznetsova et. al. 

(105), who reported the. presence of a Coxtei3-x04 

mixed oxide after calcining in air at 400°C.

Figure 3.9 s DSC plot for Co/m oxide catalyst reducing 

under hydrogen



DST end TGA were used to investigate the effects of 

reducing a calcined cobalt manganese oxide catalyst 

{Co:Mn = 3:1) under hydrogen. The catalyst was heated 

fran roan temperature to 550°C at a rate of 5°C/min 

under a hydrogen flow of 20 ml/min and the results 

obtained are shown in Figures 3.9 (DSC) and 3.10 (TGA).

Figure 3 J C : TCA plot for Co/Mn oxide catalyst 

reducing under hydrogen



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 311°C. The 

overall mass loss observed during this process was 

found to be 20.0% (Figure 3.10). Thus, the reduction 

process under hydrogen can be represented as follows: 

s2
(Co,lfri) (Co,Mn)204 ---->  intermediates® --->

CoO + 2 MnO + HgO

a : the identity of the intermediates are unknown, but 

most probably consist of mixed cobalt and 

manganese oxides.

For the active Co/MnO catalyst, a shift in the lattice

parameter for the MnO phase fran 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, 

Copperthwaite et. al. (80) found that the bulk 

structure of a cobalt manganese oxide catalyst as used 

for CO hydrogenation consisted of the 

(Co,Mh)(Co,Mn)204 mixed spinel as the mjor active 

phase, thereby indicating that non-metallic cobalt 

appeared to be tite active phase for CO hydrogenation, 

which ink. i the formation of methane. Furthermore, 

in section 3.4, it was shown that the addition of K+



to the Co/MnO catalyst decreased the rate of methane 

formation. Thus, the addition of K+ tended to 

selectively poison CO hydrogenation sites, which appear 

to be associated with non-metallic cobalt.

Table 3.5 : Lattice parameters of MnO present in an

active Co/Mn catalyst8

I/I0 d-spacing / A

Co/MnO catalyst pure MnO

mo

a : CosMn = 3:1 , Catalyst had been on-line for 600

The decrease in the rate of methane formation which was 

observed for a potassium promoted Co/MnO water-gas 

shift catalyst can now be attributed to the following

-the electronic effect of K+ on CO and Kg 

adsorption onto the catalytic surface as 

described in section 3.4 

and -the selective poisoning (or blocking) of 

non-metallic cobalt sites by K+



3.7 Corpetitior. between carbon ironoxide hydrogenation 

and water-gas shift activity

Cobalt manganese oxide catalysts with lew cobalt 

loadings (i.e. < 50 % (irol) Co) have been shown to 

exhibit carbon ironoxide hydrogenation activity (79, 80, 

87). Typical results obtained by van der Riet at. al. 

(79) over a cobalt manganese oxide catalyst (Co:Mn = 

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

elevated pressures, (eg. 600 - 850 kFa) C3

hydrocarbons were the dominant species in the organic

product spectrum. Carbon monoxide conversions were of 

the order of 35 - 45 % (irol) and no water-gas shift 

activity had been observed under their reaction 

conditions (CO : H2 feed = 1:1 ; CiHSV = 264 h-1 ? 

temperature = 190°C ? Pressure ■ 600 kPa). The effect 

of introducing water to a CO : H2 feed mixture was

investigated in order to obtain irore i,ifo/mation on the 

interplay between the CO hydrogenation and the 

water-gas shift reactions.

3.7.1 Carbon monoxide hydrogenation

Van der Rlet et. al. (79, 81) have thoroughly

investigated the carbon monoxide hydrogenation activity 

of various cobalt manganese oxide catalysts, and 

typical results obtained for a ranga of reaction 

pressure? are shown in Table 3.6.



Table 3.6 : Carbon nonoxide hydrogenation over a Co/Mn 
oxide catalyst8'^

Pressure

/h"1

conversion

Hydrocarbon selectivity 

/mass %

CH4 c3 C4

100

600 38.6

850 44.3 10.5

a : Data fran reference 79

b : Costfii = 1:1 ? Catalyst taiperature = 190°C ;

CO : H2 = 1:1

3.7.2 Water-gas shift activity

Results for the water-gas shift activity for various 

cobalt manganese oxide catalysts have already keen 

presented in section 3.3 of this chapter and have snown 

that this catalyst system exhibited considerable 

water-gas shift activity at temperatures hi iner than 

300°C. TO supplement these results, a Co i Mn = 1:1 

catalyst was tested for both water-gar shift and Co 

hydrogenation activity, using a COi^iJ^O = 1:1:4.5



feed ratio {molar basis) and the results are shewn in 

Table 3.7.

Table 3.7 : Water-gas shift / CO hydrogenation activity 

of a Co : Mn = 1:1 catalyst3

/°C

03 conversion (n»l %) Hydrocarbon 

selectivity 

/mass %

to CO2 to hydrocarbons

CH4 c2+

400 92.4 100 0

400 100 0

100 0

300 84.2 100 0

434 - -

a i C0:K2:H2O = 1:1:4.5 ; GHSV = 510 h-1 

Pressure = 85 kPa

Ihe results 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. maximum of 0.9 % (mass)) of carbon 

monoxide to hydrocarbons was observed. Also, as methane 

was the only hydrocarbon produced, no carbon-carbon 

bond formation was observed under these reaction 

conditions. This is in contrast to van der Riet's



results presented in Table 3.6, where considerable 

carbon-carbon bond formation had occurred when the 

catalyst was reacted with CO/Hg in the absence of 

water. To further demonstrate that C-C bond formation 

and the water-gas shift reaction do not occur 

simultaneously to any appreciable extent, a series of 

experimer- ' "'“ .which the CO/HgiHgO ratio was varied 

at a tanpe-. _.ve at which both thrjse reactions vere 

known tc display a reasonable degree of activity (i.e. 

300°C), and the results obtained are shown in Table

Table 3.8 : Reaction of a carbon monoxide, hydrogen and 

water feed mixture3

line /hrs

C0:H2iH20 

irol ratio

CO conversion (rrel %)

to GO; to hydrocarbons

0 ' 26.8

0 12.1

a s Temperature = 300°C ; CO O E V  = 250 tf1



Table 3.8 (continued)

CO:H2=h2o Hydrocarbon selectivity / me ss %

rrol ratio ch4 C2h4 C2% C3H6 23% C4 c5+
0 22.2

0 34.8

96.4

o 27.6

a : CosMn = 1:1 ; Temperature = 300°C ; CO GHSV =

250 h~* ; Pressure = 85 kPa

Carbon monoxide hydrogenation activity, but no 

water-gas shift activity was observed as the catalyst 

was stabilised for the first 145 hours, and a range of 

hydrocarbons higher than Cg were produced. However, 

upon addition of H20 to the feed gases, a significant 

increase in the water-gas shift activity and a decrease 

in the CO hydrogenation activity were apparent 

immediately. Also, a shift in the hydrocarbon 

selectivity away from the formation of Cg* 

hydrocarbons was observed. The absence of water largely 

restored the hydrocarbon product selectivity to tlie



original values, but CO hydrogenation uctivity al.io 

decreased.

3.7.3 Discussion

The results presented in this study indicated that the 

water-gas shift reaction and carbon-carbon bond

formation for the CO hydrogenation reaction did not 

occur simultaneously to any significant extend over a 

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

to the CO/H2 feed stream, Qfy was found to be the 

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

This is probably due to an increase in the 

concentration of H2 produced by the water-gas shift

reaction and which was present on the catalyst's

surface. The rate of CO hydrogenation was also found to

decrease by an order of magnitude. An explanation can 

be found, in terms of a competition between the various 

molecules adsorbing onto the surface. Water being a 

highly polar nolecule, will adsorb strongly and thereby 

carpets favourably with carbon nonoxide and hydrogen 

for available surface sites. Thus, the observations of 

a shift in the hydrocarbon selectivity towards CH4 

and the decrease in CO hydrogenation activity upon the 

addition of water to the feed stream, could be

explained as follows;



Observation Explanation

high CH4 

selectivity

enhanced Hg concentration on catalytic 

surface brought about by additional H2 

(H2 produced by the water-gas shift 

reaction)

lexrer CO

hydrogenation

activity

h20 in the feed stream competes 

favourably with active sites (i.e HgO 

can displace CO and/or H2)

3,8 Sunxnary

The results and discussion presented in this chapter 

indicate that the cobalt manganese oxide system 

exhibits a high degree of water-gas shift activity in 

the high temperature region (i.e. 350 - 400°C) under 

a variety of reaction conditions. Addition of a 

potassium promoter at a leve1, of 1 % (m/m) to the 

cobalt manganese oxide catalyst (Co:Mn - 3:1) was found 

jiot only to further enhance the catalyst's activity, 

but also to decrease the rate at which the undesired 

CH^ by-product was formed through the CO 

hydmgenation reaction. The origins of this observation 

were also discussed in this chapter.

The bulk structural determinations carried out by XRD 

indicated that the active cobalt manganese oxide
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catalyst coiprised Co natal and MnO, in which sane 

Co^+ ions were icund to be in a solid solution in the 

MnO lattice.

Finally, experimental data based on the reaction of 

various COs^s^O feed mixtures over a Co : Mn = 

.1:1 catalyst was- presented to show that the CO 

hydrogenation reaction to form Cg+ products and the 

water-gas shift reaction did not proceed simultaneously 

ever thi's catalyst.



4. COPPER AND IRON MANGANESE OXIDE T-WTER-GAS SHIFT

atatisia

4.1 Introduction

This chapter extends the st.t; ■•■as on cobalt manganese 

oxide water-gas shift catalysts to copper manganese 

(Cu/Mn) oxide and iron manganese (t'e/Mh) oxide 

catalysts. Again, optimisation studies formed the basis 

of this chapter and structural, themonatzic as veil as 

alkali prcmotion studies further supplarented 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 Tie iron manganese oxide catalyst system

The rain use of iron manganese oxide catalysts 

documented in the literature (106-109) describes their 

Fischer-Tropsch activities. In contrast to the 

classical potassium prorated iron oxide based catalyst, 

the manganese supported catalysts vrere found to be 

particularly selective for the production of low 

nolecular weight olefins (106, 107).



However, Kreitman et. al. (107) and Ledakowicz et. al. 

(108) observed the focration of significant COg 

levels under tj/pical Fischer-Tropsch operating 

conditions (i.e. Tarperature = 242°C ; Pressure = 7.9 

bar). Although, COg was <■ "Tera.lly considered as a 

secondary product in tht. Fischer-Tropsch reaction 

(110), Kreitman et. al. (107) still found that the 

COg levels vere excessively high for the iron 

manganese oxide catalysts as compared to an iron silica 

catalyst. They thus attributed the C02 to the 

water-gas shift reaction, and also argued that the 

shift equilibrium was very favourable under their 

reaction conditions. In sumary, water-gas shift 

activity had already been reported for an iron 

manganese 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 ranganese oxide catalyst also had some degree of 

water-gas shift activity in an oxidising environment 

(i.e. whfcxe water was present).

4.1.2 The copper manganese oxide catalyst system

TN-' catalytic activity of manganese oxide had been



discussed in the open literature, where its oxidation 

activity of carbon monoxide and the decomposition of 

hydrogen peroxide had fceei sported (111). Furthenrore, 

copper oxides dispersed oi* different supports are known 

to catalyse processes such as methanol synthesis (26, 

27), NOjj removal (28), as well as CO oxidation in air 

(25). towever, only a few processes are catalysed by 

copper oxide supported on a manganese oxide matrix - 

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

isomers (112), as well as CO oxidation, where various 

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

Interesting to note that no publication describing the 

use of a copper manganese oxide catalyst for the 

water-gas shift reaction 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 

support.

In chapter 3, it was already shown that cobalt

supported on a manganese oxide matrix exhibited high 

water-gas shift activity. Now, also taking into account 

that Grenoble et. al. (8) shewed that copper had a 

higher degree of water-gas shift activity than cobalt 

when supported on alumina, one can already see that a 

copper manganese oxide catalyst has the potential to be 

a highly active water-gas shift catalyst.



In this chapter, detailed results are presented and 

discussed on performance of such a catalyst system 

under water-gas shift reaction conditions. The results 

obtained will he contrasted to the two other mr.rj.' .,̂ e 

oxide supported catalyst systems, namely the i-v 

n-anganese oxide and the cobalt manganese oxide system.

4.2. Comparison of the water-gas shift activities of 

the Cu/Mn oxide, Fe/Mn oxide, and Co/Mfi oxide 

catalysts

Catalysts of the type X : Mn = 1 : 1 mole ratio (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 h-1 ; CO s 

Ng i HgO = 1:1:4.S). The results vrfiich are shown in 

Table 4.1 were mathematically converted and expressed 

as pseudo first order rate constants using the formula 

shown below:

m  P 1 - XA

where kj_ = pseudo first order rate constant 

/ moles s-^g”1atm.-^

F = molar flow rate of CO 

m  = mass of the catalyst

fractional conversion of 03



j

The above formula was derived by Thanas and Thomas 

(117), and was claimed to be valid for both homogeneous 

and heterogeneous 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 

XsMn 1:1 catalysts (X = Cu, Fe or Co)

Temperature

/ °C

k-L / 10~7 nol g 1 atm"ls-1

Cu : Mn Fe : Mn Co : Mi

200 -

250

300

400

On the basis of the results presented in Table 4.1, a 

definite activity sequence for the three manganese 

oxide supported catalysts emerged, with a decreasing 

order of activity of:

C o / M n  > C u / M n  »  F e / M n  

at virtually all reaction temperatures studied.

25x10



The activity difference between the Fe/Mn oxide

catalyst and the other b o  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 la able to calculate the catalysts' 

. specific activities, the surface areas as shown in 

Table 4.2 had to be determined.

Table 4.2 : Surface areas8 detenined by the BET

method for the various manganese oxide 

catalysts tested

Surface Area / nrg"

a : Surface areas shown vrere determined after the 

catalysts had been utilised for ca. 600 hours

- The lew value obtained for the surface area for the 

Cu/Mrt catalyst could be 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).

Thus, any Cu containing catalyst would ke expected to 

sinter more easily than an equivalent Co containing 

catalyst.

Correcting the various catalysts' activities for 

surface area, specific catalyst activities as shewn in 

Table 4.3 were obtained.

Table 4.3 : Specific catalyst activity for the various 

metal / manganese oxide catalyst systems3

Catalyst systan Specific activity

/ 10“4 mol CO converted nf ̂ h_i

C u / M n 41.6

Co / Mi 8.68

Fe / Mh 0.56

a : data obtained at T = 320°C ; CO (MSV = 510 h-1;

CO 8 N2 : H2O = 1:1:4.5

Hence, according to the results presented in Table 4.3, 

the order of activity for these catalysts was as 

follows:

C u / M n  > C o / M n  > F e / M n

This activity sequence was also found to be in



agreement with a previous comparative study carried out 

by Grenoble et. al. (8) on alumina-supported ratal 

catalysts. As work carried out by Baltans et. al. (118) 

showed that CO was a weak adsorbate on supported 

manganese oxide catalysts, it can be concluded that the 

manganese oxide does not significantly contribute 

towards the catalysts' activity. Therefore, cobalt, 

copper or icon can be considered to be the active phase 

for these three catalystf 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°C - 

300°C temperature region, whereas the Fe/Mn oxide 

catalyst only became active in the 300°C - 400°C 

temperature region. The Cu/Mn oxide catalyst then 

reached a maximum 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 copper zinc 

oxide system (section 1.4.2) which is. operated on a 

commercial scale in the 200° - 250 °C temperature

Although, the 1 s 1 Cu / Mi catalyst was found to be a 

high activity water-gas shift catalyst at temperatures



of about 350°C, it revertheless showed a loss In 

catalytic activity at the higher temperature of

<i00oC. This decrease in catalytic activity could be 

attributed to sintering at the higher temperature. The 

phenomenon of sintering is well known for copper 

containing catalysts (35, 36) and has already been 

described in section 1.4.2 of this Thesis.

Calculations to obtain the apparent activation ene 

of these manganese oxide supported catalysts

Arrhenius equation :•

Pre-exponential factor 

absolute temperature 

activation energy

the Co/MnActivation energies for the Cu/toi, Fte/Mti 

oxide catalysts here calculated and the results are



Table 4.4 z Apparent activation energies of the various 

manganese oxide catalysts tested

Catalyst system Apparent activation energy

t o / M n

Cu / Mn

Fe / m 107

Fe-gO^/CrgOg a  130*, 122b

OVZnC 71c

a s comparative value calculated by Chine hen et. al.

(119)

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

c : comparative value calculated by Campbell et. al.

(120)

4.3 Effect of Cu : Mn ratio on cataly. ty

Catalysts with Cu:Mn irole ratios of 1:10, 1:3, and 111 

were prepared and tested for water-gas shift activity 

under various operating conditions.

4.3.1 Effect of temperature on catalytic activity

The effect of temperature on CO conversion was

j
25 X



investigated keeping fcoth the CO : fJ2 : H20 feed 

rate and the CO OISV constant at 1:1:4.5 and 510 h-1 

respectively. The results ctotained are shown in Figure

Figure 4.1 z CO conversion as a function of temperature 

for the Cu/Mn oxide catalysts tested®

I

A “ Cu : Mn = 1:1 ; Q  = Cu : Mn = 1:3 ;

O  = Cn : Mn = 1:10

a : CO S S V  = 510 h-1 ; CO : N2 : HgO = 1:1:4.5

Fran the results it can be seen that all the copper



manganese oxide catalysts tested only became active at 

temperatures higher than 250°C and displayed their 

highest activity in the temperature range of 350% - 

400c’C. This observation would classify the Cu/Hn 

catalysts as cypicaL high temperature water-gas shift 

catalysts. Furthermore, it is apparent that in contrast 

to the Co/Mn catalysts, improved catalytic performance 

for the Cu/Mn catalysts was observed for manganese rich 

formulations, with an optimum Cu : Mn ratio of about

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 

Figure 4.2.

It can be seen £ran the data presented in Figure 4.2, 

that both the Cu : toi = 1:3 and the Cu : Mn = 1: 10 

catalysts sheared stable water-gas shift activity over a 

prolonged period of time (eg. about 200 hours). 

However, the Cu s Mh = 1:1 catalyst displayed a

continuous loss iji 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



catalysts tested, significantly lowsr values as 

compared to the Co/Mn catalysts were obtained (Table 

4.5).

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

shift catalysts3

5

8

Time-on-line / rein.

A  = Cu : Mn = 1:1 ; □  = Cu : Mn = 1:3 ;

0  = Cu : Mn = 1:10

a : Temperature == 400°C ; CO GHSV = 510 h-3- ;



Although both the 1:10 and the 1:3 Cu i toi catalysts 

showed a high degree 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. 

350°C - 400°C).

Tab]e 4.5 : BET surface areas of discharged Cu/Mn oxide 

catalysts

Cu j Mh male ratio Surface area3 / m2g 1

1 i 3 (precipitated)

1 : 3 (calcined) 79.S

1 : 3 (reduced and

calcined) 60-2

L0.1

Co : Ml = 1 s lb

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

ca 600 hours 

b comparative value

It is also interesting to note that in contrast to the 

Co/m oxide catalysts, all the Cu/Mn oxide catalysts 

tested did not produce hydrccacfccm by-products under 

any of the experimental conditions employed.



4.3.3 Effect Of reagent feed-rate on catalytic activity

The effect of varying the CO and H20 feed-rate on the 

catalysts’ performances were investigated and the 

results are shown in Figures 4.3 a_d 4.4 respectively.

Figure 4.3 : Effect of 03 GHSV on catalytic performance 

fear the various Cu/Mn oxide catalysts

CO CHSV / h"

A  = Ca : Mn = 1:1 ; Q =  Cu : Mn = 1:3 ; 

O  = Cu : Mn « 1:10

a i Temperature = 400°C



As can be seen 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. CO and had no

significant effect on catalytic performance.

Figure 4.4 : Effect of HgO : CO feed ratio on

catalytic performance of the various Cu/Mn 

oxide catalysts tested®

A =  Cu : Mn = 1:1 ; Q  = Cu : Mn = 1:3 ;

O  = Cu : Mn = 1:10

a : Temperature = 400°C ; CO G i W  = 510 h'1

; oiivir



Figure 4.5 : Potassium prcrrotion of a 1:3 Cu/Mn oxide 

catalyst®

A  = Cu : Mn = 1:3 + 0 % K ; 3 =  Cu : Mn = 1:3 + 0.6 % K 

a : 03 ® S V  = 510 h-1 ; C0:H20 = 1:4.5

4.4 Effect of potassium promotion on the wa, •"'-gas 

shift activity of a Cu : Mn = 1 : 3 catalyst

The effect of alkali promotion an the optimum catalyst 

formulation (i.e. Cu:Mn = 1:3) etas investigated by

'26x1



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 % CO conversion was 

achieved for the 0.6 % (m/m) potassium pranoted Cu/Mn 

oxide catalyst in the temperature range 350°C - 

400oC, indicating that the addition of potassium 

stabilised the catalytic material and prevented a loss 

in activity due to the high temperature operation.

As had keen 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 

addition of potassium to the catalyst formulation did 

not affect this situation.

4.5 Structural characterisation of Cu/Mn oxide and 

Fe/Mn 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



lochner et. al. (105f), u*o found hausmnnite, 

alpha-iron, various iron-carbides, manganospinels and 

manganowurstites as the major structural ccrrponents. In 

contrast to Lcchner's observation, X-ray powder 

diffraction analysis of the Fe/Mn oxide catalyst (Fe:Mn 

= 1:2) viiich had been exposed to about 500 hours of 

water-gas shift reaction conditions showed that the 

catalyst comprised of Fe in solid solution in an MnO 

matrix together with Fe^O^.

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 promoting the catalyst's activity.

4.5.2 The Cu/Mn oxide system

X-ray diffraction, thamograviitetric analysis and 

0  differential scanning calorimetry were used to obtain

m r e  information on the catalysts' bulk structure. The 

results obtained fran the x-ray diffraction studies are 

presented in Table 4,6.

It is again interesting to note that the catalysts'



bulk structures were not found to be affected by 

variables like Cu:Mn metal ratio or the presence of an 

alkali praroter.

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

determined by x-ray diffractcmetry

Catalyst state Structure

precipitated Largely amorphous with only MnCOg 

detected as a minor phase

calcined copper (II) manganate (III) as the 

only phase detected 

i.e. CuMn^O^

reduced Major pjiase : Cu (II) 0 

Minor phase : MngOg

" C t W major phases : Cu metal 

trace amounts : CugO

a : after exposing tlie catalyst to water-gas shift 

reaction conditions for ga. 500 hours

Furthermore, parallels can be drawn between the Cu/Mn



oxide catalysts' structures and the Co/tin 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 

CuMngOj., a spinel in which the copper cations 

occupy only the tetrahedral sites and tho manganese 

cations occupy only the octahedral sites. The presence 

of this CuMngO^ spinel had also been reported by 

Kanungo (116) for Cu/Mn catalyst samples prepared from 

carbonates and which had then teen calcined between 

200°C and 300°C.

It can be seen that the mixed oxide, 

Mn(II)Mn3( m ) 0 4, which also 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 matal component 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 d9 complex (121,122).

ij



Figure 4.6 s Structural differences between calcined 

Cu/Mn oxide and calcined Co/Mn oxide 

catalysts

1 tetrahedral site 2 octahedral sites

basic building [ Mn (II) ] [ Mn (III) ]2 04

coiponent

substituting the active 

rretal cation

[Cu][Mn{m)3204 

Cu only replaced ttie Mn i 

the tetrahedral site

[Co,toi][Co,toi]2o4 

Co replaced the Mn in 

both the tetrahedral 

and the octahedral

As the V  configuration makes Cu2"1" subject to 

Jahn-Teller distortion, it has a profound effect on all 

its stereochemistry. When octahedrally coordinated, 

C.\2+ is severely distorted along one 4-fold axis, it 

leads to a situation which is indistinguishable from 

the tetrahedral coordination (123), This Jahn Teller 

distortion would thereby explain the observed 

tetrahedral coordination of the Cu2+ in the crystal 

lattice.



Table 4.7 : Ionic radii of Co, Cu, Fe and Mn cations3

Oxidation state Ionic radius / A

a : Data taken from reference 124

Fran 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 talce 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).

Table 4.9 ; Lattice parameters for pure and 

catalytically active MnOa

I/I0 d-spacing /A

pure iftiO MnO in Cu/MnO catalyst

100

: Discharged Cu/MnO catalyst ; Cu : Mn = 1:3 on a 

rtclar basis



Figure 4.7 : DSC trace for Cu/Mn oxide catalyst 

reducing under hydrogen®

molar basis

4.5.3 Thentemetric analysis of a Cu/Mn oxide 

catalyst

TVjo themoanalytical techniques (DSC and TGA) were used 

to further supplenent the structural information 

obtained by XRD. In these experiments, the reduction



process under hydrogen was simulated. The catalyst 

samples were heated from ambient to 550°C at a rate 

of 50C/min under a hydrogen flow of 20 ml/min. Heat 

fl w  (DSC) as well as weight changes (TGA) vrere

monitored during these experiments. The DSC and TGA 

results obtained are shown in Figures 4.9 and 4.10 

respectively.

Ccnparing 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 endotheons 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 Summary

In this chapter, results were 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 CutMn = 1:1 catalyst was compared to Fe/Mn as 

well as Co/Mn oxide catalysts of similar composition 

and the following activity pattern emerged after 

correcting the results for surface areas:

Cu/Mn > Co/Mn > Fe/Mn

’.<3

25x10



Figure 4.8 : TGA. trace for the 1:3 Cu/Wh oxide 

catalyst reducing under hydrogen

It was also found, that all the Cu/Mn oxide catalysts 

tested did not produce any hydrocarbon 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



out and the results compared to literature values 

obtained.

Catalytic activity for the Cu/Mn oxide catalyst systan 

vas found to depend on a number of factors, the main 

ones being the Cu:Mn ratio, and operating teiperature. 

The optiiura Cu:Mn ratio appeared to be 1:3 and all the 

Cu/Mn catalysts tested displayed their highest activity 

in the tanperature range 300oC - 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 

attributed to the catalyst's bulk structure, -which was 

only found to contain catalytically active FejO,, as 

a minor phase. The major phases detected by XRD were 

metallic Fe and KnQ and it was thus concluded the Fe 

was a catalytically inactive water-gas shift phase. XRD 

studies furthemore revealed that the Cu/Mn oxide 

catalysts conprised of Cu and MnO in their active state 

and the addition of potassium to a Cu:Mrt = 1:3 catalyst 

was found to further enhance the catalyst's hater-gas 

shift activity •■lithout changing the catalyst's bulk 

structure.

As a final note, it should be mentioned that although 

Cu/Mn oxide catalysts demonstrated a significantly



higher specific activity than eit'ier the Co/Mn or the 

Fe/Mn oxide catalysts, they nevertheless were prone to 

loose catalytic activity due to a loss in surface area 

when operated continuously at 400°C for a prolonged 

period of tine. In order to eliminate this problem, 

future studies should be aimed at stabilising the 

surface area of the Cu/Mn oxide femulation at these 

temperatures.



WftTER-GflS SHIFT

5.1. Introduction

Fundamental studies of cobalt chromium oxide (Co/Cr 

oxide) catalysts have been vail documented in the 

literature (125-329), and researchers have used bulk 

techniques such as Infra Bed spectroscopy (126), x-ray 

diffraction studies (129) and surface techniques such 

- leed - Auger measurements {128) to obtain irore 

information at the molecular level of these catalyst 

systems.

Previous workers have established that materials 

containing cobalt and chromium oxide proved to be 

valuable catalysts, and numerous articles have appeared 

describing the use of such materials for processes 

ranging from armonia oxidation (130, 131) to

hydrocarbon oxidation (132-134) as well as exhaust or 

pollution control (135-137).

Although the use of Co/Cr oxide catalysts for carton 

monoxide conversion had been shown by Rajwar at. al. 

(138) as well as itekhandzhiev et. al. (139), the 

processes described in their studies were limited only 

to oxidation of carbon mnoxicte as shewn below:

co(g) * 1/2 °2{g) (g) I5'1)



Even though, it has been claimed in a patent (140) that 

materials containing the oxides of cobalt and 

chrcmium, catalyse the water-gas shift reaction, it 

must be pointed out, that iron oxides were the major 

phases present in these expounds and, therefore one 

cannot describe these materials as pure Co/Cr oxide 

catalysts; but one should rather refer to then as 

cobalt and chrcmium promoted iron based high 

temperature water-gas shift catalysts (141).

The use of various Co/Cr oxide water-gas shift 

catalysts which were operated under a variety of 

reaction conditions is described in this chapter. The 

results' presented are ccnpared and contrasted to the 

Co/MnO as well as to the Cu/MnO 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 

reaction conditions already described for the Co/MnQ 

and the Cu/MnO catalysts in Chapters 3 and 4 

respectively.



5.2.1 Temperature dependence

The effect of uanperatuxe on the water-gas shift 

activity for the various Co/Cr oxide catalysts tested 

is shown in "Figure 3.1.

Figure 5.1 : Effect of temperature cm the water-gas

shift activity for the various Co/Cr oxide 

catalysts studied®

CO @ S V  » 510 IT1 > COiN2:H20 ■= 1:1:4.5 (on 

molar basis)



The results presented in Figure 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 

Co/Cr oxide catalysts exhibited their highest degree of 

activity in the tangeratuce range of 300 - 400°C 

indicated that, similarly to the Co/I-M and the Cu/MrO 

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 

maximum degree of conversion of carbon monoxide with 

steam over a cobalt promoted iron-chromia catalyst in 

the temperature region of 320 - 420°C. Furthermore,

Kadenatsi et. al. (129) showed that in the temperature 

region of 390 - 400°C CO could be oxidised completely 

over a CoC^C^ spinel catalyst, thereby indicating

that a Co/Cr oxide catalyst could be used for reactions 

involving CO activation.

’B e  apparent activation energies for the various Co/Cr 

oxide catalysts in the temperature range 200 - 300°C

were calculated by a similar method to that used in

section 4.2.2 and are given in Table 5.1.

A genera), increase in activation energy with an



Table 5.1 : Apparent activation energies for the

various Co/Cr oxide catalysts studied8

Co : Cr metal ratio Activation energy I kJ nol-1

1 : 10

10 : 1

Co : toi = 1 s lb 73

Fe/Cr0 Sa^ 130

a : for the tenperature range 200 - 300°C 

b : comparative value

c : comparative value for a commercial high temperature 

water-gas shift catalyst (119)

increase in cobalt loading was observed for the Co/Cr 

oid.de type catalysts. It is also interesting to note 

that the activation energies for all the Co/Cr oxide 

catalysts tested were not only higher than the 

comparative value shown for the Co/MnO catalyst, but 

they were also corparable with the value obtained (viz. 

130 kj/mol) for the Fe/Cr oxide catalyst by Chinchen 

et. al ■ (119). Based on these activation energy

calculations, the mechanism by which the reaction 

intermediates form on a Co/Cr oxide catalyst appeared 

to be similar to that for a Fe/Cr oxide catalyst.



Figure 5.2 s Stability of Co/Cr oxide catalysts®

i

I

A = C o  : Cr'- Is 10 ;l3=Co : C r -3 1:1; 

O  = Co : Cr = 3:1 ; X  = Co : Cr = 10:1

t $ Temperature = 400°C ; 00 GKSV = 510 h"1 ;

5.2.2 Stability studies

The stability data of the various Co/Cr catalysts under 

water-gas shift reaction conditions are shown in Figure

..



From these results, it is apparent that the 

formulations with CoiCr = 1:1 and 3:1 both damns crated 

high and stable activity for the water-gas shift 

reaction. It can also be seen that even though the 

CasCr = IjIO catalyst shewed a fairly constant pattern 

of activity, it never reached the high % CO conversions 

of the Co/Cr oxide catalysts with the higher Co 

loadings. Again, this can be taken as evidence that 

cobalt and not chromium is the active water-gas shift 

caiponent in this catalyst system.

5.2.3 Surface area rteterainations

The surface areas for the various stages of catalyst 

preparation were determined for a Co:Cr = 1:1 catalyst 

(Table 5.2) and canpared to the values for Co:Mn = 1:1, 

Cu:Mh = 1:1 and Fe:3*i = 1:1 catalysts.

The distinctly larger surface area for the Ca-.Cc =i:l 

catalyst as canpared 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 CO conversions of 98 % at a 

temperature (300°C) where the other cooperative 

catalysts returned a much lower value (chapter 4)



Table 5.2 i Surface areas for Co:Cr = 1:2 catalyst for

the various stages of pretzeatznent

Catalyst state Surface area / m^/g

Precipitated 2.06

Calcined 27,a

o - f 85.9

Comparative catalysts

Co:Mn = 1:1 (used)a

CusMn = 1:1 (used)8

FesMn = 1:1 (used)8

a i after the catalysts had keen operated under 

water-gas shift conditions for sâ . 600 hours

5.3 Methane by-product formation under water-gas shift 

reaction conditions

Cobalt chranium catalysts were found to produce 

significant levels of by-product methane under 

water-gas shift reaction 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/MrO catalysts (section 3.7). In an attempt



to decrease the methane yield, alkali prarotion (see 

section 3.2), as well as introducing manganese to the 

catalyst surface was investigated.

Figure 5.3 : Methane by-product formation over various 

Co/Cr oxide catalysts operated under 

water-gas shift reaction conditions3

A =  Co : Cr = 1:10 ; □ =  Co : Cr = 1:1 :

© =  Co : Cr = 3:1 ; X *  Co : Cr = 10:1

a s Tenperature = 400°C ; CO S G V  = 510 h-1 ; 

C0sN2:H20 = 1:1:4.5



The effect of potassium promotion on the rate of 

methane formation (by its electron donating abilities 

to the chenisorbed CO misrule) has already been 

discussed in section 3.4 of this Thesis. The manganese 

prmoter for the supression of methane by-product 

formation ted keen chosen because

Sachtler (142) has described a case v*ere the addition 

of manganese to an iron-containing catalyst changed the 

CO hydrogenation selectivity towards oxygenates. He 

thereby provided evidence that the addition of 

manganese to a metal oxide catalyst enhanced such a 

catalyst's oxidation properties. Furthermore, the 

addition of manganese to an iron catalyst had been 

reported to increase the formation of the F e ^ O ^  

oxide phase, and since it was noted that CH4 

formation was believed to take place on the metallic 

phase (143), the addition of manganese should 

indirectly have reduced the rate of CH4 formation 

over such a catalyst.

Kreltman et.al. (107) have also shewn that the addition 

of MnO to a conventional Fe catalyst, which was then 

operated under FT conditions was irore active for the 

water-gas shift reaction and less selective for methane 

as compared to :he unprarated Fe catalyst. They 

concluded that the MnO interacted with the Fe



: Effect of introducing potassium or, 

manganese on ths levels of methane 

formation® over a Co:Cr = 3?1 catalyst

A = C o : C r  = 3:l + 0 % K ; Q = C o : C r  = 3:l + l % K

G »  Co : Cc = 3:1 + 2 % Mn 

a : Tenperature = 350°C ; CO QiSV = 510 h-1 

C0:N2iH20 =■ 1:1:4.5

constituents of the catalyst to such an extent that MnO 

encapsulated sane iron particles in extreme cases and 

thereby created a Mn3 promoted catalytic surface. This 

catalyst interacted with the reaction produc+s 03;

O % O



Effect of introducing potassium or 

nenganese on the water-gas shift activity

& =  Co : Cr = J.-l + 0 % K ; □ =  Co • C.: = 3:1 + 1 % K 

G =  Od : Cr = 3:1 -f- 2 % Mn 

a : Temperature = 350°C ; CO = 510 h'1 ;

COs^iHjO = 1:1:4.5

and H2 in such a way as to depress hydrogen 

chemisorption and the secondary hydrogenation activity 

of olefins. It is therefore apparent that the addition 

of nanganese to a supported metal oxide system (i.e. an

I
I



Fe-based FT catalyst) could prorote the desired 

water-gas shift reaction and at the same time supress 

the formation of undesired methane by-product 

formation.

The effect on methane by-product formation and the 

resultant water-gas shift activity after introducing 

potassium cmd manganese onto the catalytic surface by 

the incipient wetness technique is shewn 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 observation was 

found by analysing the catalysts' bulk structure and 

drawing parallels between the Co/Cr oxide and tho 

Co/MnO systems. This discussion is presented in section

5.4 structural Studies

Analyses of the bulk structures of Co/Cr oxide 

catalysts was carried out by following techniques >

- X-ray diffractaretry (XRD) 

and - Differential Scanning Calorimetry (DSC)



Table 5.3 Bulk structure of Co/Cr oxide catalysts8

Catalyst state Phases present

Precipitated

Calcined

Reduced

Catalysts were totally arrorphous 

CcCr204 spinel

CcCrgO^ spinel (more crystalline) 

traces of Co metal were also detected 

CoCr204 spinel

a i Rasults observed for CozCr = 1:10 ; 1:1 ; 3:1 and

10:1 as well as tosCr = 3:1 + 2 % (m/m) Mn^+ and

Co:Cr = 3:1 * 1 % (m/m) K+ catalysts

b i Data taken after catalysts had been on-line for

about 600 hours

The bulk structures, as analysed by XRD, of the various 

Co/Cr oxide catalysts were found to consist mostly of a 

cobalt chromium • ̂ inel as is shown in Table 5.3 and it 

appeared that the GoC^C^ spinel was the 

catalytically active species, as no other crystalline 

phases could be detected for the discharged catalyst. 

However, the possibility of an arrorphous active phase 

co-existing with the crystalline active phase should 

not be ruled out, even though CcCrgO^ spinels have



been known to be the catalytieally active component for 

other reactions. Kadenatsi et. al. (129, 144) as well 

as Fattatoova et. al. (126, 132) have both reported

active CcCrgO* spinel oxidation (CO and 

hydrocarbons) catalysts.

Again, structural similarities to the CuHn204 

spinel already described in section 4.5.2 can be drawn, 

as one ion exclusively occupies the tetrahedral sites 

while the other ion exclusively occupy the octahedral 

sites. This point is further illustrated in Figure 5.6.

Figure 5.6 : A comparison of the CuMn204 spinel to 

the CoCr204 spinel

Base Unit

(Tetrahedral site)^(octahedral site)3+204 

Substitution of

Cu and Mn Co and Cr

(Cu2f) (Mn3+)204 (O32+)(Cr3+)204

An explanation of the observation of exclusive 

substitution can be based on the knowledge that the



octahedrally coordinated. Cr3l‘ is known to be the irost 

stable state of chromium (145) and that has

been known to fuse with a number of ff2+ oxides to 

give crystalline conpounds having a spinel

structure with Cr3+ ions occupying the octahedral

sites (146). Assuming that the above theory also holds 

for the C o C r ^  spinel, it could then have keen

possible that CrgOg was a precursor in the 

formation of the CoCrgO^ spinel during the 

transition fran the precipitated to the calcined state, 

e.’en thouc' it was not detected by the X-ray 

diffraction patterns.

However, the fact tiiat Co metal was only present in

trace levels for the active CoCr^O^ catalysts is in

direct contrast with the results obtained for the 

structure of the Co/HnO catalysts (section 3.6), where 

Co ratal supported on a MnO matrix was found to be the 

major phases present.

This funcLflwntal difference in the structure of these 

two catalyst systems can also be considered to form the 

basis for the difference in the levels of GH4 

by-product observed over both the prcrofced and 

unprcmoted CoCr2C>4 catalysts. As the CoCr-gÔ  

catalysts with high cobalt loadings were found to be



loadings, it must be concluded that cobalt appeared to 

be the active metal in the CoCr204 spinel. However, 

as the cobalt was present in a non-metallic state (i.e 

Co^1"), and since Copperthwaite at. al. (80) have 

shown (as discussed in section 3.6) that non-metallic 

cobalt appeared to be associated with CH4 formation, 

it is not surprising that the CoCrgO^ catalyst 

produced significantly higher levels of CH4 

by-product as compared 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 n-'z'MnO 

catalysts in section 3.6, and extending . 

the C0CZ2O4 catalysts, one can visualise 

addition of any potassium promoter to a CoCrgC^

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 proroted CcQ^C^ catalyst. Even though,

these catalysts were found to produce CH4 

by-products, their rate of and COg formation was

still much larger as compared to the rate of CH4

fomation. As both CH4 formation and the water-gas 

shift reaction are thought to take place on the same 

catalytic sites, it is not surprising that the addition



of a potassium pr.iroter, 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 pranoted CoC^O^ catalyst.

Similar conclusions can fce drawn for the manganese 

prorated CcCr2°4 catalyst, as the observed decrease 

in water-gas shift activity (Figure 5.5) 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 eu 

al. (107) for the Fe-based $T catalyst, could not be 

ascertained as the X-ray diffraction patterns for the 

Mn proto ted CcCr^O^ catalyst showed no differences 

as conpared to the pattern for the unpraroted catalyst. 

It is also interesting to note that the levels of CH4 

by-product did not decrease upon pranotion with 2 % 

(m/m) m  (Figure 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 CH4 

formation (107), no such effect was observed for the 

CoCrgO^ catalyst investigated.

The DSC technique yes used to further investigate tlie 

effects of reducing a calclred QOZrfin catalyst 

under tiydrogen, using the experimental conditions 

described in chapter 2. The DSC plot is shown in Ficmre



■ DSC plot for the reduction of a 

CoCrgOg catalyst under hydrogen

From Figure 5.7, it can be seen that the reduction of 

0  the catalyst involved a single step process with an

enctotherm representing a phase change occurring at 

283°C. As the calcined state of the catalyst 

comprised the CoCrjC^ spinel, and since only trace 

levels of Co metal had teen detected upon reduction

2 6 x 1



under H2 (Table 5.3), it can only be concluded that 

the endothem observed in the CSC plot was due to the 

formation of additional CoCrgOg spinels, probably 

fzxm highly dispersed amorphous chromium oxides and 

cobalt oxides.

5.5 Summary

In this chapter, it was shown that CoCr^O^ 

catalysts with high cobalt loadings (i.e. Co : Cr = 

3:1) displayed high and stable water-gas shift activity 

(i.e. 98 % CO conversion) at temperatures as low as 

300°C. Activation energy calculations shewed that the 

values obtained for the CoQ^C^ catalysts 

investigated were similar to the ones obtained by 

Chinchen et. al. (219) for the ccmercial Fe/Cr oxide 

based high teipetature water-gas shift catalyst. It was 

thus concluded that , based on these calculations, the 

water-gas shift reaction would be expected to operate 

via similar mechanisms over both these catalysts.

It was also found that the CoCh^O^ formulations 

tested gave significant levels of CH4 by-product (ceu 

0.4 male %) under water-gas shift reaction conditions. 

A  structural analysis of the catalytic material showed 

that the crystalline phase of the active catalyst 

cop ised the CoCr^t spinel and it was argued



that the presence of non-metallic cobalt in this active 

phase was the cause of the CH4 by-product formation. 

The effect of various promoters (i.e. K+ and Mn2+) 

on the rate of CH4 forration and water-gas shift 

activity over a Co : Cr = 3:1 catalyst v®s also 

investigated. It was found that while neither of these 

elerents could significantly suppress the levels of 

CH4 produced ty the catalyst, they brought about a 

slight deactivation in the catalyst's water-gas shift 

activity. Both these observations were believed 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 CoCr204 catalysts can be 

considered as a useful high activity water-gas shift 

catalyst, which could be particularly suited for a 

coal-based anemia synthesis plant, which requires the 

conversion of high levels of carbon "onoxida (eg. about 

60 % (vol.)) prior to the actual ammonia synthesis



6.1 Introduction

A  detailed description of the many mechanistic and 

kinetic studies (Sealing with water-gas shift reaction 

catalysts has already teen presented in sections 1,5 

and 1.6 respectively, of this Thesis. Summarising the 

mechanistic discussions presented in section l.S, it 

was shewn tiiat two main types of mechanisms have beccme 

widely accepted for the more comrron nater-gas shift 

catalysts. These mechanistic schemes can be 

distinguished in as far as that one involves a redox 

type mechanism by which an oxygen atan is transferred 

fran the water nolecule to the carbon monoxide nolecule 

with the aid of a catalyst, which undergoes reduction 

and oxidation during the reaction cycle. This type of 

mechanism has been postulated for the izon-b. .ad 

catalysts (56,59), but has recently also been reported 

over the copper based low temperature water-gas shift 

catalyst (58,61,147).

The other, rore general type of a water-gas shift 

mechanism, postulates the formation of a transition 

state {i.e. central intermediate), which is composed of



fragments of the reagent molecules. This central 

intermediate then decomposes to form carbon dioxide and 

hydrogen. A  number of different intermediates have keen 

proposed over various water-gas shift catalysts, and a 

description of their nature has been given in section 

1.5.2. Furthermore, a survey on the various kinetic 

studies described ,‘n the literature was presented in 

secticn 1.6.

However, it should be mentioned that although a great 

number of papers have appeared in the lit ..rature 

dealing with kinetic and mechanistic aspects of 

camercial iron and copper based heterogeneous (and 

various hctregeneous) water-gas shift catalysts, no 

reference could ke found addressing these issues 

involving Co/MnO, Cu/MnO or CcC^O* 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 ircdel reagent studies.

6.2 Experimental techniques

The kinetic studies were based on techniques described 

in the literature (148-150), by which the partial 

pressure of one of the reagents (eo. Pq j or P ^ q ) 

was varied while keeping the partial pressure of the



other reagent (eg. PH?0 or Pco) constant aid 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 rrcrdtored using the 

gas chromatographic techniques described in chapter 2.

Furthermore, it was decided to carry out the kinetic 

experiments at reduced temperatures (i.e. 275°C for

the Co/MrtO catalyst, 229°C for the Cu/MnO catalyst 

and 261°C for the CoCrgO^ catalyst)in order to 

elinMiiatti uny interference from the reverse water-gas 

shift reaction, which is favoured at higher 

temperat-ires.

The experimental results were used to obtain a 

tucohical representation of the partial pressure of the 

vavious reagents as a function of the rate of the 

iB-iGt,inn. An empirical form of the rate law under these 

experimental conditions was thus predicted.

The iwaluation of all cat($lysts for the model reagent 

'■ud:,65 was carried out, using the all-glass 

mic.mraactor already described in section 2.3 of this 

Thesis. T*. should be noted that a similar design liad 

been usi"J by Hutchings et. al. (151) to feed reagents 

to a rearter, using controlled vaporisation in an inert 

carrier gas. Also, all products, both liquid and

gaseous, ware analysed by the gas chromatographic 

technique..- Ov«cribed in section 2.4.



6.3 Kinetic Studies

6.3.1 The effect of the partial pressure of ’1?0 on 

the rate of the reaction

Hie effect of the partial prer axe of H20 on **a rate 

of HjO conversion (i.e. the ra e of the reaction) was 

investigated for the following ce^lysts:

i) Co : Mh = 1:1

ii) Oi » Jto * lil

ill) Co : Cr -• 3:1

■Bae results for these set of experiments, which were

carried out at a constant 28.i kPa partial pressure of

OD and a 03 OJSV of 510 h“l are shown in Figure F.l.

The results shown in Figure . .1 datorstraxe that, for 

all three catalyst systems tasted, the rate of HjO 

conversion was found to fce li early dependent on the 

partial pressure of KjO, i: dicating tiat in the 

concentration range investigate .1, the water-gas shift 

reaction was first order in v .ter concentration over 

the Co : Mn = 1:1, the Cu : Mn - 1:1 and the Co : Cr = 

3:1 catalysts.

As a first order rate dependenc can be considered to 

be the simplest case in the maz. Df mathenatical rate 

exptisssions, it ccyld now be ;rgued that in the



Fioura 6.1 : Rate of H20 Conversion as a function of 

PtoQ for the various catalysts tested3

A =  Co : m  = 1:1 ; □  = Cu : Mn = 1:1 ;

0  = Co : Cr = 3:1

a : Co : Mn = 1:1 ; Tenperature = 275°C

Cu : Mn = 1:1 ; Tarperature = 229°C

( Co : Cr = 3:1 ; Temperature = 261°C

PQ3 » 28.2 kPa

presence of these catalysts, the water-gas shift

reaction could be classified as a "siirple" reaction of 

the form

A  + B ---->  PRODUCTS

which could proceed on the basis of a simple



bimolecular collision with the ccllision frequency 

being proportional to the concentration of both 

reagents A and B (152). This wouli thus imply the 

following rate law:

- d[A]_ = k [A] [B] (6.1)

In our case, equation 6.1 holds true for the rate 

dependence of H20 as determined experimental ly.

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 fron a reaction 

scheme which is far rrore complex than just a simple 

bmolecular collision process. In order to make a 

deduction about the final form of the rate law, one 

first has to investigate the effects of all the other 

reagents on the overall rate of the reaction.

6.3.2 Effect of partial pressure of CO on the rate of 

the reaction

The effect of CO partial pressure on the rate of CO 

conversion nas investigated for the various catalysts. 

The results for these sets of experiments, which were



carried out at a constant H20 feed rate of 2.72 g 

(H20)/hour are shown in Figure 6.2.

Figure 6.2 : Effect of CO partial pressure on the rate 

of CO conversion for the various catalysts

j A !,Co : M n* 1:1 ; Q  * Cu : Mn = 1:1 ?

C O  = Co : Cr = 3:1

a : The temperatures at which these experiments were 

carried out are identical to the ones shown in 

. c Figure 6.1

H20 feed rate = 2.72 g 'H20)/hour



Froti the results presented in Figure 6.2, it is

apparent, that the CuiMn = 1:1 catalyst displayed a

different kinetic behaviour to both the Co :Mn = 1:1 and 

the Co:Cr = 3:1 catalysts, as the rate of CO conversion 

vras found to be linear.lly dependent on Pqq for the 

Cu:toi = 1:1 catalyst, vAereas for the other tva 

catalyst systems, the rate of reaction initially 

increased with increasing CO partial pressure, but was 

then found to decline to a steady value.

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

water-gas shift reaction 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 follows:

Bate Of reaction = - dfCO! = - dfHoO) = k(CO] [H20]

The observation of the water-gas shift reaction 

kinetics being first order with respect to CO had 

already been reported for other catalyst systems, when 

Tagui Khan et. al. (153) showed this type of kinetic

behaviour for the homogeneously catalysed water-gas 

shift reaction over a K(Ra (H EDEk) (CO)] catalyst

under ambient temperature conditions.



On the other hand, the kinetic results for the Co:Mn = 

1:1 and the Co:Cr - 3:1 catalysts, which reach a 

rraxiimim rate with increasing CO partial pressure could 

possibly be indicative of a Langnuir-Hinshelhccd type 

reaction mechanism.

6.3.2.1 The Langnuir-Hinshelwood mechanism

The Langrraair-Hinshelviood mechanism is based on the 

principles of localised chonisorption as first proposed 

by Langmuir (154) in 1917. The following is a

simplified interpretation (155,155) of the Langruir 

isotherm, which assures that:

i) a gas molecule can only be adsorbed on a 

finite marker of sites on the surface of the

ii) the quantum states of adsorbed gas 

molecules are the same for all sites and 

are independent of the effects (eg. 

pressure) of the neighbouring nolecules

Using these assumptions, the »rell-knowi Langmuir 

isotherm can be derived in the following form:

EXP ( - AH + S-S°) P0 = Q (6.2)



where 0 = fractional coverage of gas nolecules 

on the solid surface sites 

PQ= equilibrium gas pressure 

A H  = nolar heat of adsorption 

S = entropy per mole of adsorbed molecules 

S°= entropy per mole of gas at unit 

pressure

If A H  and S are both independent of 9, then equation

6.2 reduces to the following form s

where b = constant = EXP (-AH + S - .Ŝ )

Solving this equation for 6 one gets:

The catalysed water-gas shift reaction can be looked 

upon as involving the collision between CO and H20 

fragments adsorbed on the surface and can thus be 

expected to be second-order in the extent of surface



langraair-Hinshelwcod types of reactions (15?) can 

therefore be expressed as follows:

- dPA  = rate of reaction = k_ eA 9% (6.5)

Applying equation 6.4 to the water-gas shift reaction 

one gets:

Rate of reaction = - = kg 6^  © ^ q  (6.6)

where Qq-, = fractional coverage of CO molecules 

on the solid surface 

6^ 0= fractional coverage of Htf}

molecules on the solid surface

but % )  = b PC0 f̂rcm 6-4l
1 + b Pcq + a

^  a PH?0 5'4i
% 0 r “ ̂ CO

where a = cons cant

Thus, equation 6.6 becomes

%s b a PB?QPCO_______ 6̂,7)



and at constant P ĵ q (as was the case for the 

experiments)

- * 0 0  * (6.8)

where n = kg b  a PH Q̂ and m = b

= constant * constant .

Although expression 6.8 predicts a maximum for the rate 

of the reaction with inci.iasing Pqqt it dees not fit

= 3:1 catalysts shown in Figure 6.2 particularly well, 

as can be seen in Figure 6.3.

Fran Figure 6.3, it can be seen that the experimentally 

determined r^Q increased less rapidly than predicted 

by the Langmuir-Hinsheltcod expression (equation 6.8). 

Turthernoze, the experimental rCQ decreases rapidly 

to a steady value, whereas the theoretical expression 

predicts a gradual and steady decrease with increasing 

pQy The observed variation in r ^  as a function of 

Pqj is therefore not wholly consistent with a simple 

langnmr-Hinshelwood binelecular reaction mecteziism on 

these catalysts.

the experimental data for the Co:Mn = 1:1 and the Co:Cr

The observed decline of the reaction rate to a steady



Figure 8.3 : A comparison between experimental and 

theoretical rates of CO conversion at 

constant H20  partial pressure for the 

Co/MnO and CoCr^O^ catalysts

—  = mathematical egression 

Q  = Co : Mn = 3:1

rco = ̂  pco / i1 + n' pco)2
where n = 0.000164 rtol CO converted / s / atm.

m = 18.0 /atm.

value with increasing Pqq could be indicative of a 

different reaction pathway occurring at these



conditions. It is possible that at high Pq q , a 

regenerative mechanism could occur in which the

reaction proceeds in tvo steps:

h2o  (g) + * H2 (g) + 0 (a)
CO (9) + 0  (a) v = ^  C02 (g) + *

where * is a vacant surface site. This type of

nechanism, vrfiich was first proposed by Tsnkin et. 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 H20 and CO on the 

catalytic surface. At a high Pq q , the catalytic

surface would tec one depleted of HgO molecules, and 

thus the hydrogen production step for this type of 

mechanism vrould became the rate limiting step. The 

overall reaction rate would thus teach a steady value 

which would be equivalent to the rate of the hydrogen 

production cycle of this regenerative mechanism. Such a 

nechanism vmld be consistent with the observed

constant Iq q at the high Pqq (45).

It is thus possible, that the water-gas shift reaction 

proceeds by means of at least two different mechanisms 

over the Co/MnO and the CoCr204 catalysts. At low 

Pq q the reaction was observed to obey the 

Langmuir-Hinshelwood behaviour to a reasonable extent,



whereas at a high P^q , a regenerative mechanism could 

account for '-he kinetic results obtained.

Overall, the rate of the water-gas shift reaction can 

be matherratically expressed for the various catalysts 

tested as shown belcw:

- dfCOJ = - d[H2Oj = k'pH20"PC0
dt dt for the Cu/MnO catalyst

= k'pH2o • a PC0

for the Co/MnO and GcCrgÔ , 

catalysts at low Pqq

= k-PjQQ-constant 

for the Co/MnO and CoCr204 

catalysts at high Pqq

6.4 Model reagent mechanistic studies

The number of mechanisms accounting for the formation 

of COj and H? from CO and HgO have already been 

discussed in section 1.5, and can he surrmarised to 

either . proceed via a redox regenerative mechanism or 

through the formation of a central intermediate.



6.4.1 Reaction of formic acid over various catalyst

systems

In section 1.5 of this thesis, the presence of a 

surface formate had been identified as the central 

intermediate for copper containing water-gas shift 

catalysts (61, 158). However, as there still exists 

uncertainty as to the exact co-ordination (mono- or 

bidentate) of these surface formate intermediates, 

researchers have generally emitted structural details 

when representing a surface formate, Using the field of 

orgamretallics as an analogy, bath the formation of 

rronodentate and bidentate formate species have been 

reported. For example, a monodentate formate 

.intermediate has been reported by Beguin et. al. (159) 

on copper in the presence of phosphine ligands as shown

Cu - O  - C - H

Further evidence for this type of co-ordination was 

given by Paonessa et. al. (160), who also reported the 

formation of a terminal ferrate over platinum.



In contrast, examples of stable bidentate fornate 

interaediates have been reported by Paper and Wright 

(161) on osmium and ruthenium as shown fcelow:

OS ;.C - H Ru :C

where L = PPh-i

In the field of heterogeneous catalysis, the subject of 

formate adsorption on catalytic surfaces has been 

discussed ty Edwards et. al. (162), who provided

evidence for the existence o£ a bidentate formate 

surface species over copper- containing heterogenous 

catalysts. In their publication, Edwards et. al. (162), 

used a Fourier Transform Infra Red (FTIR)

spectrophotometer to characterise the various surface 

intermediates present during the synthesis of methanol 

fron CO and H2 over a Cu/zn/Cr oxide catalyst. 

However, even though they proposed the formation of a 

bidentate intermediate in their overall reaction

mechanism, their infra red spectra also showed a weak

adsorption band (at 1470 cm-*), which could be

assigned to symmetric GCO stretching of a monodentate 

carbonate species (163).



Thus, despite the fact that the formation of a 

bidentate formate intermediate on a heterogeneous 

catalyst surface has generally been accepted, one 

should nevertheless rot exclude the possibility of the 

formation of a minor fraction of nonodsntate formate 

intermediates as hell.

The formation of surface formate jnterrrediates on 

heterogeneous catalysts presumably occurs by an 

oxidative addition reaction in which the H and the HCOO 

fragments add to the metal atcro surface site. The 

decomposition of formic acid (to COg and Hj), vMch 

is believed to occur via the formation of a surface 

formate, is well known over metals such as coppsr 

(164-166) or nickel (167). In order to test whether the 

water-gas shift reaction proceeded over the various 

catalyst systems investigated in this Thesis via 

formate fragments, it m s  decided to co-feed formic 

acid over these catalysts.

The formic acid was rigorously dried (using phthallic 

anhydride and then distilled under nitrogen) and was 

then reacted over the two catalyst systems 

investigated, using the experimental apparatus 

described in Chapter 2. Tiie results of these studies 

are shewn in Table 6.1. It can be seen that, under the 

conditions tested, formic acid did not react over 

either the Co/MnO or the CcCrgOg catalyst systems



(i.e. no h2 and COg were produced). These results 

should be contrasted with those obtained by van 

Herwijnen et. al. (61, 158), who showed that formic 

acid decomposed at 150oC to form COj and H2 over 

a Cu/ZnO low temperature water-gas shift catalyst. 

These result can therefore be considered as an

indication that the water-gas shift reaction proceeds 

via a different reaction mechanism over non-copper 

containing water-gas shift catalysts.

As 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 formic acid decomposition over a Cu/MnO 

catalyst (Figure 6.4) is believed to take place via the 

formation of the following i-.cenrediate;

/ %

V "
where M = surface site

This decomposition mechanism is expected 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 intermediate could 

also be expected to be present on the surface to a 

minor extent. The decomposition of such an intermediate 

would take place by the sane mechanistic steps outlined 

in Figure 6.4 for the bidentate intermediate.



Table 6.1 : Reaction of formic acid over the various

catalysts tested

Catalyst

System

Time on % (mass) Selectivity

h2 CO C02 ch4 HCCCH

Co/MnO 0.002 - - 0-057 99.94

0-005 . - 0.068 99.92

Co:m = 0.003 - - 0.043

0.003 - - 0.025 99.97

CoCr204 0.004 - -

- -

- - 99.89

- - 99.94

- "

Cu/MnO 0.018 97.65

- 3.66 0.010 95.37

Cu:Mn = - 4-01 0.007 93.86

180 - 3.69 - 93.03

220 _ -

- 0.008

Note : A  indicates that the compound was not 

detected.



Figure 6.4 : Decomposition of formic acid over metal

oxide catalysts

HCOOH

Cotton and Wilkinson (168) have also described Cu-H as 

a borderline hydride with low stability, and Co-H, Cr-H 

as well as Mn-H as thermodynamically stable hydrides. 

Therefore, it van be envisaged that, upon formic acid 

co-feeding over the Co/MnO and the CoC^O^



catalysts, the metal hydride, which had formed upon the 

dissociation of the formic acid on the active sites are 

too stable to decompose readily and could thereby block 

these sites. This theory therefore also aids in

explaining the inactivity (and particularly the absence 

of any H2 formation) of formic acid decomposition 

over these catalysts. Hovrever, as the Cu-H can

decompose readily, no such blocking will occur and thus

formic acid will decompose over these types of

catalysts, resulting in the formation of Hg as veil

6.4.2 Reaction of methanol over the various catalysts 

systems

Due to similarities between CH3OH and (i.e. -OH 

vs. -CH3) methanol was used to further probe the 

reaction mechanisms of the water-gas shift reaction 

over the three catalysts investigated under a range of 

experimental conditions, and the results are given in 

Tables 6.2 and 6.3 respectively.

tor CH3OH-CO mixtures, methyl formate was observed as 

a significant, product in the organic spectrum for all 

three catalysts investigated (Table 6.2). Even though 

the production of methyl formate was not particularly



Table 6.2 ; Reaction of methanol over the.various 

catalysts studied 

i) Organic product distribution

Time on % Selectivity (ness) of gaseous organic phase

line/mm ch4 CH3CCH3 HtfH HCO2CH3

Co/MnO Co:Mn = 1: Temperature = 150°C

2.68 81.8 14,0

0.63

0.31

0.67 95.6 -
0.14 0.61 99.2

CoCrjO^ Co:Cr = 3 1 Tanperatuce = 1S0°C

-

-

-

-

-

-

Cu/MhO Cusfto = 1: Ttanperature = 100°C

-

-

-

86.93 12.70

- 86.83 12.75

- 92.29 7.46



Table 6.3 : Reaction of methanol over the various

catalysts studied

(iij Inorganic product distribution

Tine on % (vol) Selectivity of gaseous inorganic phase

line/min Hi n2 CO co2

Co/mo Co:m = 1:1 Temperature = 150°C

4 0.13 18.90 80.63 0.28

0.14 82.68 0.39

0.05 85.80

0.05 85.80

Co:Cr = 3:1 Temperature = 150°C

0.03 19.10 80.87

0.04 -

0.04 .

Cu/MnO ? CuiMn = 1:3 ; Ttemperature

0.48

2.34

16.73

17.04



long lived (£a. 1.5 hours), it nevertheless was

observed as the major product for all three catalysts. 

The formation of methyl formate fran reaction of 

CH3OH / CO is known for other catalyst systems,

particularly at higher reaction pressures (169). Methyl 

formate is considered to te formed via the oxidative 

addition mechanism as shown in Figure 6.5.

Finure 6.5 : The formation of methyl formate over the 

various catalysts studied

CH.

CO

CH,OH
CH.

CH;



In this mechanism, CH3CH dissociatively adsorbs onto 

the surface to give a irethoxy group, which subsequently 

reacts with co-adsorked CX) on an adjacent site to 

ultimately produce methyl formate.

High H2 and C02 levels were observed for the 

CH3OH co-feeding e^eriments over the Cu/MnO catalyst 

(Table 6.3). The decaiposition of methanol is known to 

cccur over copper containing catalyst systems (170, 

171) and could thus account for the high H2 levels 

observed. The pzccess proceeds according to the reverse 

methanol synthesis reaction:

CH3OH x==^ 2 %  + CO

The high levels of carbon dioxide observed for the 

Cu/MtiO catalyst could be due to two possible reactions:

1) CO + CO CO2 + Cg

or 2) CO + H20 ^ = 6  CO2 + H2

(the water-gas shift reaction)

It .is unlikely that any COg had formed by means of 

reaction 2 {i.e. the water-gas shift reaction) as the

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



experiments had been carried out under dry conditions 

and the methanol had been dried rigorously beforehand). 

Furthemore, the fozracion of water frcro methanol is 

unlikely under the experimental conditions used.

Reaction 1 would account for the decrease in the level 

of CO2 with increased time-on-line (Table 6.3). Also, 

for reaction l, the catalyst would become "coked up" 

and eventually lose its activity. An analysis revealed 

that the spent catalyst contained 3.4 % (m/m) carbon. 

This result thereby provided evidence that the 

disproportionatiun of CO to fom COg and C tcok place 

over the Cu/MnO catalyst during the methanol co-feeding 

experirrents, resulting in the formation of COg. 

Bawever, even though the deposition of carbon vrould be 

expected to deactivate the catalyst, it is interesting 

to note that the production of hydrogen and methyl 

formate was still being observed to a significant 

extent after 90 minutes on-line. As the levels of 00% 

formation decreased with time, an indication is 

therefore given that methanol decomposition and carbon 

formation took place on different catalytic sites (with 

the build up of carton only deactivating the catalytic 

sites over which this reaction takes place).



Fran Table 6.2, it can also be seen that the levels of 

methyl formate produced during the methanol co-feeding 

experiments were found to be higher for the Cu/MnO 

catalyst than for both the Co/MnO and the CoCrgOg 

catalysts. This observation 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 experiments carried out with the various rrodel 

reagents are considered to be highly significant with 

respect to the mechanism of the water-gas shift 

reaction over the catalyst systems investigated. The 

major reaction product observed for the methanol 

co-feeding experiments was methyl formate, which formed 

from the insertion of a surface methoxy intermediate 

into a surface CO. Additional mechanistic evidence was 

obtained frcm co-feeding formic acid over the various 

catalysts. The decomposition of formic acid did not 

take place over the Co/MnO and the CoCrgO^ 

catalysts due to the formation of a bidentate surface 

formate intermediate. However, over the Cu/MnO catalyst 

formic acid was found to decompose to form COg and 

due to the formation of a monodentate formate 

intermediate.

'-"jy



Based on these model reagent studies the water-gas 

shift reaction mechanism proposed in Figure 6.6 is 

thought to occur ov>v the Co/MrO and the CoCrgO^ 

catalyst systems investigated

In this schema, it. is proposed that water adsorbs 

dissociatively onto a surface site with subsequent 

adsorption of CO onto an adjacent surface sit-3. This is 

then followed by the insertion of the surface-bonded 

hydroxy group into the M-CQ bond. The reaction of 

CH3CH to form methyl formate is direct evidence for 

this proposed step and also insertion reactions are 

well known in analogous complexes in organcmetallic 

chemistry (172,173), Subsequent reaction would occur 

via a beta-elimination reaction to give gas-phase COg 

and surface hydrides, which lead to hydrogen formation.

Such decomposition of a metallocarboxylic acid to yield 

CO2 is also well supported in the reactions of 

numerous organanetallic complexes (174-176), eg as was 

initially demonstrated for the organanetallic complex 

IrCl2(CO2H)<C0)(PMe2Ph>2 (177).

The kinetic data obtained in the first part of this 

chapter supports such a reaction scheme. The key 

surface species derived from water is the surface 

hydroxy and the observed linear dependence of the



^iom-e 6.6 : T-iater-gas f’lift reaction mechanism over 

the Co/MnO and the CoCr204 catalyst 

systems investigated

H,(o)

C O :(s t

reaction rate on Pĵ q (Figure 6.1) is consistent with 

this mechanistic step. Tne observation that Tq -, 

reaches a maximum and the • becomes constant at high 

Pq -, for these two catalyst systems could be due to CO 

successfully competing witis H20 for adsorption sites. 

Itie concentration of surface hydroxy groups therefore 

becomes limited. Eventually, with increasing Pq -,, it 

would no longer be possible to form a surface formate



intermediate, due to the lack of surface hydroxy 

species and this transition state type mechanism would 

break down. Hence, as stated previously (section 

6.3.2.1) at high Pqq, a regenerative mechanism (59, 

60, 278, 279)) may become a dominant reaction pathway,

with the rate limiting step being the production of

hydrogen. It is therefore possible for the Co/MnO and 

CoCc204 catalysts, that, at lew Pq q, the proposed 

surface formate mechanism pathway is dominant, but at 

high Pq q the regenerative mechanism may also compete.

The proposed water-gas shift reaction mechanism over 

the Cu/Mx) 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 adjacent site. However, instead of the 

insertion by the surface bonded hydroxy species into 

the M-CO bond (as was shewn for the Co/MnO and the

CoCr204 catalysts) the CO is inserts into the 0-H 

bond to form the bidentate formate intermediate, which 

is associated with copper-containing catalysts. Such 

insertion reactions involving copper conplexes 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



Figure 6.7 : water-gas shift reaction mechanism over 

the Cu/MnO catalyst system

directly proportional to nunter of adsorbed H20 

molecules (i.e. the [H20]). In Chapter 4, it was 

shown that the Cu/MnO catalyst system displayed the 

Ixighest specific activity of all the three catalysts 

tested. This suggests that the Cu/MnO catalyst is 

capable of higher turnover frequencies than the Co/MnO 

or the CoCr204 catalysts. Hence, the competition 

(between CO and H20) for adsorption sites would only 

effect the reaction rate at a very high Pqq or 

PH20' 0 ^  would therefore not expect the reaction 

rate to reach a maximum (as was observed for



the other two catalyst systems) except at very high 

Pqq or .PjQO' Thus, the high specific activity of 

the Cu/MnO catalyst could explain the observed first 

order rate dependence on CO under the experimental 

conditions employed.

(5.5 Sunmary

In this chapter, an investigation of the water-gas 

shift reaction over three different catalyst systems 

has been described using both kinetic and irodel 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 mathematically expressed as 

follows:

i) Cu/MnO catalysts s 

rC0 = k-pC0,pH20

ii) Co/MnO and CcC^O* catalysts:

a PC0
% )  ” k,pH20----------------- at low Pco

ii + b pm )2

» k- Pfjjg • constant at high PCg



Based on the model reagent studies, mechanisms for the 

water-gas shift reaction have been proposed for all 

three catalyst systems for which it is considered that 

the following sequence takes place:

i) water dissociatively adsorbs to form a 

surface hydroxy and hydride species

ii) subsequent adsorption of CO

iii) insertion of CO into (a) the O H  of the 

surface hydroxy species over the Cu/MnO 

catalyst or (b) insertion of the surface 

hydroxy species into the metal carbonyl over 
the Co/MnO and CcCr204 catalysts to form 

surface intermediates

iv) decomposition of the surface intermediates 

to form gaseous COj and surface hydrides

v) canbination of the surface tiydrides to f om 

gaseous H2

The mechanistic sequence discussed in this chapter 

showed much premise 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 reagent 

molecules in the ultimate production of CO2 and H2.
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7. SULPHUR POISONING OF THE VRRIOtS CXLKLYSTS

7.1 Introduction

Sulphur is considered to be one of the most c o m m  

catalyst poisons (181) as it. not only alters the 

catalyst's surface "nit also its bulk structure and 

hence its overall activity and selectivity. Cue to the 

commercial interest in the subject, it is not 

surprising that a great deal of research :<ork has been 

dedicated to sulphur poisoning (5, 181-183). Feed gases 

containing sulphur impurities (even in ppm levels) 

drastically reduce the activity of irost 

mstal-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 fran 

the relatively high levels of H2S (about 0.4 %) and 

COS (about 0.04 %) present in the feed gases (184, 

185).

There still exists a fair degree of uncertainty about 

the mechanism by which metal catalysts are poisoned by 

sulphur, but it is believed that both thenrodynamic 

(i.e. bulk characteristics) as well as surface



, : Schenatic diagram of a coal based amronia 

synthesis plant

interactions are involved (182). Fran the theorodynamic 

results presented in Table 7.1, it can be seen that 

most rretals have a very high affinity for sulphur and 

hence it is very difficult to avoid sulphur poisoning 

of transition metal catalysts, Due to the low 

electronegativity of sulphur, metal-sulphur bonds are 

mainly non-ionic, thereby explaining the many metal 

sulphide phases (sore of which can also be present in a 

nonstoichioretric form) which can exist. It is not 

difficult to envisage that the formation of such metal



sulphides alters the bulk structure of metal catalysts 

and hence their catalytic properties.

Table 7.1 : Free energies of formation of various metal 

sulphides a

Element Metal Sulphide A  Gf (kJ/itol)

300 K 600 K

- 54.0

Co2s3 - 69.8

Co4s3-x - 39-3
COgSg - 65.3

-no
CuS - 55.4 - 62.3

ais2 - 44.4 - 60.7

Cu2S - 46.5

Fes ' - 58.2

FeS2 - 75.8 -

m MnS -185 -180

MiS2

ZnS -168

a s Data computed frcnt reference 181 and 186 and 

based on the following stoichiometry;

(x/y) M + H2S (Vy) MgSy + h 2

Oudar xi82) has shewn that the enthalpy of adsorption



of sulphur-containing compounds onto rrost catalytically 

active metals (i.e Mi, Cu, Fe, Cr and Pt) is directly 

related to the enthalpy of bulk sulphide formation. At 

a 50 % adsorption layer, he concluded that the enthalpy 

of formation for a surface sulphide species is bet&een 

20 and 40 % higher than the enthalpy of formation for 

the irost stable bulk sulphide. Evidence was thereby 

presented that sulphur poisoning should not just be 

considered to modify 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. 

H2S) have been known to adsorb dissociatively onto a 

copper surface (187). The build-up of metal sulphides 

rot only prevents the adsorption of reagent irolecules, 

but can also markedly affect the selectivity of 

reactions. A typical example of an extrema case of 

catalyst poisoning 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 inpurities 

had been present in the feed stream (181). Furthermore, 

evidence in the open literature was presented that 

sulphur containing feed gases brought about an increase



In the yield of liquid hydrocarbons and a decrease of 

gaseous hydrocarbons when CO and Hg were fed over a 

Co/ThC^Aieselguhr catalyst.

Another type of catalyst, which is prone to sulphur 

poisoning is the nickel -containing methanation 

catalyst, which has been reported to seriously 

deactivate when the sulphur content in the feed gases 

exceeded abcut 0.1 % (188).

ifctoever, sulphur must not always be considered as a 

catalyst poison. There are certain catalysts which 

depend on high sulphur levels to remain active. These 

are the so-called "Cotfox" catalysts which are mainly 

used for hydrodesulphurisation (HDS) processes 

(189-193); but have also been known to catalyse the 

water-gas shift reaction (section 1.4.3) In spite of 

the great ccwercial significance of these catalysts, 

little is understood regarding their activity in terms 

of mechanistic features. Different mechanistic models 

have been suggested to explain the catalyst's 

hydrodesulphurisation activity (194,195) but no such 

information is available to explain its water-gas shift 

activity. Tbpsoe et.al. (195) give a good insight of 

hoef the interaction betvreen the catalytic structure of 

a eulphided Cottox catalyst accounts for its 

desulphurisation activity. Fran their proposed reaction



sequence (shown in Figure 7.2), one can see that 

sulphur forms part of the catalyst's active structure. 

Even though the Co and tto have to change oxidation 

states twice in order to complete the reaction cycle, 

their role as a sulphur support is also 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 CcJtox catalyst proposed by Tbpsoe 

at. al. (195)

where O = vocant arlc



Frar. 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 materials. Honever, no theoretical method 

exists for the prediction of whether sulphur will 

poison or promote a certain reaction over catalytically 

active material. Thus, the only means of obtaining such 

infonnation is by experimentation, which involves the 

feeding of gases containing a known quantity of sulphur 

into a controlled reaction environment. 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 H2S. The overall composition 

of the gas is.shown in Table 7.1.

The following catalysts were tested for water-gas shift 

activity s

1 - Co/MnO s Co : Mn = 3sl

2 - CoCr204 j Go i Cr = 3:1

3 - Cu/MnO : Cu s Mn = 1:3



All catalysts Investigated were prepared, pretreated 

and tested in the manner described in chapter 2.

: Composition of sulphur containing feed gas

Component

% (irol)

Cylinder 1 Cylinder 2

h2 30.6

n2
CO

C02

total sulphur 0.00011

(H2S +C05)

7.3 Results

Fran the results shown in Figures 7,3 (carried out 

using Cylinder 1) and 7.4 (carried out using Cylinder

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

CcCr204 catalysts not only displayed high water-gas 

shift activity under these conditions, but they also 

maintain*xl this activity over an extended period of 

tirre. 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 toth catalysts showed



that no detectable changes in the individual phases 

present in each of the catalysts as compared to the 

sulphur-free laboratory gas studies (section 3.3.1 and 

section 5.2.2) were observed.

Stab-L'ity studies of various catalysts 

using coal derived feed gas containing 

1 ppn sulphur3

t:

A = C o  : Mn=3il ;Q=Co : Cr=3:l ;

0  = Cu : Mn = 1:3

a i all catalysts vere tested at CO GHSV = 510 h-1, 

Terpeirature = 350°C for the Co/MnO and 

CcOxjO ĵ catalyst and 400°C for the Cu/MnO 

catalyst, CO : H2O = 1:4.5
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i Stability studies of various catalysts 

using coal derived feed gas containing 

240 ppn sulphur8

!

&  - Oo : Ifa » 3:1 ;□= Co : Cr = 3:1 
0  = Cu : Mn = 1:3

i : 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

Eton the figures presented in Table 7.1, it can be seen 

that large differences exist among the various metal

In



sulphides in terms of their thenrodynamic stabilities, 

For example, metals such • as Co or Fe have a

significantly Ic&er free energy of formation for their 

various bulk sulpl ddes as compared to metals such as Cr 

or Mn, which have much higher free energies of 

formation of their bulk sulphides. Thus, it was 

suggested that sulphur poisonirg over Co- or Fe- 

containing catalysts could he reduced by combining 

these metals with other metals such as Cr or Mn. As the

formation of Cr or Mn sulphides would thus be

themodynamicaily 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 theory, which, 

has been discussed in the literature (196), foould thus 

explain the experimental results shown in Figures 7.3 

and 7,4 for the Co/MnO and the CcCr204 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/MnO 

catalyst, led to severe catalyst deactivation at both



smlphur levels (Figures 7.3 and 7.4). This observation 

suggests that the Mn part of the catalysts did not 

provide protection fron sulphur poisons, even though 

MnS is more stable than Cu2S { A  ti3 = -185 kJ/nol 

for MnS and 8A  ti3 = -55.4 kJ/mol for CuS). It can 

therefore be concluded that the thermodynamic 

information provided failed to rationalise the 

experimental observations. tfcwever, as catalytic 

reactions primarily occur on the surface, one should 

look at explaining the experimental data by analysing 

the events that occurred on the surface of the Cu/MriO 

catalyst during the sulphur poisoning experiments.

In section 7.3.1 it was shown that the formation of MnS 

from HgS was thermodynamically more favourable than 

the formation of CuS and should thereby provide a 

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 (Figures 7.3 and 7.4). However, a distinct 

difference in the magnitude of the surface areas of the 

Co/MnO and the Cu/MnO 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.



Table 7.2 : Surface area determined by the BET method 

for the various manganese oxide catalysts 

after sulphur exposure experiments®

Sulphur content Surface area / m2g 1

Co/MnO .catalyst Cu/MnO catalyst

64.0

30.8

a : Surface i.eas were determined after the catalyse 

had been on-line for ca. 600 hours

tow, combining both the thermodynamic results and the 

surface area observations, the sulphur poisoning 

process for a Cu/MrtO catalyst can be envisaged as 

follows

Firstly, the MnO component of the catalyst allows the 

catalyst to absorb sulphur, by the thenroctynainically 

favourable reaction to form manganese sulphides and

H2s + MnO N > MnS + H20

A G  = -185 kJiror1



This reaction step takes place on the surface of the 

MnO crystals. Hcwever, the large sulphide anions can 

geometrically block the passage of reagent gas (eg. CO 

or HgO) to the remaining active Cu centres in the 

structure of the catalyst. The observed distinct loss 

in surface area (Table 7.2) upon sulphur exposure'to 

the Cu/MnO catalyst confirms that ttie pore structure of 

this catalyst had been adversely affected by the 

S-containing molecules.

Thus, the Cu/MnO catalyst can be considered to have 

been poisoned primarily by the geometric blocking of 

the active sites by adsorbed sulphur, which resulted in 

the thermodynamically favoured formation of manganese 

sulphide. Support for such a sulphur poisoning 

mechanism can also be found in the literature (5, 181)

7.5 Summary

Snlpliur poisoning studies were carried out over the 

CoCroOfl, Co/MnO and the Cu/MnO catalysts by feeding 

gases con'.aining different levels of sulphur (1 ppm and 

240 ppm). The results obtained indicated that only the 

Cu/MnO catalyst was found to deactivate after prolonged 

exposure of either of the sulphur containing feed



gases. It was found that the for.'nation of manganese 

sulphides and chromium sulphides were thermodynamically 

more favourable than the formation of either copper 

sulphides or cobalt sulphides. Thus the manganese and 

the chromium catalyst supports were protecting the 

active components of the catalyst f rm deactivation. 

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 

manganese sulphide product. A  distinct loss of the 

catalyst's surface area after exposure to the sulphur- 

containing gases and similar observat ,ons and results 

reported by other researchers were found to support 

this theory.



8- CONCLUSION

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 vrorkings was presented. 

Furthermore, the need to develop a novel stable and 

sulphur tolerant high activity water-gas shift catalyst 

was identified. Theoretical and practical developments 

for • the identification, preparation and 

characterisation of such catalyst systens were 

described in Cliapter 2.

These developments led to the identification of three 

novel high activity water-gas shift catalyst systems 

(i.e. i) Co/MrtO ; ii) Cu/MnO ; iii) CoCrgO^). 

Optimisation studies for the Co/MnO catalyst system 

(which vrere presented in Chapter 3) indicated that a 1 

% (m/m) Co/MnO catalyst with a Co:Mn ratio of 3:1

exhibited its highest CO conversion activity with 

minimum CHfl by-product formation at 350°C. 

Furthermore, experimental data was presented in Cfiapter 

3 to shew that ttie water-gas shift reaction and the CO 

hydrogenation reaction, to produce C^+ products, did 

not proceed simultaneously over this catalyst system.



?. comparison of other manganese oxide containing 

water-gas shift catalysts, was presented in Chapter 4 

and revealed the following specific (i.e. corrected for 

surface area) reactivity pattern s

Cu/MnO > Co/MnO »  Fe/MnO 

In contrast to the Co/MnO catalyst system, Cu/MnO was 

found to display - k'ohest water-gas shift activity 

at low Cu loadings . Cu:Mn = 1:3). Although, the

Cu/MnO catalysts had the highest specific activities of 

all the MnO containing catalysts tested, they 

nevertheless lost their catalytic activity when

operated continuously at their optimum operating 

temperature of 400°C.

A third novel high activity water-gas shift catalyst 

system was also identified in the form of CoCr^O^. 

This catalyst was found to give an optimum CO 

conversion activity at high temperatures (350-400°C) 

and high cobalt loadings (Co:Cr = 3:1). However, it was 

also found that the CoCrjO^ formulations tested

produced significant level;, of CH4 by-product which 

was believed to have formed on the non-metallic Co

In order to obtain a better understanding of the events 

occurring on the catalysts' surfaces, both kinetic and 

mechanistic model reagent studies : ad to the



derivation of mathematical rate laws as well as the 

proposal of mechanistic reaction cycles {Chapter 6). 

Based on the results obtained for the model reagent 

studies, the water-gas shift reaction was found to 

proceed via the formation of various surface formate 

intermediates for all three catalyst systems studied. 

Havrever, the kinetic results obtained for the Co/MnO 

and the CoCr^O^ catalysts showed that the reaction 

could also proceed via a regenerative "Temkin" type 

rrechanism 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 ppn. 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
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APPENDIX 1

Co-precipitation method

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 

shewn in Figure 2.1. Routine experiments were carried 

out to optimise the parameters (viz. temperature, pH or 

precipitating agent) used to prepare the various 

catalyst systens studied. This apparatus was used in 

such a way that it alleged for the simultaneous 

precipitation of two metal nitrates. Variations in the 

ratio of mixing these metal nitrate solutions

determined the final active component : support ratio 

of the catalyst. It was found that for all catalysts 

prepared a direct correlation between these ratios 

existed.

The mixed ratal nitrate solutions (0.75 M ; March 

Chemicals) were then preheated in the temperature

controlled water bath to the required precipitation

temperature as detailed in Table 2.1. A peristaltic 

pump (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. It should be noted



at this 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

Catalyst system

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

Temperature
/°c

[Metal nitrate]

0.75

Precipitating 30 % (vol) 30 % (vol)

PH 8.30

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 0.01 pH units during- the preparation

procedure by manually adding either dilute nitric acid 

or ammonia solutions. The precipitating solution was 

constantly stirred magnetically.



Reaction time was about 1 hour and yielded about 5 g of 

solid material suspended in solution. The solution was 

then vacuum filtered at the reaction temperature

(Whatman No. 31 paper) and washed .repeatedly with 

distilled water to remove any nitrates or carbonates. 

The co-precipitated material was dried at 110 °C 

under vacuum (5 kPa) for 16 hours.

Figure 2.1 s Schematic representation of the 

experimental set-up used for the 

co-precipitation method

pH meter 

pH electrode

magnetic, stirrer 

ammonia solution 

msta.l nitrate solution 

water bath 
heater / puitp

The catalyst material was analysed to determine the 

metal ratios using atonic absorption spectroscopy (AAS)



(Varian Techtron AA4). This was done by dissolving 

afcout 0.100 g of material in boiling aqua regia and 

diluting it 100 times with distilled water. Calibration 

curves v®re then obtained and the concentrations of the 

various metal ccrponents were detemined fran these 

curves. Typical results obtained shewed that if the 

metal nitrates of cobalt and manganese were mixed in a 

1 : 1 ratio, then the final co-precipitated .catalyst as

prepared by the method outlined in this section had a 

cobalt t manganese ratio of 1 : 0.98. Similar results 

were obtained for the other catalyst systems tested.



Impregnation or "Incipient Wetness" rrethod

This method was used to introduce a small amount (viz, 

0.5 - 2. % (m/m)) of a third metal component (eg. 

potassium, manganese, or vanadium) to the pores of the 

co-precipitated catalysts. These components were added 

to a dried catalyst by just wetting it with the minimum 

volume of a solution containing these pranoters. The 

netted catalyst m s  then dried under vacuum (5 kPa), 

and the third metal conponent remained in the 

catalyst’s pores.

A typical example of the method followed to introduce 

potassium to a CoMi oxide catalyst will now fce given. 

In order to prepare any other three-ccnponent catalyst 

system, this method was only modified by making the 

required changes to the anmnt or nature of the third 

component 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 % (m/m) of K to 2.000 g of Co/Mn 

oxide catalyst, 0.141 g of were dissolved in

1.224 g of water and this solution was contacted with 

the Co/m oxide catalyst. The wetted catalyst was then 

dried at 110°C under vacuum (5 kPa) for 16 hours.

I T " " /  -



All praroted catalysts vrere prepared according to 

similar procedures using the following ratal salts j 

KjO., and Mn(N03)2-4H20.

Again, the use of salts containing sulphur or chlorine 

vas avoided since these elerents are potential catalyst 
poisons.

'' " .25X



APPEMDJ'i 3

Catalyst pretisataent

The dried co-precipitated catalytic material, which was 

produced in powder form, was pressed (20 tons/cm^) in 

order to cfctain a hard pelk^sd disc. This disc was 

broken down and sieved to obtain catalyst particles of 

the size 0.500 inm - 1.180 mm. These particles were then 

further treated, based on procedures outlined in the 

literature (79,82-84).

Table 2.2 ; Calcination temperatures6 during catalyst 

pre* treatments

Catalyst system

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

500°C 

isothermal 

for 16 hours

500°C • 

isotlierrrBl 

for 16 hours

increased from 

150 to 350°C 

within 2.5 hours 

350°C for 

3.0 hours

a: all calcination was carried out in air

The calcination and reduction conditions used for the 

Co/Mn and Co/Cr oxide catalyst systems vere adopted



ftan vork carried out by van der Riet et. al. (79). For 

the Cu/Mn oxide catalyst system, vork done ty Klier e^. 

al. (82), Ray et. al. (83) as well as Singh et. al. 

(84) footed 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 calcination 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 prevent sintering during these 

pretreatmant stages.

Table 2.3 : Reduction conditions for the various 

catalysts tested

Catalyst system

Co/Mn oxide Co/Cr oxido Cu/Mn oxide

Gas used h2 h2 2 %(vol) H2 

98 % (vol) N2

Zh-1

200 1000

Temperature

/°C

isothermal 

for 16 hours

isothermal 

for 16 hours

fron 150 to 250 

in 2 hours and 

then 250 for 

16 hours



A schematic representation of the reactor assembly is 

given in Figure 2.2. This set-up allowed for the 

simulation of the catalysed water-gas shift reaction on 

a laboratory bench scale (eg. 2.0 g)•

It should be noted that all equipment, except the feed 

gas and the analysis section was triplicated in order 

to allow three catalysts to be tested simultaneously. 

What follows will be a description of the function and 

operation of one of such reactor units. Using this 

arrangement, carbon ironoxide and nitrogen (>99.9 % 

purity, supplied by Afrox, South Africa) here lied to 

the evaporator part, of the reactor assembly. Nitrogen 

was introduced as an inert tracer gas as well as a 

catalyst coolant as the water-gas shift reaction is an 

exothermic reaction. Gas flow control, at a manifold 

pressure of 100 kPa was carried out using Aalborg 

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. Tna evaporator was designed and manufactured 

in the University workshops and a detailed schematic 

diagram is shewn in Figure 2.3.



Figure 2-2 : Stainless steel reactor assembly layout
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Figure 2.3 s Schematic diagram of evaporator

i 1 = 1/4" gas inlet tube

2 = Therrrocouple

3 = 1/4” gas outlet tube

4 = Evaporating section

5 = Preheating section

6 - 1/8” H20 inlet tube

7 = metal beads

8 = 1/16" restriction

Ihe evaporator was heated to 110 °C using a

thermostatically controlled electric heating tape 

(Electric Elements , South Africa). The temperature of 

the water, which was introduced to the evaporator via 

the 1/8" stainless steel tube was first increased in 

the preheating section and finally converted to steam 

in the evaporating section. The steam was then

hcmogenised with the nitrogen and carbon monoxide feed 

gases in the upper mixing section. The final nitrogen, 

carbon nonoxide and steam mixture was then channelled 

to the 1/4" stainless steel outlet tube. It was found 

that this evaporator design allowed for the evaporation 

of water, even at flew rates as high as 10 g H20/hr.



Thus this design was considered satisfactory for the 

testing of the various catalysts. The outlet line of 

the evaporator was connected to the inlet of the 

microreactor and in order to avoid water condensing 

inside this line it was electrically heated using a 

rheostat control, which kept the temperature batvreen 

150°d and 180°C.

The r actor design was very similar to the one used by 

van der Riet (81) for his Fischer-Tropsch catalyst 

studies and was originally based on a design by Korf 

and Espinoza et. al. (85). A detailed layout of this 

design is given in Figure 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 

dam-flow microreactor type and it exhibited plug flew 

characteristics.

Electric heating tapes, governed by a temperature



Figure 2.4 : Details of reactor design

1 = Thermocouple

3 = Stainless steel seal

4 = Reactor insert

5 = Preheating section

6 = Therrccouple holder

7 = Tbp plate

8 = Botton plate

9 = Reactor outlet

10 = Reactor inlet

11 = Catalyst bed

controller (RKC Instruments), allowed for an accurate 

temperature control of +/- 1.0°C. The controller

nonitored the catalyst temperature by means of a 

thermocouple with an iron/copper-nickel junction (type 

J). This thermocouple was fitted into a well, vdiich 

extended into the centre of the catalyst bed.

A dual-trap system raroved any unreacted water fran the 

product gas mixture before analysis. This was found 

necessary as water could have damaged the gas 

chmnatographic columns used to carry out the product

s

U
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identification. The trap system consisted of two 500 ml 

Dreschel bottles which were kept at roan temperature. 

Ihe unreacted water was condensed in the first trap and 

the complete water renoval was achieved in the second 

trap, which contained anhydrous calcium chloride drying

A  computer controlled valve system selected the 

individual product streams, which were analysed. This 

system used 1/8" brass ASCO on/off valves which could 

be individually switched or. and off through the 

controls on the Spectraphysics SP 4290 integrator, via 

an external events nodule. A schematic representation 

of this operation is given in Figure 2.5.

Figure 2.5 : Valve system used to select individual

product streams

- D
Integrator

Relay box 
3-way valve

To gas chromatograph



Glass reactor assembly for the mechanistic co-feecHrio

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 carpanents used for this reactor assembly.

Figure 2.6 i Glass reactor used far mechanistic studies

CO

Key s 1 = FlcMreter
2 = Evaporator containing organic liquid

3 = Reactor

4 = Trap l {0°c)

5 = Gas sample point

6 » Trap 2 (-30°C)

O K  V



The manifold section used for the: introduction of the 

feed gases was identical to the one employed in the 

stainless steel reactor assembly. Kwever, instead of 

introducing water to the system, organic liquids, 

required for the mechanistic experiments (eg. methanol, 

and formic acid) were co-fed. These liquids were 

introduced by means of a bubbler system, in which a 

controlled flow of feed gases (eg. nitrogen or carton 

monoxide) were passed throu^i a Dreschel battle 

containing the liquid, lb further control the a m m t  of 

liquids to be evaporated, the Dreschel bottle was 

electrically heated, by means of a temperature 

controller similar to that described in Appendix 4.

The cylindrical reactor (400rrai long ; 15rtm inner 

diameter) was made from quartz glass, containing a 

porous sintered disk in the centre to support the 

catalyst particles. Temperature control was again 

carried out by means of a thermostatically controlled 

heating tape, which had keen wrapped around the 

reactor.

The trap system was slightly modified, to allow for the 

complete removal of any organic conpanents. 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



and tte second trap was cooled ckwn to -30°C, using a 

liquid nitrogen/ acetone mixture. On-line gas 

chranatographic analysis was used to identify the 

inorganic products. The organic fraction was analysed 

using off-line gas chromatography. Gas samples vrere 

taken after the first trap and analysed by tho 

techniques described in Appendix 6.



A  pneumatically operated six port sample valve (Valeo, 

Switzerland), containing a 2.0 ml sample loop was used 

to inject the various gas samples into the on-line gas 

chromatograph. A  diagram of the valve's operation is 

given in Figure 2.7/

Figure 2.7 : Pneumatically operated gas chrcmatographic 

sample valve

sample position 

KSy : 1 = GC carrier gas

2 - Saaple 2cop (2.0 sU)

3 = From reactor

inject position

5 * GC column

6 » TO detector

The valve was switched by comaands sent £ron the 

Spectra-Physics 4290 integrator. This set-up allowed

T ’ ■ '



for programmable gas sample injection into the on-line

Hewlett Packard 573QA gas-solid chzmatograph, which 

contained a 3 m X 1/8" Cartosphere column (Alltech

Associates, 60-80 mesh). This column was found to

separate H2, Ng, CO, CH4 and CO2 very well. It 

should be noted that the separation of N2 and O2

could not be achieved with this column. However, a 

separate off-line analysis, using a molecular sieve 

column confirmed that the O2 levels vsre less than

0.001 % for all vrork carried out. The cartosphere 

column m s  operated Isotbemally at ti0°C using argon 

as a carrier gas (20 ml/rain) and utilising a thermal 

conductivity detector (TCD). The detector output was 

connected to an electronic integration system

(Spectraphysics $? 4290), which allowed for accurate 

and reproducible dita collection.

Hydrocarbon and organic oxygenate analysis (Cj-C7)

was carried out using an off-line Pye uniccsn 204

ter^erature programmable gas chromatograph, containing 

a 2 m  X 1/8" Porapak Q column (Waters Associates Inc. , 

80-100 mesh), using nitrogen as a carrier gas (20 

ml/min) and a flame ionisation detector (FID) unit. A 

similar gas sample valve as for the on-line unit was 

used to introduce the gas mixtures to be analysed, but 

the valve was manually operated. Liquid samples were 

injected with a microsyringe into a preheaui injector



block, where evaporation took place and the carrier gas

then fed the sample into the column. Data acquisition

was carried out using the second channel of the

electronic integrator, whose operation will be ^

described later. '■

1



The signal frcsn the thermal conductivity detector was 

transferred to the Spectra-Physica SF 4290 electronic 

integrator, which conv-rted it to an area count for the 

various ccnponents analysed for. The integrator also 

provided a gas chrmatographic trace of retention time 

versus detector response as shown in Figure 2.8 for a 

typical analysis.

■Figure 2.8 : Chromatogram of a typical permanent gas

analysis
CHANNEL

HYDROGEN
hMONOK.Bi
C BIOXIBE

1 = Hydrogen 2 = Nitrogen

3 = Carbon Monoxide 4 = Mstkane

5 = Carton Dioxide



A  normalisation method was used to obtain quantitative 

results, after correcting for detector response of the 

various components. The method of correcting for 

detector response of the individual components was 

outlined by Dietz (86), who tabulated the response 

factors for many organic and inorganic compounds. 

However, from experiments performed in our 

laboratories, it was found that Dietz's response 

factors were considered too inaccurate for the work 

presented in this thesis, Thus, a standard 

pre-calibrated gas mixture, containing known

quantities of all the components analysed for was 

obtained fran Afrox's special gas division and injected 

into the gas chromatograph. The individual response 

factors were then calculated from the area counts 

obtained for each component and normalised using 

nitrogen as the base.

The factors were then entered into the integrator's 

data evaluation program which was used to calculate the 

volume % of each canponen. using the following formula:

where % vol (i) = volume percent of component i 

RF (i) = response factor of component i 

Area count (i) = area count of caiponent i

Area count (i) X Ri’(i)

(Area count (i) X RF(i))



Flame ionisation detector (FID) response was also 

converte-i to an area count using the second input 

channel of the integrator, which monitored and recorded 

the bath the TCD and the FID signals simultaneously. 

The integrated FID data was corrected for detector 

response, by using the literature correction factors 

(86). For caipounds not covered in the literature, a 

known volume of the compound was injected into the gas 

chromatograph and the relevant response factor was then 

calculated. Once the corrected area counts were 

obtained, the results for all the organic compounds 

were normalised and a % selectivity on a mass basis was 

obtained and reported.

All catalyst activities were expressed as % CO 

conversion, which was calculated using the following 

formula;

moles CO in - noles CO out

% CO conversion = ... — ....... —  ■ X 100

noles CO in



Parxier X-ray diffractc/.etzy (XRD) was used to determine 

the crystalline bulk structure of the various catalyst 

precursors investigated. The instrumentation included a 

Phillips PM 1050 diffractcmeter, which incorporated a 

copper anode and a graphite moncchrcmator. The peaks of 

the individual spectra obtained were „anually assigned 

using data in the JCPD file.

BET surface area measurements were determined with a 

Carlo Erba Sorptanatic Series 1800 analyser. The 

sa.iples analysed were heated and degassed at 110°C

for 8 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 

TGA were also undertaken. These experiments were 

carried out using - Dupont 9900 thermal analysis

system, which was : a  jd to a 910 DSC as well as a 951

TGA nodule.

The various catalysts investigated were heated from 

ambient temperature to 550°C at a steady rate of
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5°C/min, in the presence of various gases hydrogen. 

These techniques allowed for the detection of phase 

changes (DSC) as well as weight changes (TGA.) in the 

catalysts, which could be interpreted as changes in the 

bulk structures at specific temperatures,

' V
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