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Abstract

The catalytic oxidation of carbon monoxide is an important reaction both commercially and
scientifically. Copper-manganese oxides in the form of hopcalite have formed a cheap and
accessible carbon monoxide abatement catalyst for the last 80 years. This thesis outlines the
robust and reproducible preparation methods necessary for the formation of highly active
species, with the heat treatment applied during the catalyst drying steps being identified as
crucial for the formation of active species.

The addition of metal cations (Co**, Ni**, Fe’*, Ag") to the standard hopcalite formulation
has given rise to many interesting properties including increased intrinsic activity, increased
surface area and greater stability of catalytic activity with increased usage.

The results of doping with a small quantity of cobalt produced materials that were
amorphous to X-Ray Diffraction studies and with increased surface areas over the standard
hopcalite. The dual positive effects of increased activity and prolonged catalyst stability
were also brought about by the addition of cobalt (1-5% with respect to the quantity of
copper present). The joint effect of precipitate ageing time and level of cobalt doping is also
probed. The poisoning effect of water on the hopcalite and cobalt-doped hopcalite is
reported, with the effect being identified as temporary and reversible in many cases.

The mechanisms of oxidation and deactivation over hopcalite are probed using the
Temporal Analysis of Products technique with the important relationship between lattice
oxygen and catalytic activity being identified. The presence of cobalt is also shown to be
important to the re-oxidation of a reduced hopcalite surface.

Catalysts were produced that rivalled and often improved on the activity and stability of a
presently available commercial catalyst.
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Chapter 1 — Literature Survey

In this chapter, many issues relating to the oxidation of carbon monoxide over metal
oxide catalysts, which have arisen in literature over the past century, are discussed.
Special attention has been given to the potential applications of these catalysts,
preparation of active species and promotion of catalysis in these systems. The
limitations of using metal oxide based catalytic systems are also recognised and
explored with the aim of introducing and giving an understanding of the experimental

results contained in later chapters.

1.1 - Carbon Monoxide

CO is a colourless, odourless, tasteless but extremely poisonous gas. It is slightly
soluble in water and burns with a characteristic blue flame to produce carbon dioxide. It
is a useful reducing agent, removing oxygen from many compounds and is used

extensively in the reduction of metals, e.g. in a blast furnace to remove iron from its ore.

[1]

Carbon monoxide is formed by the combustion of carbon in oxygen at high
temperatures but can also be formed from the decomposition of carbon dioxide at
excessive temperatures (>2000°C). It is often present in the exhaust fumes of internal
combustion engines but can also be generated in coal stoves, furnaces and gas heaters

that do not get enough air.

Known as the “silent killer”, carbon monoxide is a very poisonous gas. It is especially
dangerous to humans because it is not easily detected by our senses. Breathing air that

contains even small amounts of CO; as little as 0.1% carbon monoxide by volume, can



prove fatal. [2] A concentration of only 1% is enough to cause death in only a few
minutes. When CO is inhaled it binds irreversibly to the protein haemoglobin in red
blood cells, disabling the oxygen transfer mechanism in the body. This deactivation
mechanism occurs readily as CO is attracted to the haemoglobin about 210 times as
strongly as is oxygen. As a result, it takes the place of oxygen in the blood causing
oxygen starvation throughout the body. Early signs of CO poisoning can often be
mistaken for flu due to the similarity of their symptoms; headache, breath shortness,
dizziness, disorientation, nausea and fainting. At high levels, vomiting, coma and
eventually brain damage and death will occur. [3-5] The depletion of dangerous levels

of CO from the air around us is obviously even more important in confined spaces.

1.1.1 - Oxidation of carbon monoxide
CO + 1/202 \ v g C02

The oxidation of carbon monoxide in an oxygen rich atmosphere occurs readily at high
T but will only occur at lower temperatures in the presence of certain materials. The
reaction is thermodynamically irreversible at room temperature, with AG®° for the
reaction being equal to -256.9KJ/mole. The major contribution to AG® is the high
negative value of AH®° = -282.84 KJ/mole. The entropy for the reaction is -86.61
J/K/mol, so the negative value of AG® becomes smaller as temperature is increased.
Even at very high temperatures, the equilibrium for the reaction always favours

conversion to CO,. [6]

Fundamentally, the oxidation of carbon monoxide is one of the most comprehensively
studied and well understood reactions. The heterogeneous oxidation of CO has been

widely studied over the last century by many investigators. [7, 9, 13, 14, 20, 22] Ever



since the early work of Langmuir investigating CO oxidation over platinum group
metals, where the conversion was catalysed by a heated platinum sponge which became

incandescent due to the heat of reaction, scientists have been captivated by the area. [8]

The poisonous nature of CO has stimulated a large amount of interest in the
heterogeneous catalysis field, especially investigations in to contact agents which
operate at ambient temperature. [9] Studies in recent years have yielded substantial
information on activated adsorption, the concept of active sites, the nature of the active
surface and the relationship between lattice instability and catalytic instability. The
oxidation of CO has often been used as a catalytic test reaction due to fact that the
chemisorption of carbon monoxide is facile and non-dissociative under normal catalytic
conditions. The reaction has served to increase the understanding of the redox
mechanism of catalytic oxidation, as well as helping to verify the electronic theory of

chemisorption on catalysts.

The revival in the study of this field has been underpinned by the development of new,
high-powered surface science techniques, which have offered new insight into
chemisorbed species and the molecular model of carbon monoxide oxidation. Such is its
importance to fundamental catalysis principles that it is still under much scrutiny, even

today.

1.1.2 - Carbon monoxide oxidation catalysts

The role of a catalyst in a given reaction is to alter the rate of reaction at a given
reaction temperature by lowering the activation energy barrier or by providing an
alternative reaction route. Varieties of materials have been reported as active for the

catalysis of carbon monoxide. Some of the most popular include:



e Transition metal oxides — Zn, Mn, Cu, Ti, Fe, Ni, Co, Mo
e Precious metal oxides — Ag, Au, Pt, Pd

e Some oxides of the rare earth elements — Ce, Th

This first chapter discusses the oxidation of carbon monoxide using copper containing

catalysts. Firstly, the relevant applications of such catalysts are considered.

1.2 — Background to carbon monoxide oxidation abatement

In recent years, there has been substantial interest in the oxidation reaction of CO to
produce CO,. Carbon monoxide is a pollutant of industrial and domestic origin with a
well publicised history of serious health implications. Reports of long term exposure at
even ppm levels have been identified as being very concerning and have prompted the
development of methods to reduce exposure levels in many environments. Emission
control using catalytic oxidation has many advantages over adsorption methods in terms

of size of equipment, cost and operating simplicity.

As a result, high activity, low temperature carbon monoxide oxidation catalysts are

highly sort after with applications arising in:

e Air cleaning in building as well as in cars
e Gas masks in military & mining fields

e CO detectors

e (O, lasers

e Space exploration

e Selective oxidation of CO in reformer gas for fuel cell applications



In order to find optimum catalysts for CO oxidation, it was first necessary to look at

potential uses to which the catalyst could be put to work.

1.2.1 - Air cleaning in building and in cars

Due to the dangerous nature of CO it is often necessary to remove it from the air around
us. In many situations, the polluted air may be rich in water vapour and only be
available at room temperature. Any useful catalyst should therefore be water tolerant

and operate under ambient conditions

Much work carried out in the field has focussed on the removal of CO from vehicle
emissions at quite high temperatures. Unfortunately, Hopcalite catalysts are moisture
sensitive and deactivate on exposure to water. [10] Hence, it is most desirable to find
moisture tolerant alternatives or to incorporate elements of moisture protection in

hopcalite-containing systems.

1.2.2 - Purification of industrial gases

It has often proved difficult to separate CO from a gaseous mixture, therefore, measures

have often been taken to convert it to the less toxic CO,, due to the ease of its

separation. [11] This process is of great importance in the world around us.

e Diving

Deep sea welders may be required to work for long periods at depths of up to a
few hundred metres. The air around them requires cleaning to remove CO,, CO
& NOy produced as a result of respiration and welding. “Scrubbing” of the air is
carried out using precious metals supported on tin oxide, with any hydrocarbons

or sulphur compounds being removed before the CO oxidation takes place.



1.2.3 - Public protection

Many governments have contingency measures in place, which in the event of war,
would protect the general population. These often take the form of underground shelters
which when populated, would require much air cleaning in order to prevent the build up
of toxic gases from fires and also the by-products of respiration. Precious metals
dispersed on tin oxides have been deemed suitable for this purpose due to their moisture

tolerance and high regeneration properties

e Smoke hoods

These pieces of personal protective equipment (PPE) have found many uses in both
the mining and aviation industries. [12] Fires in confined spaces obviously have the
power to kill, though it is a little known fact that more people will die as a result of
inhaling toxic gases than from the exposure to the heat of the fire itself. In this
situation, PPE in the form of a smoke hood containing CO busting catalysts is
essential, providing valuable minutes to escape which in many cases can make the

difference between life and death.

e Gas masks

Towards the end of World War I, Lamb et al. discovered a 4-component catalyst for
use in gas mask canisters. [9] Later work foccussed on developing the catalyst for
use in coal mining & fire fighting situations. The catalysts were of two types, either
MnO; with copper carbonate or MnO,, CuO, CoO and AgO. [13-14] Both forms
were found to be highly active at room temperature, readily converting carbon
monoxide to carbon dioxide with a high specific activity. When moisture protection
was incorporated by the addition of drying agents such as calcium chloride, longer

life catalysts were obtained. [14]



1.2.4 - Other applications

Lasers are a part of everyday life with applications arising in surgery, welding, drilling,
spectroscopy, photochemistry and meteorology, with the CO, laser being one of the
most versatile in operation. In recent years, catalysts for ambient temperature CO
oxidation have been sought for use in sealed CO, laser systems to assist in the

recombination of the CO and O, formed during laser usage by the dissociation of CO,.

CO, > CO + 1/202

Consumption of CO; and a build up of O, degrades the performance of the laser leading
to a loss of power output. The presence of the O, causes a breakdown of the electrical
field and a decrease in the laser activity. It is therefore essential that the amount of O,
present in the sealed laser is kept at a minimum. The problem of CO, consumption and
O, build up has been countered by the incorporation of a catalyst which is able to

convert the dissociated products back to CO,. [15]

Typically, hopcalite has had only limited success in laser systems due to both its
tendency to degrade to dust and its deactivation upon CO, or H,O adsorption. [15]
Other more successful laser systems developed have supported precious metals on both

A1203 and Sn02

Other uses have arisen in strictly modern applications such as the CO sensor which can
provide invaluable early warning signals of a build up of the potentially lethal CO gas.

A variety of CO sensors have been developed. [16-17]

1.3 - Hopcalite

Hopcalite catalysts have long been used in the removal of environmentally damaging

gases such as COx and NOy. The early research was carried out by researchers on behalf



of the US Naval Department through a series of co-operating laboratories. As long ago
as 1917, researchers at the John Hopkins University, under the direction of J. C. W.
Frazer, investigating a large number of oxidising agents, discovered the high activity of
the CuMn,04 phase, produced by the reaction of copper and manganese oxides, for the
oxidation of CO at low temperature. [9] Ever since, Hopcalite has often been used to
oxidise a range of environmentally damaging gases over a range of temperatures, from
ambient through to 400°C. It is only at higher temperatures where their effectiveness
lessens due to structural rearrangement. [18] Catalysts of this type are the catalysts of

choice for respiratory protection. [19-21]

1.3.1 - Hopcalite — Early research

Investigation into CO oxidation by Stieglitz gave positive results at room temperature
for the combustion of CO with oxygen from air. Finely divided palladium oxidised a
0.3-0.5% CO mixture when the gas was dried over soda lime & calcium chloride.
Initially all the carbon monoxide was removed but the catalyst was observed to
deactivate with time on stream. Despite the positive results it was decided that CO

oxidation involving palladium based catalysts would ultimately prove too expensive. [9]

Not to be perturbed, research continued, this time focussing on the activation of metal
oxides; especially on copper oxide, using small amounts of palladium. Copper oxide
was impregnated with dilute palladium nitrate and the impregnated granules heated in
air at 450 — 500°C for a short period of time. During tests of the single oxide, copper
oxide alone removed 20 to 50 % of CO from a 1% mixture of CO with air. When doped
with 0.25 to 0.4% palladium, 95 to 100% of the CO was removed initially with activity

dropping to 80 to 85% after 2 to 3 hours of the experiment. The promotional behaviour



of precious metals in conjunction with basic metal oxide systems was highly evident at

this early stage. It is an area of research that has fascinated researchers ever since.

Further work by Stieglitz realised that a silver oxide & sodium peroxide mixture was a
potent oxidation system for CO removal at room temperature. The silver oxide was
precipitated from a dilute solution of silver nitrate, washed then filtered. The two

components were pressed together and dried at 85-120°C, then further dried at 200°C.

At CO concentrations between 0.5 & 4.5%, 98% of CO was adsorbed from a 500ml gas
sample over 2 minutes. The reaction worked slowly at 0°C and involved a considerable
start-up time. Neither sodium peroxide nor silver oxide singularly was able to oxidise
CO at room temperature, so the level of their combined performance suggested a
synergistic effect between the components. On the application of heat, at 40 to 50°C, the
reaction started rapidly and continued without the addition of further heat due to the
exothermic nature of the reaction. The theory behind the operation of this catalyst was
that the sodium peroxide removed the CO; formed, thus preventing the formation of
carbonates on the silver oxide surface. The presence of small amounts of moisture in the

catalyst system was found to be beneficial to catalytic activity.

The follow up to this work investigated copper and silver oxides in combination. The
copper oxide was specially prepared by precipitation and activated with 1% silver
oxide. Initial activity was below 50%, the catalyst lifetime was short and the action
appeared to be chemical rather than catalytic. It was not possible to promote activity by

increasing the silver oxide loading.



1.3.2 - Cobalit oxide

Wright and Luff investigated a system containing cobalt oxide prepared by the
treatment of cobalt sulphate with excess sodium hypochlorite and sodium hydroxide at
room temperature. [22] The mixture was left for 30 minutes, during which time the
excess of hypochlorite decomposed. The hydrated oxide was thoroughly washed and
dried at 120°C. The cobalt oxide granules were tested for their behaviour towards a 1%
carbon monoxide mixture. Any changes in the nature of the preparation greatly affected
the physical nature of the granules. It was further evident that a highly porous, yet hard
granule was a goal to be striven for, as had been indicated in some of the pioneering
work in the area. [9] Better results were obtained for dry 1% CO than moist gas, leading
to the conclusion that water, in some way was acting as a poison towards cobalt oxide.
The usual lifetime of the catalyst was only an hour. Dry gas activity varied between 15
and 100% but inconsistencies occurred in the results with reproducibility being

highlighted as a problem.

1.3.3 - Copper and cobalt oxide

A combination of copper and cobalt oxide in 60:40 mixture was prepared by an intimate
mixture of the moist hydrated oxides. [9] The activity was partially catalytic since the
decrease in available oxygen during the experiment was insufficient to account for all

the carbon monoxide oxidised. The average lifetime of the catalytic system was 2 hours.

1.3.4 - Manganese dioxide and silver oxide

Frazer working at the John Hopkins University noted that neither manganese dioxide
nor silver oxide reacted rapidly with CO at room temperature. [9] Sodium hydroxide
was added to increase activity (up to about 15 to 23%). On the addition of a small

amount of calcium chloride to the layers in the absorption tube, the lifetime of the

10



absorbent was increased dramatically with the calcium chloride thought to be acting as a
desiccant. At room temperature, a 1% CO test mixture was completely oxidised with a
catalyst lifetime of 30 to 40 minutes. In the absence of calcium chloride, the system
operated for 10 — 15 minutes before efficiency fell below 90%. The presence of
moisture in the gas increased the life of the absorbent. This result was similar to that
seen when copper oxide was used in combination with silver oxide. At low temperature,
0°C, the system operated at high efficiency but only for a short time period. Typically a

silver to manganese ratio of (1.5-2.5):1 was used.

More encouraging results were obtained with a three component mixture Co:Ag:Mn
1:1: (0.5-1). This system exhibited a lifetime of longer than 1h against dry gas. Silver
oxide was identified as a crucial constituent as when smaller amounts of Ag,O were

used, the materials produced were less active.

The promising results of this work led to further investigation of the topic. More active
varieties of manganese dioxide were prepared by the omission of sodium hydroxide
which lead to an increase in catalyst lifetime. The first really active manganese dioxide
was prepared by reducing methyl alcohol with a cold solution of ammonium
permanganate. A highly divided manganese dioxide was obtained. A 50:50 mixture of

this and silver oxide had a lifetime of over 3 h.

Around the same time at Washington State University, Merrill, Bray and Scalione
discovered a three-component mixture of cobalt, manganese and silver oxides
(20:34:46), prepared by the interaction of silver permanganate with moist hydrated
cobaltic oxide. Its behaviour towards a 1% mixture of CO was investigated, with the

results indicating MnO,/Ag,O to have an indefinite lifetime in dry gas, but to be
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poisoned fairly rapidly by moisture. [121] It was observed that during the deactivation,
the amount of O, available in the sample decreased. This suggested that the oxygen
source for the reaction was drawn from within the mixed oxide system, i.e. either
surface or lattice oxygen. It was reported that a return to normal activity occurred when
the system was treated with dry gas. The behaviour of this species towards moisture was
characteristic of all the samples prepared. The preparation involved the hydrated oxides
being prepared separately, washed thoroughly, then intimately mixed. Impregnation
with silver oxide then took place. The samples were dried slowly at 120°C, meshed then
dried at 200°C. It was noted that the method of drying was very important as this step
determined the water of hydration left in the granules, which was thought to be a

determining factor in preparing active catalysts.

More active species were obtained when the samples were heated for a short time at
200°C after preliminary slow drying at 200°C. This was found to be most important in
the cobalt containing catalysts. Cobalt oxide when prepared in this way was active at
room temperature. This was the first example of a single metal oxide being active for
carbon monoxide oxidation. Prolonged heat treatment, especially at high temperature
spoiled the catalyst activity, this was attributed to the destruction of the porous nature of
the granules. It was also evident that materials made largely of silver oxide catalysts

were highly affected by rigorous heating.

It was postulated that the physical nature of the granules and the catalytic behaviour
were determined by the size and composition of the particles from the catalyst
precipitate. Fine precipitate particles which did not clump together before filtration
gave hard, relatively non porous catalysts which were found to be less active catﬁlysts

than the more porous species. However, when the particles were too coarse, soft and
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active particles were obtained, though these were not robust enough for use in canisters.
Highly porous granules generally had a higher surface area, resulting in higher activity.
However, this high porosity was thought, in part, to the ease the poisoning by water

vapour, which was observed for all samples tested at room temperature.

The most active catalysts contained MnO, as the chief constituent, prepared by the
Fremy Method. [23] Many mixtures of widely altering compositions were found to be
active for CO oxidation. The chief constituent in all cases was MnQ,, with silver oxide
also present, the upper limit of Ag,O for optimum performance was found to be 38% in
the two component mixture, 15% in a three component mixture with copper oxide and

5% or less when cobalt oxide is also present.

The standard formulation of hopcalite was chosen in August of 1918. It was a four
component mixture containing 50% MnO,, 30% CuO, 15% Co,03 and 5% Ag,O. The
substance was batch produced and given the name Hopcalite I. At around the same time
a two-component mixture of MnO, (60%) and CuO (40%) was prepared from active
manganese oxide and copper carbonate. The copper carbonate was completely
converted into copper oxide upon calcination. A decision was taken as to which
catalytic system should be mass-produced. The consensus was to go with the four-
component mixture. However, it is interesting to note that the commercially mass
produced hopcalite formulation of today tends to be based around a two-component

mixture of CuO and MnO; combined with stabilisers and inert bulking materials. [24]

1.4 - Catalytic systems containing copper oxide

Catalysis over copper containing species is significant to many reactions, including the

water-gas shift reaction, methanol synthesis as well as in air cleaning and in the control
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vehicle emissions. In the water gas shift reaction, carbon monoxide removes surface
hydroxyls or oxygen which are produced by the dissociation of water [25]. Studies have
shown that the CuO/Zn0O/Al1,0; precursor can be used for the production of a methanol
synthesis catalyst. [26-30] Methanol was formed by the hydrogenation of carbon
dioxide, but the catalyst enabled oxygen to scavenge any carbon monoxide left on the

surface.

In the case of automobile catalysts, copper has been explored as a possible alternative to
precious metals like platinum and palladium for the reduction of nitrogen oxides by
carbon monoxide in catalytic converters. The reaction proceeded through the
decomposition of NO, to deposit nitrogen gas and adsorbed oxygen on the catalyst

surface, the oxygen was then available to react with the carbon monoxide to form CO,.

The role of the copper in this reaction is not fully understood, it has been widely
assumed that copper is active in a particular oxidation state or that it cycles between
states in a redox reaction [31-32]. Jernigan and Somorjai were amongst the first to
investigate how the oxidation state of copper affects the reaction rate. [33] They also
reported the first high pressure study for CO oxidation on copper and oxidic copper
surfaces. By adjusting the CO/O, partial pressures in the reaction mixture they could
determine the oxidising power. Within certain ranges of CO/O; pressures they could
isolate the copper species in oxidation states of zero, *1 and *2. At high pressure, the
conversion of CO proceeded fastest over Cu’, metallic copper at 300°C, followed by

Cu"* and Cu?, in order of increasing oxidation state.

Ethyl acetate and ethanol are some of the most dominating VOC’s, especially in the

printing industry and CO is one of the main components in the waste gas from
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formaldehyde plants. Catalytic incineration is an important way to reduce both CO and
VOC emission. Supported precious metal catalysts have most commonly been used in
this process, but metal oxide catalysts, including those containing CuO have also found
extensive applications. [34-37] Precious metal catalysts are in general more active and
more tolerant to sulphur poisoning than metal oxides. However, metal oxides are much
cheaper and allow for a higher catalyst load. [38] The provision of the higher surface
area in metal oxide catalyst beds also makes the catalyst more resistant to non-selective
poisoning, which is a common problem in emission control. [39] Liu et al. have shown
the level of CO oxidation over ceria supported copper oxide to be similar in magnitude
to oxidation over precious metal catalysts. [40] Both McCabe [41] and Yu Yao [42]
have stated that Pt/Al,O; catalysts are only slightly more active than metal oxide

catalysts for ethanol oxidation.

On studying several mixed metal oxide systems, Rajesh and Ozkan [43] and Yu Yao
[42] found CuO/Al,O; to be the most active catalyst for the complete oxidation of
ethanol. McCabe et al. have shown that the activity of hopcalite (MnO,: CuO of 4:1)
was comparable to a Pt/Al,O; catalyst for the combustion of ethanol but was
irreversibly deactivated at around 500°C. [44] This is the temperature at which the
amorphous to crystalline phase transition as been reported to take place in hopcalite

systems. [18]

1.5 - Recent work in to hopcalite catalysts

The effect of the preparation conditions on the activity of hopcalite catalysts has been
shown to be of great importance. Variables such as precipitate ageing time, pH,
temperature, Cu:Mn ratio of reactants as well as catalyst drying and calcination

temperature and duration have all been shown to be crucial. [21] Optimum preparation
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conditions have been identified in terms of producing the highest activity for the
oxidation of CO at ambient temperature. A number of factors, which can be varied
during the catalyst preparation procedure and subsequent calcination step, were found to
be crucial in controlling the composition and activity of the copper manganese mixed
oxide. Conditions for optimum activity were found by Hutchings et al. to be “1/2
[Cu):[Mn] ratio at pH = 8.3 and 80°C for 12h ageing time, followed by calcination at

500°C for 17h”.

The relationships between bulk phases and catalytic activity were found to be complex.
Generally, the catalysts showed X-ray diffraction features corresponding to amorphous
mixed copper manganese oxide phases. Catalysts that were calcined above 500°C were
highly crystalline and displayed high specific activity, however this was found to be a
consequence of the low surface areas of the material and not due to a high CO oxidation

activity.

The un-aged precursors were largely composed of copper hydroxy nitrates and
manganese carbonate. At the moment of precipitation, copper and manganese were
observed in separate phases but on ageing the phases re-dissolved to give poorly
crystalline manganese carbonate, exemplified by broad line spacing on XRD analysis.
On calcination the metal carbonates were converted to yield the metal oxide catalyst.
The un-aged calcined catalyst was found to comprise of copper manganese oxide
Cu, 4Mn,; 404 with Mn;0; and CuO. Ageing the precipitation mixture for 30 minutes

produced a system containing a similar set of components.

Samples aged between 60 and 240 minutes comprised of Cu; 4sMn; 04 , Mn;O; and

CuO. The CuO signal was weak and the Mn;0; intensity decreased with increased
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ageing time. The 300 minute aged catalysts were mainly Cu,; ;Mn, 04 with Mn,O; and
CuO present as minor phases. The 12h aged catalyst was less crystalline with CuMn,;O4
and CuO the major phases present. No Mn,0; was detected on XRD analysis. These
results indicated that increasing the sample ageing time, the proportion of manganese

which was incorporated within the mixed oxide phase was increased.

Typical surface areas for the catalysts produced were in the region of 25 - 31m%g.
Activities of the catalysts aged for less than 30 minutes were thought to be due to the
presence of CuO in the catalyst. On XRD analysis the relections due to the presence of
CuO were observed to decrease for the catalysts aged between 60 and 240 minutes. It
was during this ageing time period that the most inactive catalytic species appeared to
be produced. The studies detailing ageing time were largely linked with the bulk phase
properties of the catalyst system. These correlations could not be made for other

preparation factors such as pH and temperature.

Doeff et al. have shown using XPS that the Cu/Mn ratio decreases with increased
ageing time, this was consistent with the peak intensities recorded during XRD studies
for species aged for different lengths of time. [45] A precipitate ageing time of 12h
yielded the highest activity catalyst, where Cuw/Mn was 0.5, as might have been

expected for CuMn;0;.

On further XPS analysis, smaller Na/Mn ratios were observed for catalysts produced
with longer ageing times. Experiments conducted at a higher pH resulted in the quantity
of surface Na' decreasing and an associated increase in activity of the system. It was
clear from this study that catalyst ageing time and calcination conditions were the

factors of most significance in preparing highly active hopcalite species.
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Recent work in the field of low temperature CO oxidation has increased since Haruta et
al. demonstrated that gold highly dispersed on various oxides forms catalysts active at
sub-ambient temperatures. [48-49] It was suggested that a synergistic mechanism was
occurring at the gold and metal oxide interface, with the metal oxide not simply acting
as an inert carrier, but playing a key role in the catalytic process. [50-51] CO oxidation
was proposed to occur when CO adsorbs onto a metallic Au site adjacent to a metal
oxide site occupied by an adsorbed O, molecule, with the catalytic reaction proceeding
via an intermediate carbonate-like species that decomposed to CO,; at which point it

could desorb from the surface.

Systems involving other noble metals have also been found to give high activity but
commercial catalysts of this type would prove expensive due to the rarity and the need

for complex pre-treatment of the precious metals involved. [52-54]

The versatility and longevity of use of hopcalite catalysts has demonstrated that oxide
catalysts can offer a viable alternative to precious metal based systems, despite often
providing lower activity and inflated operating costs. Single component metal oxide
catalysts have struggled to directly rival precious metal catalysts but activity can be

vastly improved by combining several elements or by the addition of promoters. [55-57]

Catalytic oxidation of CO on transition metal surfaces has received significant interest
in industrial chemistry and in emission control. [58-59] Manganese oxides have been
widely applied as catalysts and structural promoters for heterogeneous reactions. [60]
Mixed oxide catalysts have often contained manganese along with a polyvalent metal

such as Cu, Co or Ag. It would seem that the main disadvantage of metal oxide catalysts
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in commercial systems is their instability in gaseous media containing hydrocarbons,

water and sulphur-containing species. [53]

The addition of precious metal promoters has often given rise to an increase in activity
of hopcalite at elevated temperatures. Ferrandon et al. have carried out tests into Cu and
Mn oxides singularly and in combination with Pt and Pd species. [53] Catalytic activity
was described before and after hydrothermal treatment and the exposure to SO, in order
to test the resistance of the catalyst towards potential poisons. The test mixture
consisted of naphthalene, CO and CHj in order to best resemble the composition of flue
gas from wood burners. In general, the activity of noble metal catalysts for the oxidation
of CO was higher than the activity of the metal oxide catalysts alone. On addition of
MnOx to Pt/Pd, the activity of the corresponding metal was observed to decrease for CO
oxidation. However, mixed CuOx-Pt and CuO,-Pd systems were seen to retain the

performance of the most active catalytic component.

After hydrothermal treatment, the Pd catalyst continued to display a higher activity than
the Pt catalyst for CO oxidation. The same was found to be true on treatment with
sulphur. Combining both the metal and noble metal oxides lead to more resistant
catalysts when compared to the single oxide species alone. This enhancement of activity
was thought to be due to the MnO, combining with SO, at low temperatures to form
manganese sulphate, where the MnO, was acting sacrificially preventing Pd & Pt from

being poisoned.

In summary, it was found that sulphur treatment increased the activity of MnO,-Pt ,
with the increased activity on the surface thought to be due to the presence of sulphate

which prevented the oxidation of Pt, thus enhancing the activity of the Pt catalyst for
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CO oxidation. The CuO,-Pd catalyst when exposed to sulphur, also exhibited an
increase in activity with the activity being better then the Pd catalyst alone. The
impediment of CO oxidation on MnOy and CuOy with sulphur treatment was thought to
be due to an inhibiting effect of SO, on CO adsorption, where a fast poisoning of the

carbony! adsorption sites; which were necessary for CO oxidation to proceed, occurred.

1.6 - Cobalt oxide as a catalyst

Cobalt oxide has been shown to exhibit a very high activity towards CO oxidation at
room temperature. [61] In a similar mode of behaviour to that of hopcalite catalysts, this
activity was shown to decrease in the presence of H,O and hydrocarbons and with time
on-line. Mergler reported Pt/CoQ,/SiO; to be the most active system out of three tested
(CoOy, CeO; or MnO,). The mechanism proposed suggested that CO was adsorbed on
Pt & O, was dissociated on CoOy. The reaction of carbon monoxide and oxygen took
place (CO,4s and O,4;) either at the interface between Pt and CoOy or by O; spillover to

Pt sites. [62]

Haruta investigated CO and H, oxidation over gold nano-particles supported on Co30s,
where oxidation was recorded at temperatures as low as -70°C. [63] Haruta suggested
CO to adsorb on to Au particles with O, adsorption occurring on the metal oxide. The
reaction then could have taken place at the interface between the Au particles and

CO304.

The Co304/AL,03 system exhibited a high activity towards CO oxidation even without
the presence of a noble metal. Carbon monoxide was unable to block the cobalt oxide
surface from O, adsorption as it had on platinum. An Infra Red Spectroscopy study into

CO, CO; and CO+O; revealed that during exposure to CO, CO, was formed due to the
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reaction of CO with surface oxygen. Surface carbonate groups were formed and
attributed to CO; adsorption or possibly CO adsorption. Deactivation due to time on line
was recorded and partially attributed to surface sites becoming saturated with carbonate
species, hindering further reaction. The decline in activity could also have been due to
carbon deposition formed by CO disproportionation. [61]
The model proposed for CO oxidation on Co304 was therefore:
e CO adsorbs on Co304 surface
e Adsorbed CO reacts with surface oxygen and desorbs as CO,, a carbonate
species may be formed as an intermediate
o The reduced cobalt is re-oxidised by gas phase O, or possibly further reduced by
CO causing deactivation of the site

e (CO; can then adsorb on the surface to form carbonate species.

Takita studied the adsorption of oxygen and water on cobalt oxide and the effects of co-
adsorption of water on oxygen over Co30;, using TPD techniques. He concluded that at
least 3 types of oxygen were adsorbed on the surface of Co3;0,4 calcined at 823-973K.
TPD experiments also revealed the presence of four types of water species on the oxide
surface, all desorbing at temperatures between 300 and 700K. The adsorption of water
onto the surface strongly affected the quantity of oxygen that could be co-adsorbed on
to the surface. When the level of H,O reached a critical level, no further oxygen could
adsorb on to the surface, having the effect of diminishing the oxidising power of the

cobalt oxide catalyst in moist atmospheres. [64]

1.7 - Manganese dioxide based catalysts

It has been previously noted in this chapter that manganese oxide has long been a major

component of oxidation catalysts. [14] During the early years of research in to the
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oxidising ability of metal oxide systems, the chosen formulation for the Hopcalite I
catalyst contained 50% MnQO,. Manganese oxide alone has not been reported as active
for CO oxidation at ambient temperature; however, when combined with other metal
oxides and especially when at elevated temperature, a potent oxidising system can be

formed. [21,53]

Whitesell and Frazer were amongst the first to note the activity of manganese oxide,
which represented the first example of an industrially important catalyst. [65] A
material catalytically active at sub ambient temperatures was synthesised by treatment
of potassium permanganate with sulphuric acid and subsequent treatment of the product
with nitric acid. The hydrated oxide precipitate was washed thoroughly and oxidised
using a drying process. As with many metal oxide catalytic systems, poisoning by water
vapour was a problem. However, the regeneration of a water-deactivated species was

achieved on prolonged heating.

The oxidation of carbon monoxide over manganese-based catalysts does not appear to
be well understood and over the years, varieties of mechanisms have been postulated.
The early work of Roginski and Zeldovich suggested the oxidation of carbon monoxide
to proceed by the reaction of gas phase oxygen with chemisorbed CO. [66] Klier and
Kuchyncka observed that oxidation of carbon monoxide by lattice oxygen occurred
rapidly producing both surface adsorbed and gaseous carbon oxides. [67] In recent
years Kobayashi and Kobayashi have been able to apply transient experiments to the
reaction. Using a continuous flow catalytic reactor and sudden changes of the feed gas
composition they have observed the variations in the make up of the outlet gases.
Iodometric experiments have been applied to scope the oxidation power distribution of

the surface adsorbed oxygen species. [67] The method revolved around the analysis of
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the quanity of iodine produced from KI solutions at different pH values when in contact
with the oxide surface. [69] Where the oxidation power was high, Iodine was produced
in the solutions of higher pH. By applying this methodology it was shown that two
types of oxygen were present on the MnQO; surface; a species of high oxidising power
consisting of only a fraction of the surface and a species of much lower oxidising power
populating the vast majority of the surface. The high oxidising power species were
thought to be either O> or O ions. The experiments concluded that gaseous CO reacted
directly with the surface oxide species, forming a surface carbonate intermediate that
decomposed to yield gaseous CO,. Kinetic experiments have postulated that the RDS is
the reaction between surface O> ions and CO from the gas phase. Investigations by
Davydov, utilising IR techniques have proven the reaction between chemisorbed
oxygen and carbon monoxide as well as the formation of carbonate based intermediates.

[70]

1.8 — Catalyst Preparation

The most common method for the preparation of mixed oxide catalysts is crystallisation
or co-precipitation in solution of a precursor form (hydroxide, oxide, insoluble salt) of
the catalyst. [71-72] A much studied case, and possibly the most successful, is that of
the hydroxy carbonate for preparing catalysts containing copper, zinc or chromium
along with additional elements (Co or Al). These studies were brought about by the

practical importance of catalysts used in making synthesis gas and methanol.

The process of precipitation involves two main stages, nucleation and growth. During
the nucleation process, the first minute crystals of the solid phase begin to form, these
tend to have a high specific surface area and high free energy, so are considered as quite

unstable. Below a certain critical size of nuclei, the free energy of formation of the solid
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phase is less than its surface energy so the new phase is thermodynamically unstable.

Above this critical size solid particles can grow. The growth step tends to be controlled

by interface or diffusion phenomena. The first case involves the formation of

complicated solid structures, while the second is more common in the precipitation

processes used in catalyst preparation. [73]

In general, the following parameters are useful for nucleation:

The higher the super saturation, the higher the nucleation rate

Any interface may act as a heterogeneous nucleus by lowering the surface free
energy of the new phase, thus increasing the rate of nucleation

Elevated temperatures lower the nucleation rate by increasing the critical size of the

nuclei

The following parameters are necessary for particle growth:

The higher the super-saturation the higher the growth rate, but this is rapidly limited
by diffusion processes
Since an increase in temperature enhances the diffusion rates, the higher the

temperature, the higher the growth rate of the new phase

Some general rules for obtaining a fine precipitate might include:

Vigorous stirring during the addition of the precipitating agent. This is beneficial in
two ways: firstly, each volume of solution rapidly reaches the highest degree of
super-saturation; secondly, contact time with the agitator and the walls of the vessel
is maximised, thereby promoting heterogeneous nucleation.

Rapid addition of the precipitating agent. This ensures a rapid reaching of the

highest degree of super-saturation in the whole volume of the solution, hence a
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maximum nucleation rate is obtained. For the same reason, the best precipitating
agent is often the one which gives the lowest solubility product.
e Precipitation is often advantageously made at the lowest practical temperature, as

this often favours nucleation over growth

During the precipitation process, the multi-element product can be of three types:

e Metals combine in an insoluble single compound. Instances include the
precipitations as chromates, molybdates and tungstates.

e Metals may precipitate into a single phase solid solution or a single phase mixed
structure, e.g precipitation by sodium carbonate of aluminates or hydroxyl
precursors of aluminates of Cu, Fe, Ni, Zn and Mg. Divalent metal oxalates can also
be precipitated in this way.

e Metals may precipitate simultaneously, but in separate phases, e.g. metal hydroxides
precipitated by NaOH, KOH and NH4,OH. Usually NH4OH is preferable for
precipitation, especially when washing off all the alkali from the catalyst is a

prerequisite for the preparation of the final catalyst.

Koleva has reported that most preparations of hopcalite involve the use of nitrate
precursors because of their high solubility and the ease of removal of the nitrate anion
during the calcination step [46]. In this way, the nitrate leaves no residue on the catalyst,
unlike during the use of chlorides or sulphates which have commonly lead to the
retention of the metal anion on the surface. These observations were echoed by
Hutchings and Vendrine. [74] For alumina supported hopcalites, it has been found that
the use of manganese acetate in place of the nitrate leads to a highly dispersed oxide
phase. Another popular route to the hopcalite catalyst is the decomposition of the

copper and manganese formates at 350 — 450°C. [75] Variations of the co-precipitation
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method appear to be the most popular routes towards the final catalyst where the use of
nitrate precursors predominates. Sol-gel precipitation is common in producing copper
manganese oxides for use as cathode materials [45], with the CuMn,O, spinel also
being produced by more hi-tech methods including ultrasonic thermal decomposition.

The spray pyrolytic process for mixed oxides offered an attractive route to catalytically
active materials. The one-step process from simple precursors produced finely dispersed
and homogeneous powders of a regular shape. [47] Problems arising from unstable
precursors, heterogeneous decomposition or partial loss of the precursor due to
sublimation had to be avoided so the selection of suitable precursors was of crucial
importance. The cationic and valency order of CuMnO, was changed as compared to
the spinel synthesised by conventional solid state reactions. [21] The reasons for this
behaviour were attributed to the reaction mechanism of this procedure with a quick
reaction time and moderate decomposition temperature. Catalytic experiments identified
the spinel as having high activity for CO oxidation, supporting the belief that spinel
formation in amorphous Cu/Mn catalysts is a promoter of CO oxidation. Investigations
also indicated that activity depends on calcination conditions supporting the views of

Hutchings. [21]

1.9 - The Effect of Electronic Structure on CO Oxidation over

Transition Metal Oxide Surfaces

Transition metals with d-bands are excellent catalysts for both hydrogenation and
oxidation. [76] The electronic structure of the metal can be described using the band
theory model, which states that a metal is a collective source of e and € holes. There
are two regions of energetic states, namely the valence and conduction band, with

mobile electrons and positive holes. The potential energy of the electron is characterised
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by the Fermi level, corresponding to the electrochemical potential of the electrons and
electron holes. The amount of electron density also dictates the position of the Fermi
level. A metal has a certain number of free levels or d-holes available for bonding with
adsorbates. At the surface, the free electrons or holes allow molecules to bind to the
surface, with the strength of the binding depending on the position of the Fermi level, a
lower Fermi level will gives stronger adsorption. Acceptor species e.g. (O;) take
electron density from the conduction band of the metal causing the Fermi level to drop.
Donor species e.g. (H,,CO,C;H,) give e density to the conduction band. In general,
metals have a narrow d-band, with the catalytic properties of the metal being influenced
by the occupational density of the €’ in this band. It is possible to see direct relationships

between the catalytic activity of the transition metal and the electronic properties of the

unfilled d-bands.
n-type p-type I-Type
ZnO, SIIOz NiO, Cl‘203, MnO F6304, C0304

FeO, Co0O,Cu,;0, Ag,O CuO

Oxides of the transition metals give the most active, selective & industrially important
catalysts. Electronic theory predicts numerous other semiconductors to have catalytic

activity though chemical factors also predominate.

Chemisorption is an important factor in oxidation reactions. CO oxidation has been

thoroughly investigated with the p-type semi-conductor NiO & the n-type semi

conductor ZnO as the catalyst. [73]
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Ed[KJ/mol] E.[KJ/mol]

NiO (p) 63 ZnO (n) 118
Cr,0; doped 80 Ga,0; doped 84
Li;O doped 50 Li;O doped 134

The p-type NiO semiconductor was the better catalyst; an increase in p-type conduction
due to Li,O was observed along with a decrease due to Cr,03,
It has been widely reported that the donor step is rate determining, namely the
chemisorption of CO.

CO + [+] > CO"us
The assumption is supported by the observation that the reaction is first order in CO.
The chemisorption of O,, an acceptor step, is fast, and the reaction rate is not dependent
on Po,.

20 > Ous + [+]
The final step is neutral and follows the Langmuir Hinshelwood mechanism

CO'ws + Ows — COz
In the first instance, the influence of donors on ZnO looked remarkable; it might be
expected that increasing the n-type conductivity by adding trivalent donors would lower
the reaction rate. However, this is not reported, leading to the conclusion that in this
case, an acceptor reaction was the rate-determining step. It is possible that the RDS is
the chemisorption of O; owing to a considerable dependence of the reaction rate on the

partial pressure of oxygen being observed.

Iron and chromium mixed oxides are important oxidation catalysts. Metal oxides with
d® or d'° electronic structures have often been reported to be useful oxidation catalysts.

[76] Levels of activity have been correlated with:
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e The strength of bonding of O to the surface
e The heat of formation of the metal oxide

o The availability of lattice oxygen

Catalytic activity during the oxidation of CO is reported to correlate with the bonding
energy of O, on the surface. Other considerations such as surface geometry, orbital

structures of catalyst & starting materials must also be taken into consideration.

1.10 — Promotion of Catalysis

Promoters are of great use in catalytic research due to their remarkable influence on
reactivity and activity. In fact, the future of catalysis is likely to progress largely
towards the use of promoters. The catalytic properties of pure substances are generally
well known but the possibilities for improvement through the use of suitable promoters
are widespread. A promoter can be defined as a substance added to the catalyst during
its preparation in small amounts, usually less than 10%, which by itself has little activity
but imparts either, better activity, stability or selectivity for the desired reaction than is

realised without it. [77]

Structural Promoters — One of the most important types of promoter is the one where
the surface area of the active component is increased. This usually involves stabilising
the catalyst by inhibiting the loss of surface area during usage but can be by other

methods.

Electronic Promoters - Dispersed in the active phase & influences the electronic
chemical bonding to the adsorbate. The reaction depends on the ability of the metallic

system to accept electrons from and give up electrons to the surface. Many metals have

29



vacant orbitals or “holes”, thus possessing a high affinity for additional electrons. If a
foreign substance is added, this effects the number of empty orbitals and consequently
the catalytic activity. If the activity is improved more than expected from averaging
because of the effect of the vacant orbital, the substance may be considered as an

electronic promoter.

Lattice Defect Promoters - The active centres of many oxide catalysts can be strongly
linked to the presence of lattice defects that occur near the surface. A small amount of
impurity or additive can largely increase the number of lattice defects since each
interstitial foreign atom may be at the centre of a lattice defect that extends for 10A or
more. If the promoter increases the catalytic properties by affecting the number of
lattice defects, it can be considered as a lattice defect promoter. In order for the
interstitial substitution to take place, the foreign ion needs to be almost the same size as
the one it is replacing. Also related to the defect formation is the electrical conductivity
and valence state of the ion. Small amounts of impurities or promoters may affect the
electrical conductivity of semi-conductor oxides and can change the stable valence state
of neighbouring atoms if the impurity has a valance different from that of the ion it is

replacing.

Textural promoters — These inhibit the growth of catalyst particles to form large, less
active sites during the reaction. Thus, they prevent loss of active surface by sintering
and increase the thermal stability of the catalyst.

E.g. Cw/ZnO/Al, O3, low T conversion, ZnO promoter gives decreased Cu sintering.
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1.11 — Spinels of copper and manganese — Ionic Configuration and
Structure

Over the years, there has been much interest in copper and manganese spinels.
Interesting crystallographic properties were expected due to the presence of the two
types of Jahn Teller ions, Mn** and Cu®*. In spite of the attention given to the subject,
the distribution of the metal cations amongst tetrahedral and octahedral sites, as well as

the valencies of the copper and manganese ions is still poorly understood.

In 1958, Sinha and co-workers were amongst the first to report that the hopcalite spinel,
CuMn;O4, had a cubic structure. After considering x-ray intensities and bonding rules
they proposed the formula, Cu*[Mn**Mn**]O,, where manganese was present in mixed
oxidation states and its cations were present in an octahedral environment. [78]
Miyahara disagreed and in 1962 published his own findings, proposing a configuration
of Cu®*[Mn*"]0,, based on the assumption that the local distortions caused by
octahedral and tetrahedral Cu®*" compensate for each other resulting in a macroscopic

structure. [79]

A variety of authors have reported difficulty in preparing pure CuMn,O,4. [80-82] A
tetragonal spinel was obtained by Buhl ez al. but involved heating to temperatures
around 940°C. [82] At lower temperatures, the cubic spinel phase was obtained but it

was found to contain significant quantities of impurities.
Vanderberghe reported the preparation of stoichiometric CuMn;04 to be impossible at

room temperature to broadly confirmed this theory. [83] He suggested that a cubic

configuration could only arise with excess copper (x = 0.05) for Cu;+yMn,.4O4. Results
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indicated that tetrahedral Cu® and octahedral Mn** offer the most stable environment in

copper manganite spinels.

The reaction between Mn;0; and CuO was accompanied by electron transfer. Where:

CuO + Mn,04 =  Cu'[Mn*'Mn*10,*

Cu®t + Mn** - o+ Mn**

Cu’" preferred a tetrahedral site due to its d’ configuration, forming stable sp’ bonds.
Whereas the two types of manganese cation, Mn®* & Mn*" that had 34* and 34’
electronic configurations respectively, would be stabilised in octahedral sites through

forming dsp’ & d’sp® hybrid bonds.

As the fraction of Oy sites occupied by distorting cations (Mn’*) was reduced, the
mutual interaction amongst the distorted Oy, responsible for parallel alignment was also

reduced, randomising the orientation and preserving the cubic symmetry. [84]

Further discrepancies arise in the literature when considering the valencies of the copper
and manganese ions in hopcalite. A series of magnetic and structural investigations of
CuMn,0, lead to a number of researchers suggesting Cu®>* and Mn>* to be the most
stable configuration of the mixed oxide. [85-86] Others suggested that Cu’ in the
presence of Mn*" was the most viable environment. [78,79,82] Both configurations have

been supported by electronic measurements. [87-90]

Loeb and Goodenough report the absence of distortion where distorting cations occupy
a quarter of the Oy sites, with the phenomena being observed in manganites containing

a mixed Mn*>*/Mn** phase. With an increasing presence of Mn** in the crystals, the
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distortion from cubic symmetry decreases. [91] This arrangement would involve an
oxygen ion surrounded by four cations: 3 x Oy (Mn** & Mn*") through mutually
perpendicular bonds and one Tp Cu® through a single bond at 125° to the Mn bonds, i.e.

along the (111) direction from the quadrant formed by the 3 perpendicular bonds.

{ CuMn;04 | CuO | Cu;0 | MnO; | Mn,Os | Calculated Bond Lengths

Cu-O 2.04 195 [ 1.84 |- - Cu-0” 236

Cu**-0* 210

Mn-O 1.95 - - 1.88 [2.00 |[Mn’-O” 2.02
1.89 |2.01

2.03 Mn**-0* 1.96

0-0 2.45 2.62 |3.69 2.80
2.96 2.88
3.35 341

Figure 1.11.1 - A table of predicted and actual bond lengths in a series of metal oxide catalysts [92]

The O” could form three p-bond orbitals and overlap with the three neighbouring
Mn**/Mn*" cations or form sp® hybrid orbitals (as in Cu;0) where Cu-O was covalent.
The observed values of Cu-O and Mn-O were intermediate between those calculated
from the covalent and ionic radii reported by Pauling. [93] Therefore indicating a

resonating system where bonds were partially covalent and partially ionic.

The determination of the oxidation states of the components of hopcalite has also
proved challenging to a number of other researchers. [78-80] Investigations have shown

that the ionisation state of copper in copper manganite, CuMn,0,, was different from
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that of copper in other iso-amorphous compounds such as CuCr,O4 and CuFe,;O4 where
it was Cu®*. The Cr and Fe in these compounds was considered to be present as M>",

where as in CuMn,Oy, the consensus of findings points to Mn**. [94]

Buciuman et al. have used temperature programming methods to probe the different
oxide phases present in active and deactivated hopcalite specimens. On consideration of
the activation energies and reproducibility measured by TPR, it was concluded that
oxidation reactions over CuO followed a redox mechanism using lattice oxygen while
over Mn,0s, the mechanism is associative involving adsorbed oxygen species. Based on
the TPR and kinetic results, the synergy between copper and manganese oxides in

hopcalite was assigned to the spillover effect. [95]

1.12- Mechanism of electron transfer in copper manganese oxides

An insight into the understanding of the electron transfer processes in hopcalite spinels
would of course be beneficial in the understanding of how hopcalite catalysts operate, in
terms of their activation, reaction, deactivation and regeneration.

Using X-ray diffraction, Sinha et al. [78] have analysed the bulk structure at a variety of

stages of the reaction:
Cu0O +  MnyO; . Mn®>’[Cu*"Mn*" 104>
Although the spectra obtained were complex, using the intensity of the [400] and [422]

lines, it was possible to determine that initially the Cu®** occupied Oy sites from where

they migrated to Tp sites on receipt of an electron from Mn**.
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CuO + Mn,O; — Mn’**[Cu**Mn**]0>

Cu'[Mn**Mn*]0,* — Mn*'[Cu®**Mn**]0*

Sinha proposed two models for the electron transfer process:

Model 1:

Due to elevated temperatures, an ¢ from Mn>" 3d orbital became excited to the 4s
conduction level. This had a spherical symmetry and could overlap with the empty 4s
orbital of the Cu®* anion. The activation energy for such a transfer would be higher,

which rendered this explanation far less likely than model 2.

Model 2:

The anions provided a catalytic route in the oxidation/reduction reaction through the
formation of a bridge facilitating the flow of €. [96] A mechanism where an € was
transferred through the p-orbital of an intervening O, ion was considered. Electron
transfer was thought to take place simultaneously from Mn** to O%, with the ¢ from the
oxygen passing on to an adjoining octahedral Cu®* ion. [97]

This gave rise to two states: ¥, = Mn>*0*Cu?* and ¥, = Mn*'O0*Cu*

As W, was the lower energy state, the e- transfer to copper was irreversible. It was more
likely that the Tp Mn’*, rather than the Oy Mn** took part in the transfer. [98-99] After
the electron transfer, the resulting Cu* jons had a tendency to form bonds to sp® orbitals
and become stabilised in a Tp environment. Similarly, the Mn*" ions that tended to form

&’sp® bonds also preferred an Oy site. These ions were located at the wrong positions
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but at sufficiently high T, they possessed enough mobility to migrate to their proper
sites. This migration was thought to be slow compared to the e transfer process,
therefore acting as the rate determining step in the overall formation of

Cu'[Mn**Mn*10.>.

Work by Bemard Gillot, who investigated the oxidation mechanism and ionic
configuration of CuMn,Q, spinels prepared at 850-930°C would appear to confirm these
findings. [100] Results from his study indicate that Cu* and Mn?* ions were more likely
to be present in tetrahedral sites, whereas Cu?*, Mn®>" and Mn*" were more likely to

occupy octahedral sites.

1.13 - Mechanism of CO oxidation over hopcalite

Hopcalite is reported to activate above temperatures at which water loss occurs. At this
temperature, it has been generally thought that MnOOH (Mn’") was oxidised to Mn**,
which is known to be an active centre for O, adsorption. [96, 101] This suggestion did
not disagree conceptually with either the acid base characteristics of the reactants or the
relative basicity of the hydrated Cu and Mn oxide surfaces. In the Lewis sense, CO is
basic and O, is acidic. [102-103] On considering a dehydration reaction between the
hydrated Cu and Mn oxides, the hydrated manganese oxide was expected to de-
protonate and the hydrated copper oxide to de-hydroxylate evolving water. However,
this would have yielded a very unstable Cu®*, with Mn’" remaining in the same state.
An ¢ transfer between the metal ions, from MnOO' to Cu®* would have produced a very

stable Cu®* cation.
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Dollimore and Tonge [107] have suggested that CO adsorbs on the catalyst surface at
Cu’ sites where it can react with lattice oxygen. A similar theory was also suggested by
Winter et al. who proposed that the adsorbed CO> would then be oxidised by the
transfer of an electron to a Mn** or Mn®* ion, leading to the desorption of CO; from the

surface, resulting in an unsaturated surface with respect to oxygen. [109]

Veprek et al. ascribed the high activity of the amorphous spinel phase in comparison
with the crystallised spinel to the greater concentration of surface active centres in the

former. [19]

1.14 - Deactivation of Hopcalite Catalysts

Much speculation exists in the literature as to the deactivation mechanism for CuMn,O;.
Both Kanungo [105,109] and Dondur et al. [110-111] report that the activity of the
catalyst decreased substantially above the temperature of the amorphous to crystalline
phase transition. However, Kanungo points out that crystalline CuMn,04 was still active
for CO oxidation. [106] A study by Veprek has demonstrated that at the onset of phase
transition, activity began to decrease and after heat treatment of the catalyst for 2h at
873K, deactivation was complete. [19] Supporting the copper manganese oxide on
alumina had the effect of stabilising the catalyst with respect to high temperature heat

treatment. [112]

Many researchers have postulated that hopcalite catalysts prepared using alkali metal
species are prone to change at the phase change temperature where segregation of K*
and Na* can occur. Veprek has reported K* segregation and migration over the surface
at the phase change temperature [19] while Hutchings has reported that the presence of

sodium in the final catalyst was linked to poor activity. When higher ratios of sodium to
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copper were detected in the final catalyst, catalytic activity was profoundly decreased in

all cases. [113]

It is a commonly reported fact that metal oxide catalysts are very susceptible to
poisoning by water vapour. Investigations into the effect of water on hopcalite catalysts
have been ongoing, ever since the early work in the 1920’s, when the ease of poisoning
of Hopcalite I by water was highly evident. [9,13] It is a problem that has plagued
researchers over the years and limited the potential industrial applications of this
otherwise very versatile catalyst. Any use of hopcalite in commercial systems needs to
include a method of drying the reactant gas to ensure that catalyst deactivation does not

occur due to water poisoning.

The mechanism of deactivation of hopcalite catalysts has been studied by a variety of
surface-probing techniques. Work by Cocke et al. is particularly useful when
considering deactivation of hopcalite. [114] Using XPS, the nature of the chemical
shifts and the shake up of the satellite structures of the copper 2p signal indicated the
deactivation of CuMn,;Q, to be accompanied by a change in the copper oxidation state
from Cu®* to Cu’. Splitting of the Mn 3s signal provided evidence of a simultaneous
change of state of the manganese from Mn** to Mn**. These redox processes again lead

to the postulation of the widely discussed coupling system of:

Cu’* + Mn** - Cu" + Mn**

39



1.15 - Copper in catalysis

1.15.1 - Cu (I) based catalysts

Gamer has comprehensively studied the reaction of CO & O, on the Cu,O surface.
[115-117] The findings stated that no CO, was produced on passing CO over a fresh
Cu,O surface at 25°C. However, if the surface was pre-covered with O, slow
production of CO, was observed. Adsorption of CO in this case was thought to have
created new adsorption sites for oxygen leading to the assumption that a CO; complex
was formed on the oxygenated surface. On the decomposition of the carbonate complex
at room temperature, CO, was desorbed and O adsorbed on the surface. Furthermore,
the CO3; complex could have reacted with excess CO in the gas phase, again liberating

COa,.

CO3 (ads) + COy T~ 2C0z

Gamer also reported the formation of the CO; complex by the reaction of CO, with

chemisorbed oxygen.

CO; g + Oads) ’ CO3 (ats)

However, in this case oxygen could not be adsorbed after the final complex had formed.
Further work by Winter into CO oxidation over Cu,0 proposed a mechanism where CO
first reacted to form a carbonate ion and an anion vacancy. This vacancy became filled
by e transfer from oxygen in a process that was considered as promoting the
decomposition of the carbonate to CO,. [118] Obviously, in the absence of adsorbed O,,

the formation of a carbonate complex would not have accounted for these results.
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Garner et al. stated that during room temperature oxidation over Cu,0, the reaction was
not inhibited by the CO; product. This would be consistent with a Langmuir
Hinshelwood type mechanism. [117] After probing the existence of a CO;*
intermediate during this reaction the following model was proposed:
1. CO and O, adsorb on the surface of the copper oxide catalyst. Subsequent
reaction at the surface forms a carbonate complex.
2. The adsorbed carbonate complex reacts with excess adsorbed CO yielding two

molecules of carbon dioxide

On removal of the unreacted gas, the surface still held substantial amounts of the
carbonate complex. On the application of heat to the catalyst, CO, and O, were

desorbed from the surface following the breakdown of the carbonate intermediate.

1.15.2 - Cu (II) based catalysts

Oxidation catalysts containing poly-valent metals such as copper have long been used.
Cu (II) has been a major component of the hopcalite catalyst, which has been used in
connection with air pollution control and for the oxidation of waste industrial gases for
more than 80 years. Taylor and Jones presented their initial findings in to oxidation by
hopcalite catalysts as long ago as 1921. [13] Singularly, CuO was found to be poorly
active for carbon monoxide oxidation, but in conjunction with other metal oxides and in
appropriate proportions, some very active catalyst systems were obtained. [14] Many
systems containing CuO mixed with other transition metal oxides have been studied
over the years. Oxides of iron, nickel, cobalt and manganese have all been shown to
enhance the activity of copper oxide under the appropriate conditions. [76,55-57]
Copper based catalysts have been considered as possible substitutes for noble metal

systems in automobile exhaust systems. [119] Chromium promoted copper oxides have .
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been investigated in both unsupported and alumina supported systems. Self propagating
high temperature syntheses have produced some very active Cu-Cr-O systems.
Traditional exhaust catalysts are often made of a small quantity of noble metal (Pt/Pd at
0.05-0.1%) dispersed on a high surface area support, e.g. alumina supported on
corderite with honeycomb geometry. However, the complexity of these systems and the

rarity of the raw materials make these systems expensive.

Transition metal oxide catalysts were found to be different to the noble metal systems in
terms of the adsorption behaviour of the reactants and products. Catalytic oxidation of
CO is often performed in a series of quick reaction steps, while the adsorption of CO
proceeds quickly and is often limited only by the desorption of CO,. The reaction of CO
on CuO has often lead to the formation of carbonate intermediates upon the reaction of
O, from the catalyst surface. Even at 298K, CO is reported to adsorb on the surface of
CuO as a carbonyl complex that can be quickly oxidised to a carbonate species by
reaction with O, both from the surface and from the atmosphere. It was thought that the
interaction of CuO with CO might eventually lead to the reduction of the oxide to Cu,0,
but it was noted that the chromium ions present on the surface could moderate the

reduction of CuO.

On optimisation of the chromium content in the catalyst, it was found that the activity of
CuCr,0; spinels could be controlled giving results comparable to those of Pt/Pd based
catalysts while also being superior to the Pt/Pd based catalysts in terms of their thermal
stability and chemical resistance to substances such as sulphur. One of biggest
drawbacks of the CuQO based systems investigated was again the ease of poisoning by

water vapour. [13-14]
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Cu-Zn-O systems are also regarded as effective CO oxidation catalysts that display a
high specific activity. Hutchings et al. reported that copper and zinc in a 2:1 ratio gave
appreciable activity at ambient temperature, decreasing with time on line. However, the
initial activity at the time of print identified the catalyst as being more active than those
used commercially. Preparation atmosphere and ageing time were strongly influential

on the final catalyst structure. [120]

CuO/ZnO catalyst systems have been identified as being key in the synthesis of
methanol at low temperature and pressure, as well as in the water gas shift reaction and
in methanol steam reforming. [25] Ferrandon et al. have investigated precious metal and
copper oxide systems as total oxidation catalysts. Particular interest was given to the

oxidation of napthalene, methane and CO with some very active species recorded. [53]

1.16 — Aims of this thesis
This thesis is focussed at developing a robust and reproducible preparation method

aimed at synthesising hopcalite based catalysts with increased catalytic activity and
stability. It is hoped that the active species produced will be able to rival the
performance of the commercial catalysts available. Particularly, the effect of ageing
times and heat treatment will be probed, especially in relation to the incorporation of
other elements in to the hopcalite system, which it is hoped will have a promotional

and/or stabilising effect on activity.

The mechanism of carbon monoxide oxidation over hopcalite catalysts is well
discussed. However, questions remain to be answered concerning the nature of the
oxidising species. Many issues have been raised in the literature concerning the
deactivation of hopcalite catalysts with time on stream and due to poisoning by water

vapour and other species via blocking of surface active sites. The mechanism of
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deactivation in hopcalite and doped hopcalite systems will also be probed, particularly

in relation to poisoning by water vapour. Mechanistic insights will be offered both from

steady state and transient response experiments encompassing the Temporal Analysis of

Products (TAP) technique. The understanding of these parameters will be crucial to the

design of experimental procedures involving precipitation as the method of catalyst

preparation. -

A variety of preparation methods and characterisation techniques will be used with the

aim of producing the ultimate hopcalite-based CO oxidation catalyst. These methods are

discussed at length in chapter 2.
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Chapter 2 — Experimental Techniques

This chapter details the experimental procedures used to synthesise the catalysts
discussed in later chapters. Also explained here is the underlying theory behind the
characterisation techniques applied to gain information about the catalyst structure and

activity as well as their application to the work.

2.1 - Catalyst Preparation
2.1.1 - Batch precipitation procedure - Synthesis of hopcalite

Catalysts were prepared using a co-precipitation procedure. [1] Aqueous solutions of
0.25M Cu(NO»),.3H,0 and 0.25M Mn(NOs),.6H,O were premixed in a 1:2 molar ratio
of the metals (Cu:Mn). The resulting cold solution of nitrates was added to the reaction
vessel. (See 2.1.1.1) Aqueous Na,CO; (0.25M) was added to the nitrate mixture by
burette until pH=8.3 was achieved, while stirring at 800rpm. The procedure took around
30 minutes to complete. The resulting precipitate was left under these conditions for a
time period designated as the ageing time. This was typically between 30 minutes and
12 h. After ageing was complete, the precipitate was then filtered on a Buchner line and
washed with hot distilled H,O to remove any remaining Na' ions; the presence of
excess sodium in the catalyst is known to suppress activity. [2,3] The colour of the
precipitate varied between green and brown depending on the ageing time used. As
ageing times were increased, the precipitate colour altered from a light green through to
a dark brown in colour. The precipitate was dried at 110°C for 16 h to give the material

denoted as the catalyst precursor.
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2.1.3 - Preparation of hopcalite catalysts (modified procedure)

Catalysts were prepared using a co-precipitation procedure. Aqueous solutions of
0.25M Cu(NOs),.3H,0 and 0.25M Mn(NO3),.6H,0 were premixed in a 1:2 wt ratio of
the metals (Cu:Mn). (Tab 2.1.4.1.1) The resulting solutions were heated to 80°C. The
nitrate solution was pumped in to the reaction vessel using a peristaltic pump. Aqueous
Na,CO; (2M) was added simultaneously by burette in order to induce precipitation at
pH=8.3, while stirring at 800rpm. The procedure took around 10 minutes to complete.
The resulting precipitate was then left under these conditions for a time designated as
the ageing time. This was typically between 30 minutes and 12h. The precipitate was
then filtered on a Buchner line and washed with hot distilled H;O to remove any
remaining Na* ions, as the presence of excess sodium in the catalyst is known to
suppress activity [2,3]. The colour of the precipitate varied between green and brown
depending on the ageing time used. As ageing times were increased, the precipitate
colour altered from a light green through to a dark brown in colour. The precipitate was
dried at 110°C for 16h to give the material denoted as the catalyst precursor. Calcination

of the precursor at 415°C for 2 h in static air yielded the catalyst.

2.1.4 - Preparation of doped hopcalite catalysts

In an attempt to modify the CuMnOj hopcalite catalyst, with the intention of increasing
catalytic activity, some of the copper nitrate present in the starting reagent mixture was
replaced with another nitrate of element (M). The ratio of Cu to element M was

manipulated so that the overall starting reactant stoichiometry was 2:1, Mn : (Cu+M).
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2.1.4.1 — Reagents for producing doped catalysts

Catalysts were synthesised using the modified co-precipitation method discussed

in

Chapter 2.1.2. Copper, manganese and M nitrates (0.25M) were premixed in the desired

ratio (Figs 2.1.4.(1-4)). The remainder of the synthesis process was identical to that used

in producing hopcalite itself (chapter 2.1.3).

Co:Cu ratio Co(NO:s), Cu(NOs), Mn(NOs),

0.25M 0.25M 0.25M

100:0 41.5ml - 100ml
50:50 20.8 30.1 100
20:80 8.3 48.2 100
10:90 42 54.2 100
5:95 2.1 57.3 100
2:98 0.8 59.1 100
1:99 0.4 59.7 100
0:100 - 60.3 100

Table 2.1.4.1.1 - Reagent volumes used in cobalt doping experiments

The source of cobalt was Co(NO3),.6H,0. A 0.25M solution was used to dope the
copper and manganese nitrate mixture. Precipitates were always a very deep brown in

colour regardless of the ageing time used.

Ag:Cu Ag(N 03)2 Cu(N 03)2 Mn(N 03)2
0.25M 0.25M 0.25M
100:0 50ml - 100ml
50:50 25 30.1 100
20:80 10 48.2 100
10:90 ) 54.2 100
5:95 2.5 57.25 100
1:99 0.5 59.65 100
0:100 - 60.3 100

Table 2.1.4.1.2 — Reagent volumes used in silver doping experiments

The source of silver was Ag(NOj3). A 0.25M solution of silver nitrate was used in the

doping experiments
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Fe:Cu Fe(NO;3); Cu(NOs), Mn(NOs),
0.25M 0.25M 0.25M
100:0 49.99ml - 100ml
50:50 24.99 30.1 100
20:80 9.99 48.2 100
10:90 499 54.2 100
5:95 2.5 57.25 100
2:98 1 59.05 100
1:99 0.5 59.65 100
0:100 - 60.25 100

Table 2.1.4.1.3 — Reagent volumes used in iron doping experiments

Ni:Cu Ni(NOs), Cu(NOs), Mn(NO;),
0.25M 0.25M 0.25M
100:0 50ml - 100ml
50:50 25 30.1 100
20:80 10 42 100
10:90 5 54.2 100
5:95 2.5 57.25 100
2:98 1 59.05 100
1:99 0.5 59.65 100
0:100 - 60.25 100

Table 2.1.4.1.4 — Reagent volumes used in nickel doping experiments

2.1.5 - Calcination of precursor

Calcination profile 1 — Calcination of the precursor in a carbolite tube furnace at
500°C for 17h in static air yielded the hopcalite catalyst. The sample was loaded into

the pre-heated furnace at 500°C in a quartz calcination boat

Calcination profile 2 - Calcination of the precursor in a carbolite tube furnace at 415°C
for 2h in static air yielded the hopcalite catalyst. The sample was loaded at room

temperature in a quartz calcination boat and ramped to the desired temperature at

20°C/min.
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Gas Chromatograph temperature settings

Injector temperature: 165°C
Detector temperature: 195°C
Filament temperature: 225°C
Column conditions: 195°C

During the analysis, the GC column was heated isothermally at 195°C for a period of 4
minutes. The carbosphere column was suitable for the separation of permanent gases, in
this case, O, N, CO and CO,. Under these conditions O,, N, and CO were eluted as
one broad peak at t, = 0.5 mins. The sampling process used an auto injector with
samples being taken every four minutes, typically for a period of 2h (approx. 30

injections from the reactor).

2.2.3 - Calibration of GC for carbon dioxide

The GC was calibrated for carbon dioxide by injecting different known concentration
mixtures of CO; in air (see fig. 2.2.3.1). The mixture was injected into the sample loop
with a gas syringe and a single injection was made in to the GC. Between each
calibration injection, the sample loop was flushed through with air to remove any
remaining CO, present. Three injections were made for each concentration of CO, and
the results averaged. The results were graphed with concentrations (% CO;) plotted
against peak area (number of counts), a line of best fit was set against the data to allow
us to convert between the number of counts of product determined by GC analysis and

the % CO, present.
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peak area which would be expected should 100% conversion of the CO mixture have

taken place.
GC counts
% conversion = 240547 * 0.499 x 100
[ 1.14 ]

Eqn 2.2.4.1 - Equation for converting GC counts to % conversion using 5000ppm CO/Air

2.2.5 - Calculation of surface area adjusted reaction rates

Conversion percentages were used in a calculation to reflect the rate of CO conversion
per unit surface area per second. The value obtained from this calculation was useful in

comparing catalyst systems with respect to differences in surface areas (SA).

% /100

Conversion rate = 7.8125x10% x
(1/20 x SA)

Eqn 2.2.5.1 - Equation for converting % conversion of CO to rate of CO conversion (Mol/m’/s)

The value, 7.8125x10°® was the quantity, in moles of CO, passed over the catalyst in one
second. This was calculated from 22.5ml of 0.5% CO being passed over the catalyst
during one minute, equating to 0.1125ml/min of CO. Assuming that one mole of gas
occupies a volume of 22414cm’, this equated to 4.6875x10° Mol/min or 7.8125x107

Mol/s of carbon monoxide.
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(1/20 x SA) was related to the level of surface area present within the catalyst bed where

50mg of catalyst was used, i.e. one twentieth of the BET surface area measured per

gram of the catalyst.

2.3 — Catalyst Characterisation Techniques

2.3.1- Gas chromatography

The key parts of a gas chromatograph include:

e a source of gas as the mobile phase

e aninlet to deliver the sample to the column

e acolumn where separations occur

e an oven to thermostat the column

e adetector to register the presence of a chemical in the column effluent

e adata system to record and display the chromatograph

The arrangement of these components is typical to most GC systems (fig 2.3.1.1)

Temperature controlled

Carrier
gas supply

Injection
port

Column

Detector

Data
system

Figure 2.3.1.1 — Block diagram of a gas chromatograph
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2.3.1.1 - Selection of carrier gas

The gas or mobile phase is an essential but limiting, facet in separations. The carrier gas
facilitates the movement of the constituents of a sample through the column. The choice
of carrier gas is restricted, unlike in Liquid Chromatography (LC) where altering the
mobile phase can provide better separations, in GG very little can be gained by altering
the composition to influence the partition co-efficient or separation factor. The choice of
carrier gas is limited to nitrogen, argon or helium. The best results are achieved when
the carrier gas is of high purity, free of water and oxygen which can reduce the lifetime

of some columns.

2.3.1.2 - Injection port

The chromatographic analysis begins when the sample is introduced to the column,
ideally without disrupting the flows in the column. The delivery of the sample in to the

column should be controlled, reproducible and rapid.

The most common method for delivering samples to the GC column is injecting through
a plastic membrane with a gas tight syringe. In this method, a gas tight seal is
maintained and sample is deposited into the heated zone. The sample is volatilised and
swept into the column, for a manual injection this can take approximately 1s. Syringe
injections are a convenient and effective method of sample delivery to the GC.
However, fatigue of the plastic septum limits the number of injections before it needs to

be replaced.

Rotary gas sampling valves offer huge advantages for GC instruments. Precision
switching allows a gas sample to be measured in precise volume and introduced to the

carrier gas without disrupting the flow. The sample is loaded into the loop (Fig
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2.3.1.3 - Columns

There are two general types of column, packed and capillary. Packed columns contain
finely divided, inert, solid support material. Most packed columns are 1.5 — 10m in

length and have an internal diameter of 2 — 4mm.

Capillary columns have an internal diameter of a few tenths of a millimetre. They can
be one of two types; wall-coated open (WCOT) or support-coated open tubular (SCOT).
Wall-coated columns consist of a capillary tube whose walls are coated with liquid
stationary phase. In support-coated columns, the inner wall of the capillary is lined with
a thin layer of support material such as diatomaceous earth, on to which the stationary
phase has been adsorbed. SCOT columns are generally less efficient than WCOT
columns. However, both types of capillary column are seen as more efficient than

packed columns.

2.3.1.4 - Temperature control

Samples must be in the vapour state throughout GC separation. All modern GCs contain
temperature programmed ovens that allow separations of chemicals spanning a range of
vapour pressures in a single analysis. Heat is spread evenly throughout the oven using
an electric fan. Isothermal conditions, i.e. no thermal gradients, are essential for

reproducible chromatography.

2.3.1.5 - Detectors

A suitable detection method is essential so that the separation processes have not been
wasted. Effluent from the column enters a detector where the composition of the carrier

gas stream is characterised through one of several physical or chemical properties of the
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molecules. The most commonly used detectors are the thermal conductivity detector
(TCD), flame ionisation detector (FID) and the electron capture detector (ECD). The
TCD is based upon changes in the heat absorbing properties of the gas effluent when the
carrier gas composition is altered with analyte gas: the FID relies upon the formation of
gaseous ions from organic molecules combusted in a hydrogen-air flame: the ECD
response is controlled by the ability of species to attract and remove thermalised

electrons.

Over the last 20 years, mass-selective detectors (MSDs) have transformed the practise
of GC. The development of these robust and inexpensive detectors when combined with
the knowledge that analytical confidence is highest with a mass spectrometer as a

detector has resulted in the general availability of GCMS equipment.

2.3.1.6 - Data systems

With the ongoing development of computers and software, the acquisition of data from
GC is a very simple procedure. Signals from the detector amplifier are digitized and
stored to disk allowing facile data retrieval. Software allows the results to be displayed

in an automatic manner and standard reports can be generated.
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2.3.2 - Bulk structure analysis - X-Ray diffraction

XRD is the classical technique for the determination of the bulk structure of crystalline
solids. [7] Powder X-ray diffraction patterns are characteristic of the material analysed
so the technique can be used to identify the phases present by comparison with literature

or computer database.

Patterns were obtained using an Enraf Nonius FR590 X-Ray generator, with a CuKo
source and a CPS 120 hemispherical detector. Radiation was generated at 40kV and
20mA. The sample was spun through 360° for the duration of the analysis to ensure a
random arrangement of crystallites; the hemispherical detector enabled all angles to be

measured simultaneously.

Theory of XRD

Electrons are fired at a copper target to create X-rays. These are directed on to a powder
sample at a glancing angle and detected after diffraction by a detector positioned at an
angle O to the sample. The final powder pattern corresponds to a plane of atoms in the

sample that satisfy the Bragg equation:

nA=2dsin0

Where n is an integer, A is the X-ray wavelength, d is the particular lattice plane spacing
and O is the Bragg diffraction angle (half the deviation of the diffracted beam from the

incident beam)

The primary use of Bragg’s law is the determination of the spacing between layers in
the lattice, for once the angle corresponding to a reflection has been determined, d may
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be readily calculated. The spacing of the planes defined by the lattice points in a crystal
is an important quantitative aspect of its structure and its investigation by X-ray

diffraction.

Figure 2.3.2.1 — Diagram of Bragg’s Law

Consider a simple crystal such as that illustrated below, with lattice planes separated by
a distance d;y. As illustrated above the scattered X-rays from this crystal will travel in
random directions. For this to happen the extra distance travelled by ray B must be an
exact multiple of the wavelength of the radiation. This means that the peaks of each
wave are aligned with each other. The geometry of the Bragg condition is remarkably

simple, and leads to the powerful result of the Bragg law:

The extra distance that ray B must travel is the distance X-Y-Z.

Thus: X-Y-Z =nA
But, X-Y=Y-Z=dsin 0
Hence, nA=2dsin 0

In order to consider the general case of hkl planes, the equation can be rewritten as:
A=2 dhkl sin 9.,”

Since the dyy incorporates higher orders of diffraction i.e. n greater than 1.

69



The angle between the transmitted and Bragg diffracted beams is always equal to 20 as
a consequence of the geometry of the Bragg condition. This angle is readily obtainable
in experimental situations and hence the results of X-ray diffraction are frequently given
in terms of 20. However, it is very important to remember that the angle used in the
Bragg equation must always be that corresponding to the angle between the incident

radiation and the diffracting plane, i.e. 0.

There are a number of complications with this technique:
| e A minimum amount of material is necessary for detection
e Diffraction lines broaden as crystallite size decreases: discrimination is difficult
with crystallites less than 5Snm in diameter.
e Lines from different components often occur in similar positions, or overlap and

interfere with each other

Particle size can be calculated from line width. As crystallite size decreases, the signal
becomes broader. The extent of line broadening is governed by the Scherrer equation:
d =KA /Bcos 0
d = diameter of crystallite (nm)
k = constant, equal to 0.57
A = X-Ray wavelength

0 = diffraction angle
B = line width

2.3.3 - Surface Area Determination - The BET technique

The physisorption of an inert gas on to porous materials is the most popular approach to
surface area measurement. [8] Nitrogen physisorption is independent of the material in

the sense that at low temperatures N, molecules tend to form a layer which depends
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only on the size of the N, molecule, this is known to be 0.16nm?, with the molecules
packing together as tightly as they can, independent of the surface structure.

This approach was derived by Brunauer, Emmett and Teller, who recognised that
multilayers of physisorbed adsorbate can form as the monolayer is being filled. The

basis of the approach is formed by the BET equation:

P 1 (c-1) P
V®eP) - Vpe © Vme ° Py

In this equation V is the volume of gas adsorbed, P is the pressure of gas, Po is the

saturated vapour pressure of the liquid adsorbate at the temperature of the experiment

and Vm is the volume equivalent to an adsorbed monolayer (calculated from the

adsorption isotherm). The BET constant C is given by:

exp(H;-H,)
RT

Where Hl is the heat of adsorption of the first layer absorbed, the second and

subsequent layers are all characterised by heats of adsorption equal to the latent heat of

evaporation, HL The empirical constant C reflects the difference in heat of adsorption
between the first and second adsorbed monolayer. The larger the value of C, the
stronger the adsorption. If C falls below 2, the isotherm changes from a type II to a type
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I or IV. The BET equation can only be applied to type II and type IV isotherms (Fig

2.3.3.1 and fig 2.3.3.2), as these are the only two isotherms in which point Vm can be

determined.

The BET equation makes many assumptions. These are:
e Adsorbed molecules stay on the catalyst surface
e Energy of adsorption is the same for layers other than the first

e A new layer can start before another is finished

B B

Figure 2.3.3.1- BET Isotherm Type II Figure 2.3.3.2 — BET Isotherm Type IV

The experiment is carried out by measuring the amount of N, adsorbed on the sample at
77K as a function of the pressure of the N, over the sample. The final surface area is
determined by assuming that each molecule of adsorbed nitrogen occupies an area of
0.165nm’. BET plots are normally carried out in the range (P/Po)= 0.05 to 0.35 with 1, 3

or most commonly 5 points in the isotherm range.

If the plot is not linear or if all the points selected do not lie on the best fit line then the
data is not valid for analysis by BET. The c value obtained can also indicate the validity

of the application to a particular substance. A high ¢ value (>350) indicates the pressure
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Procedure
Surface area analysis was carried out using a Micromeritics Gemini 2360 analyser,
controlled by a PC. The Gemini provides rapid and accurate sample analysis, including

selectable calculation of the following:

e Single-point BET
e Multi-point surface area
e Multi-point Langmuir surface area

e Total pore volume

Prior to analysis, a known quantity (~200mg) of powdered sample was weighed out into
a standard sample tube and degassed for one hour in flowing nitrogen at 120°C in a
FlowPrep 060 unit, the weight loss being recorded. The sample tube was loaded into the
Gemini and a method chosen from the pre-programmed list, typically analysing at 5

pressures in the range P=0.05 and 0.3.

The sample and balance tubes were immersed in a liquid nitrogen dewar, which
maintained isothermal conditions in both tubes. The analysis gas was then delivered to
the sample tube by the servo valve mechanism. The delivery rate of analysis gas flow
into the balance tube was controlled by another servo valve connected to a differential
pressure transducer. This differential pressure transducer measured the pressure
imbalance between the sample and balance tubes, which was caused by the adsorption
of the analysis gas onto the sample. As the sample adsorbed analysis gas, the pressure
dropped in the sample tube. The result was that the Gemini maintained a constant
pressure of analysis gas over the sample while varying the rate of analysis gas delivery

to exactly match the rate at which the sample could adsorb the gas.
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Analysis started when gas entered the system and was admitted into the two reservoirs:
the sample reservoir and the balance reservoir. From there it flowed into the sample and
balance tubes. The flow of gas through the system was controlled by three transducers

and a series of valves.

2.3.4 - TPR (Temperature Programmed Reduction)

The term TPR (Temperature Programmed Reduction) was first used in a paper by
Robertson et al but the basic idea of characterising catalysts by monitoring their

reducibility was first suggested by Holm and Clark. [9]

TPR is a technique which can be used to determine the number of reducible species
present in a material and to reveal the temperature at which reduction occurs. An
important aspect of TPR analysis is that the sample need not have any special

characteristics other than containing reducible metals. [10]

The TPR analysis begins by flowing the analysis gas (typically a blend of two gases
with vastly different thermal conductivities), in this case 10% H; in Ar, through the
sample at ambient temperature to establish a base line reading. While the gas is flowing
the temperature of the sample is increased linearly with time (10°C min") and the
consumption of H, by adsorption/reaction is monitored. Hydrogen reacts with the
oxygen in the sample to form H,O which is then trapped in the cold trap, changing the
composition of the gas passing over the detector and hence its thermal conductivity.
Since argon has a lower thermal conductivity than H,, the thermal conductivity of the
gas blend consequently decreases. The flowing gas removes heat from the filament
more slowly, requiring less electricity to maintain a constant filament temperature. The

instrument records the electrical demand as it changes. The detector signal is recorded
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over a range of temperatures, when these are graphed, the data forms one of move

peaks.

Equipment

The AutoChem 2910 Automated Catalyst Characterisation System was able to perform
an array of high precision temperature programmed and chemisorption studies including
pulse chemisorption, temperature programmed reduction (TPR), desorption (TPD),

oxidation (TPO), and reaction analyses as well as BET surface area measurements.

TPR Procedure

Typically, the catalyst (50mg) was weighed and suspended on a plug of silica wool in
the U-shaped TPR sample tube. The tube was loaded in to the AutoChem 2910 analyser
and reaction parameters including sample weight, flow rates and temperature ramping
rates. Typically, the catalyst was heated from ambient through to 450°C at 10°C/min
while under the flow of a reducing gas mixture of 10% H, in argon. Changes in the

reactant gas stream on reaction with the catalyst surface were detected by TCD.

2.3.5 - XPS (X-Ray Photoelectron Spectroscopy)

XPS provides information about the elemental surface composition. The principle of
photoelectron spectroscopy is the excitation of electrons in an atom or molecule by
means of X-Ray in a vacuum. The photoelectrons have a kinetic energy Eyin equal to:

Exin =hv - Eg
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Where hv is the energy of the incident X-rays and Ejp is the binding energy of the ejected
electron. One of the most important additional applications of XPS is the determination

of the oxidation state of elements of surface.

The electronic binding energies for inner shell electron shifts can be seen in nitrogen,
indicating the photoelectron energy for various chemical environments. These energy
shifts of the core € are closely related to charge transfer in the outer electronic level.
The charge redistribution of valence e induces changes in the binding E of the core €,
sé that information on the valence of the element is readily available. A loss of negative
charge (oxidation) is usually accompanied by an increase in the binding energy Eg of

the core electrons.

The surface sensitivity of photoelectron spectroscopy is increased by collecting the
emitted electrons that emerge at small angles to the surface plane. These electrons must
travel a long distance in the solid, and therefore they are more likely to be absorbed
unless they are generated at the surface or in the near surface region. Photo emission of
electrons from inner shells (eV = 4.8x10'® = 1.6x10™" J) is used in photoelectron
spectroscopy to identify the surface composition and the oxidation states of surface
atoms. The diffraction of X-Ray photoelectrons yields information about the surface

structure.
Equipment

XPS studies were carried out during this study using an Escalab 220 spectrometer.

Studies were completed with the grateful help of Dr Albert Carley, Cardiff University.
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2.3.6 — AAS (Atomic Absorption Spectroscopy)

When a sample is burned in a flame, the atoms of the sample are released to form a
cloud inside the flame. Each of the atoms consists of a positively charged nucleus
surrounded by a number of electrons in rapid motion around the nucleus. For each of
these electrons in the atom, there is a discrete set of energy levels that the electron can
occupy. The distance between energy levels is different for each electron in the atom,
but for similar atoms corresponding electrons have identical spacing. The energy levels
range from Ej at the ground state to Eco; at which point the electron has enough energy

to break away from the atom, this is the known as the ionisation energy.

In an unexcited atom, each electron is in the ground state. To excite the atom, one or
more electrons can be raised to the first or higher energy levels by absorption of energy

by the atom. This energy can be supplied by photons or by collisions due to heat.

Therefore, the appropriate energy is supplied by the flame to excite the electrons from
the ground state to higher energy levels. It is the process by which these electrons fall

back to the ground state that produces the signal.

The basic principles of atomic absorption spectroscopy can be expressed by three

simple statements:

1. All atoms absorb light

2. Each element absorbs light at a specific wavelength, unique to that element. If a
sample containing copper, for example, together with elements such as
manganese and cobalt is exposed to light at the characteristic wavelength for

copper, then only copper atoms will absorb light.
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The general analytical procedure is very straightforward:

Convert the sample in to a liquid

Make up a blank solution containing no analyte element

Make a series of calibration solutions containing exactly known concentrations
of analyte element (5 — 150ppm)

Atomise the blank and the standards in turn and measure the response for each
solution

Plot a calibration graph of concentration vs absorbance.

Atomise the unknown solution and measure the response

Refer to the calibration graph. Read off the concentration measurement for the

absorption measured

Relationship between light absorption and analyte concentration

The relationship between light absorption and analyte concentration is defined in the

fundamental laws of light absorption:

1.

Lamberts Law
The portion of light absorbed by a transparent medium is independent of the
intensity of the incident light, and each successive unit thickness of the medium

absorbs an equal fraction of the light passing through it.

Beer’s Law

Light absorption is proportional to the number of absorbing atoms in the sample.
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The joint Beer-Lambert law is defined mathematically as:

I, = I,(oy"

I
log,|=>| = abc
Thus glo[lt)
Where: 1, = Incident radiation power
I, = transmitted radiation power
a = "absorption coefficient" (absorptivity)

b = length of absorption path

¢ = concentration of adsorption atoms

Therefore, the absorbance is proportional to the concentration of the element for a given
absorption path length at any given wavelength. Therefore, if a sample of concentration
c gives a certain measured absorbance, a sample of concentration 2c will give double
the absorbance. The Beer-Lambert law allows us to relate the measured absorbance to

the concentration of the analyte element in the sample.

2.3.7 - TEM (Transmission Electron Microscopy)

Microscopy is a technique which can be invaluable in determining the size and shape of
particles. [11-12] The most common type of microscope is a magnifying glass, which
uses a ground lens to focus the light reflecting off an object into a larger image. Light
microscopes of a more complex nature use a series of lenses for further magnification of
the object. However, conventional light microscopes have a resolution limit of

approximately 250nm (1 nm = 1 x 10° m), approximately the wavelength of the
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incoming light used to illuminate the sample. This resolution means that features on the
sample smaller than this distance cannot be differentiated from each other. In order to
observe the smaller details, a microscope that uses an illumination source with a smaller
wavelength is needed. High voltage electrons are the most commonly used source,

although x-rays and neutrons could theoretically be used as well.

Electron microscopy can yield information on phase composition and the internal
structure of particles as specimens in the TEM are examined by passing the electron
beam through them, revealing more information of the internal structure of specimens.
There are two common types of electron microscopes: scanning (SEM) and

transmission (TEM).

The technique applied to catalysts during this study was TEM. TEM produces an image
that is a projection of the entire object, including the surface and the internal structures.
The incoming electron beam interacts with the sample as it passes through the entire
thickness of the sample. Therefore, objects with different internal structures can be
differentiated because they give different projections. However, the projection is of
necessity two-dimensional against the view screen and relations in the z-axis between
structures are lost. Furthermore, the samples need to be thin, or they will absorb too

much of the electron beam.
Theory behind the TEM

The TEM is an evacuated metal cylinder (the column) about two metres high with the
source of illumination, a tungsten filament (the cathode), at the top. If the filament is
heated and a high voltage (the accelerating voltage) of between 40,000 to 100,000 volts
is passed between it and the anode, the filament will emit electrons. These negatively

charged electrons are accelerated to an anode (positive charge) placed just below the
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filament, some of which pass through a tiny hole in the anode, to form an electron beam
which passes down the column. The speed at which they are accelerated to the anode

depends on the amount of accelerating voltage present.

Electro-magnets, placed at intervals down the column, focus the electrons, mimicking
the glass lenses on the light microscope. The double condenser lenses focus the electron
beam onto the specimen which is clamped into the removable specimen stage, usually

on a specimen grid.

As the electron beam passes through the specimen, some electrons are scattered whilst
the remainder are focused by the objective lens either onto a phosphorescent screen or
photographic film to form an image. Unfocussed electrons are blocked out by the
objective aperture, resulting in an enhancement of the image contrast. The contrast of
the image can be increased by reducing the size of this aperture. The remaining lenses
on the TEM are the intermediate lens and the projector lens. The intermediate lens is
used to control magnification. The projector lens corresponds to the ocular lens of the
light microscope and forms a real image on the fluorescent screen at the base of the

microscope column.

In a sense, a transmission electron microscope works in much the same way as an
optical microscope. At the top of the column, there is a high voltage electron emitter
that generates a beam of electrons that travel down the column. These electrons pass
through the sample and a series of magnifying magnetic lenses, to where they're
ultimately focused at the viewing screen at the bottom of the column. Different lenses
can be used to change the magnification and focal point of the image. Apertures along

the column can be used to change the contrast and resolution of the image. The column
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Chapter 3 — Initial Experimental Studies of Ambient
Temperature CO Oxidation over Hopcalite Catalysts

This chapter focuses on initial experiments aimed at producing highly active catalysts
while developing a reproducible preparation route. Key factors that might affect the
catalyst synthesis procedure are discussed especially with respect to the importance of the
drying and calcinations steps in the formation of the final catalyst. Thermal treatment has
been has been linked to the bulk phase and surface area characteristics of the catalysts and

therefore is highly influential on catalyst activity.

3.1 — Initial Experimental Studies of Hopcalite Catalysts

The hopcalite sample was prepared by the co-precipitation batch production method, as
outlined in Chapter 2.1.1. This method was developed by Mirzaei and has figured in a

previous study of CO oxidation. [1]

Aqueous solutions of the copper and manganese nitrates were mixed and added to the
reaction vessel while adding aqueous Na;COs. The mixture was stirred continuously at
80°C and sodium carbonate added until pH 8.3 was achieved. The mixture was left under
these conditions for a time period designated as the ageing time. The resulting pale green
suspension was filtered and drying took place at 100°C for 16h, to give the material
denoted as the catalyst precursor. This was followed by calcination at 500°C in static air

for 17h to give the final catalyst.
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3.1.1 - CO Oxidation Activity

The catalyst (100mg) was tested for its ambient temperature CO oxidation ability using gas
chromatography. The total gas flow used was 22.5ml/min (20ml/min O, and 2.5ml/min of
10% CO in He), these conditions equated to a molar ratio of gases of 1.1: 88.9:10 (CO:O,:
He). The Gas Hourly Space Velocity (GHSV) for the experiment was 6750h”, with a

residence time of 0.533s

Under these conditions and a test period of 12 hours, no CO, was produced. The CO peak

was observed at t,= 1.67mins, but no CO, was detected at the expected t,= 6.5mins.
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Figure 3.1.1.1 — A typical gas chromatogram showing the separation of the reactants and products

3.1.2 - Atomic Adsorption Spectroscopy

The ratio of metals present in the catalyst was measured by AAS and found to be 2.04:1

(Mn:Cu). See chapter 2.3.6 for full experimental details.
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