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Abstract 

Three heterogeneously catalysed reactions have been investigated using both 

conventional and microwave heating of the catalyst bed. 

The oxidative coupling of methane reaction has been widely studied using 

conventional methods of catalyst heating but only limited works have investigated the 

continuous microwave heating of catalysts. This research compares the two methods 

of catalyst heating in detail. Catalysts based on rare - earth oxides and chloride 

containing materials were studied. 

The combustion of methane reaction has also been studied under microwave 

and conventional heating methods. The reaction has attracted some attention in recent 

years with the increasing research in the area of natural gas powered vehicles. 

Emission regulations for the automotive industry are becoming increasingly stringent 

and the clean up of exhaust emissions from natural gas vehicles is of increasing 

interest. 

For both of the above reactions, the microwave heated example occurred at 

lower bulk temperatures than the conventionally heated reaction. However, 

documented equilibrium constant calculations show that the actual reaction 

temperature was far in excess of the observed bulk temperature. It is therefore 

postulated that there exist within the catalyst bed small areas which are at elevated 

temperature relative to the observed bulk temperature. Such areas are thought to be 

where the reaction actually occurs and have been termed "hot spots". 



Temperature measurement in a microwave field is not a simple matter and the 

observations from the studies of the above reactions prompted further investigation 

into the "hot spot" theory. 

The well documented steam reforming of methane reaction was studied under 

microwave conditions. Equilibrium constant calculations enabled the reaction to be 

used as a "chemical thermometer". Reference to temperature - equilibrium constant 

data for the reaction revealed that temperatures well in excess of the observed bulk 

temperatures were indeed achieved and provided confirmation of the "hot spot" 

theory. 



1. Introduction 

1.1 The Use of Microwaves to Heat Materials 

Microwave equipment has been available since the 1950s and was popularised 

in the USA. However it was not until the late 1970s and early 1980s that domestic 

microwave ovens were a common feature in UK households. There is now a whole 

industry devoted to pre - packaged microwave meals. However, the impact of 

microwaves on Chemistry has not been so dramatic. This is unfortunate since the 

mode of heating under microwave conditions depends upon the dielectric properties of 

the material. Therefore certain chemical reactions may exhibit different product 

selectivities when microwaves are used depending upon the way in which the materials 

under irradiation interact with the applied field. 

1.2 Origins of Microwave Radiation 

During the development of RADAR during the Second World War, Randall 

and Booth invented the magnetron, a device which generates fixed frequency 

microwave radiation. 

The magnetron (shown in Fig. 1.1) is a cylindrical diode with an anode and 

cathode. A magnetic field aligned with the cathode is superimposed on the diode. A 

ring of mutually coupled resonant cavities is in the anode so that as a potential of 
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several thousand volts is reached across the diode, the released electrons under the 

influence of the magnetic field, resonate and the magnetron oscillates. The oscillating 

electrons surrender energy to the microwave field that radiates from an antenna 

enclosed in the vacuum envelope of the tube. 

The microwave region of the electromagnetic spectrum lies between infra-red 

and radio frequencies at frequencies of between 300 MHz and 30 GHz and this 

corresponds to wavelengths of 1 cm to 1 m. Wavelengths between 1 cm and 25 cm are 

extensively used for RADAR applications and the remaining wavelength range is used 

for telecommunications. In order not to interfere with these uses, domestic and 

industrial microwave apparatus are required to operate at one of four frequencies these 

being 0.915 ± 0.025 GHz, 2.450 ± 0.013 GHz, 5.800 ± 0.075 GHz and 22.125 ± 0.125 

GHz. Of these, 2.450 GHz is the most commonly used and is the frequency used in 

domestic microwave equipment. 

The theory of microwave heating has been studied by many workers and 

several excellent reviews of the subject have been published. 1,2,3 

2 
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1.2.1 Mechanisms of Microwave Heating 

The two principal mechanisms whereby microwave energy is lost to a sample are ionic 

conduction and dipole rotation. 

1.2.1.1 Ionic Conductance 

Ionic conductance is the migration of ions within a sample due to the applied 

microwave field. This migration results in heat production due to eR losses. This 

form of microwave heating is particularly important when considering the heating of 

liquid samples containing dissolved ions. The magnitude of the contribution to heating 

of ionic conductance depends on ionic concentration and mobility. 

1.2.1.2 Dipole Rotation 

Dipole rotation refers to the alignment and rotation of charges and dipoles 

within a sample due to the applied field. The inability of the resulting polarisation to 

follow rapid reversals in the direction of the field results in the heating of the sample. 
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1.2.1.3 Dielectric Polarisation 

The total polarisation effect is defined as the following: 

Where: 

a e is the electronic polarisation arising from the realignment of electrons around 

specific nuclei. 

aa is the atomic polarisation which results from the relative displacement of 

nuclei due to unequal distribution of charge in the molecule. 

ad is the dipolar polarisation resulting from the orientation of permanent dipoles 

by the electric field. 

ai is the interfacial polarisation (Maxwell- Wagner effect) which occurs when 

there is a build up of charge at interfaces. 

a v is the vibrational polarisation. 

When an electric field is applied to a material at low frequency, the dielectric 

polarisation is able to keep in phase with the field. This field is able to bring the 

molecules within the sample into alignment. Some energy is transferred each time a 

molecule is disturbed and realigned but this is insufficient to increase the temperature 

of the material. 

The polarisation of a e and aa are far too rapid when a material is exposed to an 

oscillating electric field and as such do not contribute to the heating effect as there is 
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no phase lag between the changes in direction of the field and the polarisation. 

However, ad and possibly aj are polarised and depolarised in a timescale comparable 

to microwave frequencies. 

If a high frequency field is applied, its direction changes faster than the 

response time of the dipoles and as such there no energy is absorbed and no increase in 

temperature is observed. 

If the timescale of the change in direction of the electric field is comparable to 

the response time of the dipoles within the sample, the dipole rotates but the 

polarisation lags behind the field. When the electric field is removed and the molecules 

return to their natural disorder, thermal energy is released. At a frequency of2.45 

GHz, this occurs 4.9 X 109 times a second and therefore very rapid heating may result. 

This heating is dependent on a number of properties of the material including dielectric 

properties and the relaxation time of the sample. 

7 



a. 

b. 

Figure 1.3. Schematic Representation of the Molecular Response to an Electromagnetic Field 
a) polarised molecules align with the field 
b) thermally induced disorder as field is removed 
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1.2.2 Dielectric Properties 

The ability of a sample to be heated in a microwave field is very much 

dependent upon its dielectric properties. 

The dielectric constant, E', of a material is a measure of its ability to be 

polarised by the incoming microwaves. 

, C 
E =-

Co 

Where C is the capacitance or ability to store charge by the material and Co is the 

capacitance of air. 

The dielectric loss of a sample ,E", is a measure of the efficiency with which the 

radiation is converted to thermal energy. 

" cr E = 2m 

Wherefis the frequency of the applied microwaves and cr is the dielectric conductivity. 

From these properties a quantity known as tan 8 can be calculated. Tan 8 (the 

dissipation factor) is defined as the ability of a sample to convert electromagnetic 

energy into heat at a given temperature and pressure. It is calculated by taking the 

ratio of the dielectric loss to the dielectric constant. 
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1.2.3 Penetration Depth 

The penetration depth of a material is an important factor in microwave 

chemistry as it influences the efficacy or otherwise with which samples may be heated 

in the microwave field. The penetration depth of a sample is defined as the depth into 

the material where the power is reduced to 1;1 the value at the surface of the material. 

The penetration depth may be calculated using the following equation: 

g' 
Dp=Ao--== 

21t#' 

Where E" is small and 1.0 is the wavelength of the microwave radiation. Throughout 

this study, the wavelength of microwave radiation was 12.2 cm. 

1.2.4 Dielectric Relaxation Time 

The dielectric relaxation time is the time taken for 63% of the molecules in the 

medium to return to their natural disorder. This will occur when 

1 
00=-

t 

Where oo=21tj 
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If 1!-c corresponds to the angular frequency of the microwave radiation, as is 

the case for a non-ionic polar sample, the dissipation factor (tan 8) will be high. If lit 

is different from co then the dissipation factor will be low. 

If water is considered as a model example, when it is heated in the microwave 

field, the dielectric relaxation time and dissipation factor are changed and hence the 

penetration depth will change. As the temperature of the water is increased, tan 8 is 

decreased since 1!-c increases with temperature. 

1.2.5 Interfacial Polarisation (Maxwell-Wagner EtTect) 

Interfacial polarisation is the build up of charge in a non homogeneous system 

at the interface between conducting and non conducting particles. Wagner4 devised a 

simple model for the effect involving conducting spheres distributed through a non 

conducting medium A model for interfacial polarisation was devised by Maxwell and 

Wagner and consisted of a two layer capacitor configuration. The total effect is seen 

as a composite produced by areas having different dielectric constants and 

conductivity. 

11 



1.2.6 Thermal Runaway 

Thermal runaway is an uncontrollable increase in the temperature of a material 

whilst under microwave irradiation. Following initial exposure to the microwave field, 

the temperature of the material increases with a corresponding increase in the dielectric 

loss (e"). This continues so that for a given power input, more and more is converted 

to heat and elf increases more rapidly with time. If a critical temperature is reached, 

tan 8 achieves such a value that the material is converting a large proportion of the 

applied energy to heat and the runaway effect is observed. 

1.2.7 Types of Microwave Cavity 

There are two major types of microwave cavity currently in wide usage. These 

are designated multi - mode and single mode cavities. 

1.2.7.1 Multimode Cavities 

The multi - mode cavity has been in existence for many years. The traditional 

domestic microwave oven is an example of the multi - mode variety. Multi - mode 

devices have also found use in chemistry for tasks such as acid digestion of inorganic 

materials and organic syntheses. The components of the multi - mode cavity are 

relatively basic and comprise a magnetron, section of waveguide and the actual cavity 

itself. For domestic use, a turntable is usually included in an attempt to increase the 
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uniformity food heating. Multi - mode devices in the laboratory often utilise a mode 

stirrer in order to create a more uniform microwave field in the cavity. 

1.2.7.2 Single Mode Cavities 

Single mode microwave cavities are more complex than multi - mode systems 

and utilise certain components which are not always included in the latter. The 

components of the single mode device used for catalytic experiments during this study 

will be discussed in greater detail later. At this stage a brief description may suffice. A 

single mode microwave cavity is able to produce a stronger electric field than 

multimode devices and the radiation can be tuned to produce a maximum in the E field 

at the sample which is being irradiated. This may be particularly useful when non -

lossy materials are being tested. A device known as a circulator is included in the 

apparatus to prevent any reflected radiation which is not absorbed from damaging the 

magnetron. 

13 
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1.2.8 Microwaves in Chemistry 

The early uses of microwaves in laboratories were for relatively simple tasks 

such as moisture analysis and wet ashing procedures of geological and biological 

materials. The fact that microwaves could rapidly heat a variety of samples led to them 

being used subsequently for the heating of acid and ore samples as greatly reduced 

processing times were observed by their use. 

It was not until the mid 1980s that research into the use of microwaves as the 

heat source for organic chemical reactions was performed. Giguere et al and Gedye 

and co-workers5
• 9 noticed that massive rate enhancements (sometimes as large as 200 

times) were achieved for a series of organic reactions when microwaves were used to 

heat the reactants. The work was performed in modified domestic microwave ovens 

using sealed containers. 

What was not realised at the time was the fact that large pressures were 

obtained during irradiation due to the use of sealed reaction vessels. This in addition 

to the superheating of reactants (which is a well known phenomenon in the microwave 

heating of certain liquids) was found to be the cause of the observed rate 

enhancements. When this fact came to light, it led Gedye to conclude that there was 

no so called "Microwave Effect" during his microwave heated reactions. 

In addition to synthetic applications, microwaves have also found use in 

analytical chemistry for tasks such as acid dissolution of samples prior to spectroscopic 

analysis. 
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1.2.9 Microwaves in Catalysis 

The use of microwaves in the field of catalysis is very much still in its infancy 

but today there are several active research groups throughout the world. The work in 

the field is quite diverse and a number of different experimental techniques have been 

investigated. For example, Wan and co-workers in Canada have used pulsed 

microwave techniques for a number of reactions including a mimicry of photosynthesis, 

reactions over wetted carbon catalysts and the production of higher hydrocarbons from 

carbon dioxide and water. 10 - 12 This work utilised high power micro and millisecond 

"pulse packets" of radiation in order to perform the required reactions. It was noted 

that microwaves had the potential to perform reactions which would otherwise be 

extremely difficult or even impossible under conventional methods of heating. Wan 

introduced the concept of a "sensitiser" which he described as a conducting particle in 

a non - conducting medium. 12 This sensitiser selectively absorbed the applied 

microwave energy and was rapidly heated to high temperatures. The heat thus 

generated would then be dissipated by the support medium. 

Further use of microwaves in catalysis has been found in catalyst 

characterisation and preparation. 

1.2.9.1 Catalyst Characterisation 

The use of microwaves for temperature programmed techniques such as 

thermogravimetric analysis and temperature programmed decomposition has been 

studied by Bond et al. 13 Using a continuous irradiation heating method a catalyst 
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sample was heated at a constant rate in a single mode microwave cavity using the 

continuous irradiation technique. It was found that a more linear rate of heating was 

achieved by microwave heating and also that a sharper more distinctive decomposition 

profile was obtained by use of the microwave technique. A further advantage was the 

fact that following a microwave decomposition, the sample cooled far more rapidly 

than under conventional heating clearly suggesting that a higher throughput of samples 

was possible for the microwave experiment. 

1.2.9.2 Catalyst Preparation 

In addition to the use of microwaves to heat catalytic reactions, they have also 

found use in chemistry in the preparation of catalysts. 

The use of microwave radiation for drying purposes has been well established 

in the ceramic industry14 20 and recently microwaves have been used to dry supported 

metal catalyst precursors. Bond et al 13 have shown that the use of microwaves gives 

several advantages over conventional methods of catalyst drying. It was reported that 

reduced drying times (of between a factor of two and three) and increased crush 

strengths of the prepared pellets were observed. The observations were attributed to 

the different methods of water removal between microwave and conventional heating. 

Water interacts very strongly with microwave radiation (due to the presence of 

dipoles) and it was stated that during microwave catalyst drying, the region of the 

catalyst with the highest water content (i.e. the wettest part) interacted more strongly 

with the applied field than other parts of the catalyst and therefore this area became the 

hottest region of the sample. The heat generated from this area was imparted to other 
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areas within the catalyst (containing less water) and allowed an enhanced rate of 

evaporation from the cooler regions. This produced a small moisture gradient within 

the sample and this process is commonly known as moisture levelling. During 

conventional heating, the sample is heated form the outside and this leads to a moisture 

flow from the wet inside to the outside of the material resulting in a high moisture 

gradient across the sample and tension at the surface. The lack of tension for 

microwave prepared samples results in a stronger catalyst pellet. These observations 

coupled with energy dispersive X-ray analysis (EDXA) evidence also revealed that the 

distribution of active metal within the sample was far more homogeneous for the 

microwave dried sample than for that dried using conventional methods. The authors 

attributed this to the lack of moisture flow from the interior to the exterior of the 

sample during microwave heating and thus there was no migration of the metal ions 

from the centre of the sample to the outside. 

Microwave radiation has also been used in the synthesis of catalytic materials in 

the form of zeolites. Jansen et afo reported that the use of microwaves facilitated 

abundant nucleation and gave crystal growth at a rate ten times grater than that 

observed for conventionally heated syntheses. Other workers have investigated the 

microwave dehydration of zeolites. 21 The authors reported that water could be rapidly 

desorbed from the internal cage of 13X zeolite when microwaves were used. 

Zerger et af2 used microwave discharge methods to produce highly dispersed 

and reduced metal atom clusters in zeolite materials. It was reported that the 

microwave method of synthesis offered advantages over the conventional method as 

the metal particle size may be selected by suitable optimisation of the microwave 

discharge conditions. 
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1.2.10 Microwaves and Methane Conversion 

The use of microwaves to convert methane to more valuable products is 

another active area of research in microwave chemistry. Several research groups 

currently have an interest in this area and a number of different experimental 

techniques and reactions have been investigated. 

Wan and co-workers23 in Canada have investigated the use of high power 

micro and millisecond pulses of radiation to convert methane to higher hydrocarbons 

such as ethane and ethene. Metal particles (often nickel) dispersed in non-lossy non

conducting medium served as the catalyst. The particles were rapidly heated by the 

"pulse packets" of radiation and any reactant molecules adsorbed at such sites would 

undergo rapid conversion to products otherwise the energy would dissipate into the 

matrix by conduction. Wan reported that the conversion of methane by the pulsed 

microwave technique was a highly selective process with C2 hydrocarbon selectivity 

being consistently between 85% and 97% and C3 selectivity reported as between 3% 

and 15%. Clearly, this represents total selectivity to coupled products which is highly 

advantageous since minimising (or in this case totally eliminating) the production of 

undesirable carbon oxide products is one of the prime considerations when converting 

methane to higher hydrocarbons. 

Zerger and co-workers24
,2s used a different microwave method for methane 

conversion. A methane/oxygen microwave plasma operating at pressures of between 3 

and 500 torr was used to activate methane. A variety of catalysts were studied and all 

were able to produce higher hydrocarbons and all with the exception of the Fe catalyst 
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produced the oxygenated products of methanol or formaldehyde. It was reported that 

in a high frequency plasma reactor, significant concentrations offree radicals (essential 

in the production of higher hydrocarbons from methane) and excited species are 

created. Under the experimental conditions described, the gas temperature was far 

lower than the electron temperature and as a result the microwave plasma created 

thermally sensitive species. It was concluded that the use of a microwave plasma 

selectively activated C-H bonds and enabled a thermally difficult and 

thermodynamically unfavourable reaction to be performed. 

A further microwave method has been reported by Kawahara. 26 The use of a 

microwave discharge for decomposition of methane is described and the effect of 

power is investigated. Again working at low pressure (10 torr) and at microwave 

power of between 200 and SOOW, methane is converted to higher hydrocarbons. The 

author states that when conversion is high, acetylene and hydrogen are the principal 

products, whilst at low conversion, ethene and ethane are also obtained in significant 

quantities. Trace amounts of other hydrocarbons were also detected. 

Continuous microwave irradiation is another way of converting methane to 

form higher hydrocarbons. Roussy and co-workers27 studied the oxidation of methane 

over SmLi02 and (SmLi02)o.8(CaOMgO)o.2 catalysts under continuous irradiation and 

concluded that the microwave field selectively activated what they termed the 

"electrical sites" of the catalyst which were responsible for the first step of the reaction. 

It was also stated that the production of coupled products (i.e. higher hydrocarbons) 

was increased as the production of carbon oxides decreased. 

Bond et al13
,28 studied the oxidative coupling of methane over sodium aluminate 

catalysts and reported several interesting phenomena. Firstly, similar C2 selectivity was 
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observed for both conventional and microwave heated experiments but in the 

microwave heated experiment, the observed temperature of the catalyst bed was some 

400°C lower. It was postulated that the temperature across the catalyst bed was non

uniform and as a result certain areas of the bed were achieving temperatures in excess 

of the observed bulk temperature. This was said to be especially likely when dealing 

with a non-uniform system, the components of which interacted to differing degrees 

with the microwave field. The overall result was that heating occurred at sites which 

preferentially absorbed the incoming radiation and hot spots occurred within the 

catalyst bed. The authors stated that the hot spot theory had neither been proved nor 

disproved but stated it as a possible explanation for the large difference in the 

temperatures of the microwave and thermally heated reactions. Other benefits of the 

microwave heating of the oxidative coupling of methane reaction were also mentioned. 

These included an increased selectivity to CO at the expense of CO2 and an increased 

ethene to ethane ratio. 

Chen et al29 also studied the oxidative coupling of methane over proton 

conductive catalysts under continuous microwave radiation and made the same 

observations as Bond et al regarding a reduction in temperature of the oxidative 

coupling reaction when microwaves were used. They also observed a change in 

selectivity and product species under microwave conditions. 

1.3 Nature of this Study 

This study was initially focused at the oxidative coupling of methane (OCM) 

using rare earth oxide catalysts. Such catalysts had previously been shown to be both 
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active and selective for the reaction under thermal conditions. The initial aim was to 

investigate the observations of other researchers (regarding reduced reaction 

temperature etc.) but using catalysts which had not previously been studied under 

conditions of continuous microwave irradiation. 

Another reaction studied was the steam reforming of methane. This well 

documented reaction was used in an attempt to ascertain the temperature of the "hot 

spots" within the catalyst bed using thermodynamic data. In addition, this reaction had 

not previously been studied under conditions of continuous microwave irradiation. 

A third reaction investigated was the combustion of methane. The reaction is 

important in environmental catalysis and has been studied under conventional heating 

conditions but not previously under microwave conditions. 
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2. Oxidative Coupling of Methane 

2.1 Reasons for the Oxidative Coupling of Methane 

The existence of vast world-wide reserves of natural gas, of which methane is 

the major constituent has focused attention on the possibility of converting it directly 

to other forms of fuel and more valuable chemicals. The need for such a direct 

conversion arises at least in part from the remoteness of the reserves and the high costs 

involved in the transportation of gaseous fuels over long distances. 

Additionally, the methane molecule is a highly stable entity with a low energy 

density and current methods for the conversion of methane to more valuable products 

such as ethene, methanol, formaldehyde, petrochemicals and liquid transportation fuels 

involve costly, highly energy intensive processes. An example is the Mobil methanol to 

gasoline (MTG) process which initially converts methane to syngas via steam 

reforming prior to a conversion process to yield methanol and ultimately gasoline. 

Clearly, a single step conversion of methane to more valuable products would 

be of immense industrial significance and economic advantage. 

The conversion of methane to higher hydrocarbons via dehydrogenative 

coupling requires high temperatures in order to achieve practical yields. However, 

conversion via the oxidative coupling of methane whereby methane and a suitable 

oxidant are fed to a heated reaction zone favourably alters the thermodynamics of the 

conversion and appears to solve the heat of reaction problem. Selectivity to desired 

products then becomes a major consideration since although the oxidative coupling of 
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methane to higher hydrocarbons is possible in the absence of a catalyst under certain 

experimental conditions, a suitable catalyst is required in order to alter the reaction 

pathway so as to modify the conversion - selectivity curve to higher values than those 

predicted for the non-catalysed reaction. 

2.2 Background to the Oxidative Coupling of Methane 

The oxidative coupling of methane has been one of the most active areas in 

catalytic research over recent years since the pioneering work of Keller and Bhasin30 in 

1982. These workers used a sequential feed system whereby methane and oxygen. 

were fed individually over the catalyst interspaced by a short purge of inert gas as their 

work had concluded that the simultaneous feeding of reactants produced non selective 

oxidation products. A large number of metal oxides supported on a.-alumina were 

investigated and they found that C2 species (primarily ethene) were formed over many 

of them. It was noted that most of the catalysts exhibiting activity for C2 formation lay 

in the low melting metal part of the periodic table i.e. groups IlIA, IVA and VA. It 

was reported that of the catalysts studied, manganese oxide gave the best results. 

Later studies31
,32 showed that cyclic feeding of the reactants was not necessary 

to produce good selectivity to coupled products and as a result, the majority of 

subsequent work has employed the co-feed system whereby reactants are fed 

simultaneously to the reactor. 

A major work was produced by Ito and Lunsford33 who investigated MgO and 

Li doped MgO as catalysts for the OCM reaction and it was stated that the latter gave 

much improved catalytic performance. 
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2.3 The Oxidative Coupling Reaction 

The dehydrogenative coupling of methane to higher hydrocarbons is 

thermodynamically unfavourable at temperatures below 950°C. 

~GO = 71.0 kJ mol- 1 at 1000K (2.1) 

However, if methane is reacted with an oxidant, this thermodynamic limitation is 

overcome. 

~GO = -121.6 kJ mol- 1 at 1000K (2.2) 

In the oxidative coupling of methane, the major challenge is to achieve high 

conversion and selectivity to desired products without significant loss of hydrocarbon 

to carbon oxides via complete combustion. The formation of carbon oxides is 

thermodynamically favourable and it is therefore important to kinetically suppress the 

rates of formation of carbon oxides relative to those of coupled hydrocarbons. A 

catalyst is utilised in order to accomplish this. 

The reaction between methane and oxygen to yield higher hydrocarbons is 

generally carried out at temperatures in excess of 650°C. In addition to ethene and 

ethane, carbon monoxide, carbon dioxide, water, hydrogen and small amounts of 

higher hydrocarbons are formed. 

The stoichiometry of the reactions occurring may be represented by the 

following equations: 
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(2.3) 

(2.4) 

(2.5) 

(2.6) 

In addition to the coupling and total oxidation reactions, steam reforming and 

the water gas shift reactions may also take place at reaction temperatures. Indeed, 

Ekstrom34 reported that at temperatures in excess of 700°C, the shift reaction may 

make a significant contribution to the yield of COx. 

A simplified reaction network can be used to describe the reaction: 
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2.4 Nature of the Oxidant 

The use of an oxidant in methane conversion to higher hydrocarbons 

overcomes the thermodynamic barrier encountered when no oxygen is presenes (e.g. 

in the case of dehydrogenative coupling). The use of molecular oxygen, nitrous oxide 

and ozone amongst other oxidants has been studied. 

Early work reviewed by Foster36 indicated that ozone could be active for 

methane oxidation at temperatures lower than those observed when molecular oxygen 

was utilised. This was ascribed to the greater oxidising ability of the species. 

However, a comparative study by Hutchings et ae7 showed that no enhancement in 

production of C2 or oxygenated species was achieved by the use of ozone at lower 

temperatures. Ozone was found to be active at temperatures of less than 500°C but 

the only products observed were carbon oxides and hydrogen. 

The use of nitrous oxide as an oxidant over Sm203, MgO and LilMgO catalysts 

has been investigated38 -40 and was found (under comparable conditions) to give 

reduced conversion but enhanced selectivity to coupled hydrocarbons in comparison to 

molecular oxygen. This observation was ascribed to the fact that N20 can supply only 

half the oxidising capability of molecular oxygen and also it may have a slow 

decomposition to an active oxidising species under reaction conditions. Additionally, 

nitrous oxide has been shown to be a selective oxidant at temperatures below 600°C. 

Molecular oxygen is still the most widely used oxidant for the OCM reaction. 

Although not as selective as nitrous oxide it is more economical to acquire and greater 

conversions are achieved. Catalyst design is therefore important in the OCM reaction 
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using molecular oxygen in order to re-dress the balance between selectivity and 

conversion. 

Aika et al. 41.42 investigated the effect of introducing CO2 to the methane/oxygen 

feed and observed an increased C2 yield over certain catalysts. This was explained by 

the transfer of an oxygen atom from the carbon dioxide directly to the lattice or 

catalyst surface to enable H atom abstraction. 

Shepelev and Ione43 researched the suitability of NO, N02 and H20 2 as 

oxidants for the OCM reaction but found that due to their facility to readily donate 

oxygen, they were unselective oxidising materials. 

2.5 Oxidative Coupling Catalysts 

Much of the periodic table has been scanned in an attempt to find the definitive 

oxidative coupling catalyst. The screening of such a large number of catalysts has 

revealed some common features. It has been concluded that the majority of active and 

selective co-feed oxidative coupling catalysts are composed of basic, irreducible 

surface oxides many of which form stable surface carbonate species. These systems 

are invariably p-type semiconductors under reaction conditions. 

Alkali metal promoted alkaline earth oxides and the rare-earth oxides have been 

shown to be some of the most active and selective and will be considered in more 

detail later. 

Several excellent reviews on oxidative coupling catalysts have been produced 

and it is beyond the scope of this study to attempt to comment on such a great body of 

work. However, it is important to comment on systems which have received some of 
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the greatest attention of researchers (such as the lithium doped magnesia catalyst) and 

also to assess research into systems which relate directly to those studied during this 

work, namely rare earth oxide based catalysts and chloride containing catalysts. 

2.6 Alkaline Earth Oxide Catalysts 

Work on unpromoted alkaline earth oxides (BeO, MgO, CaO, SrO and BaO) 

has shown them to possess both activity and selectivity for the OCM reaction.44 
- so. 

Among this series, MgO is the most widely studied. Magnesia has the most basic 

character and contains a significant number of one electron donor centres on its 

surfaces. 5 1 
- 53 Mehandru 54 reported that within the MgO structure there were oxygen 

atoms with different co-ordination number and that these different species exhibited 

different catalytic behaviour. The method of preparation of the MgO was found by 

Hargreaves et als5 to be crucial to its catalytic properties since different preparation 

methods gave catalysts possessing different structures. The work investigated the 

different performances of samples prepared by different methods and concluded that 

the sample prepared by thermal decomposition of the basic carbonate produced a ;6~~ 

selective and active catalyst than that produced by burning magnesium ribbon in air. 

Examination of the samples by TEM showed that the sample originating from the 

carbonate comprised agglomerates of crystallites while the other sample was more 

highly structured and made up of regular crystallites ofMgO. This work is however in 

contrast with the work of Lunsford et al56 who concluded that the morphology of the 

magnesia was of limited importance relative to the effect of the alkali promoter. 
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Alkaline earth oxide catalysts doped with alkali metal are some of the most 

widely studied catalysts. LiIMgO and NaiCaO are good examples this genre of 

catalysts. These systems are in fact not simply alkali metals deposited on the alkaline 

earth. When the ionic radii of both cations are similar (as in the case of both these 

catalysts), replacement of the alkaline earth by the alkali may take place. S7 Such 

substitution of a monovalent cation into the lattice of the oxide forms a true mixed 

oxide which requires that an equivalent number of 0- centres be present to maintain 

electrical neutrality. Such species have been detected by EPR spectroscopy and have 

been proved to be the species responsible for methane activation over such catalysts. S8 

Lunsford and co-workersS7 
- S9 investigated the influence of alkali dopants on 

the performance of magnesia and found that a magnesia catalyst doped with 7wt% Li 

produced a very effective system. This catalyst has been intensively investigated by the 

group of Lunsford. Many analytical techniques have been utilised in an attempt to 

elucidate the reaction mechanism over this catalyst. The active species on the catalyst 

surface was an oxygen species which was stabilised by the presence ofLr 0- pairs 

within the catalyst. As a result of extensive testing, Lunsford et al formulated the 

following mechanism: 

The centres are formed by oxygen vacancies ([]) trapped at 0 2
- ions adjacent to Lt 

Ions. 

2Lt02
- + [] +Y202 ~ 2Li+0- + 0 2

-

LrO- + eII.. ~ LrOH' + CH3-

The [LrO-] centres are regenerated by the following: 
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or 

2Li'OH- --; Li·02-+ Lt[] + H20 

Lt02-+ Li[] + Ih02 --; 2LtO-

2Li+OH- --; LtO- + Lt[e-] + H20 

Lne-] + Ih02 --; LtO-

Thus, in agreement with the work of Wang et als2
, 0- species are responsible 

for the activation of methane. 

2.7 Rare-Earth Oxide Catalysts 

Rare-earth oxide catalysts such as La203 and Sm203 have been researched by 

many groups and were found to be of the most effective coupling catalysts. Lin et alS9 

studied pure La203 and found it to be a good producer of methyl radicals which are 

essential to the reaction (See section 2.9). Using a matrix isolation electron spin 

resonance apparatus (MIESR), methyl radicals were isolated and the activity of 

lanthana for their production quantitated. A C2 selectivity of 47% and methane 

conversion of 9.4% at 725°C were reported. 

The structure sensitivity of the OCM reaction over samaria and lanthana has 

been studied. Samaria exists in two different forms - cubic and the more thermally 
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stable monoclinic the transition between the two crystalline phases occurring between 

875°C and 950°C. It has been reported that the calcination temperature of Sm203 has 

an effect on C2 selectivity.60 Calcination at a temperature of lOOO°C produced a 

catalyst comprised entirely of the monoclinic phase and this was detrimental to C2 

selectivity. It was postulated that calcination at lower temperatures retained some of 

the less stable cubic form and such catalysts performed better in the OCM reaction. It 

was therefore concluded that although the cubic form is less thermally stable it is the 

more selective morphology of samaria. This finding is supported by considering the 

differing structures of the two morphologies. In the cubic structure, a quarter of the 

oxygen atoms are missing from the lattice and oxygen vacancies are in their place 

whereas the monoclinic structure has fewer vacancies. This means that lattice/gas 

phase oxygen exchange is more rapid over cubic samaria and the rate of this exchange 

has been related to enhanced C2 selectivity. The issue does not however appear to be 

easily understood since work by others61 reports that a mixture of the two phases gives 

enhanced catalytic performance. 

Several studies of the structure sensitivity, kinetics and mechanism of the 

oxidative coupling reaction over lanthana have been performed. Le Van et al62 

reported that the reaction was structure sensitive. It was stated that lanthana catalysts 

could form different morphologies depending upon the method of preparation and that 

two different types of lanthanum oxycarbonate species could be formed. These were a 

monoclinic form of lanthanum oxycarbonate denoted type 1 a and a hexagonal form, 

type 2. Type 2 was favoured by low temperature catalyst preparation (650°C) and this 

observation was attributed to morphological differences in the lanthana. The type 1 a 

oxycarbonate was found from thermogravimetric data to be less thermally stable than 
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type 2. The type of oxycarbonate species formed was said to affect the overall 

performance of the catalyst since it was believed that much of the CO2 produced 

during the OCM reaction originated from decomposition of the oxycarbonate. Hence, 

the more thermally stable the oxycarbonate species formed, the less selective for C2 

formation the catalyst. Lanthana prepared by low temperature calcination was 

therefore found to be the more selective catalyst since the formation of the more 

thermally stable type 2 oxycarbonate was favoured by such preparation conditions. 

However, a more recent study by Squire et al63 used in-situ X-ray diffiaction methods 

to study lanthana under reaction conditions. The authors concluded that although 

La203 formed both types of oxycarbonate species during the reaction, there did not 

seem to be a direct relationship between the amount of bulk oxycarbonate formed and 

catalyst selectivity. 

Transient isotope techniques have been used to study the mechanism of the 

oxidative coupling reaction. 64 Ekstrom et ae4 reported that the rate of methane 

conversion was dependent upon the rate of exchange between gas phase and lattice 

oxygen. It is well known that rare-earth oxides are able to exchange lattice oxygen 

with gas phase oxygen. 65 Winter performed exchange experiments with 1802 and 

found that of the lanthanides, lanthana had the lowest activation energy and highest 

rate of exchange. A high rate of lattice/gas phase oxygen exchange shows high oxygen 

mobility within the material and these factors are important to the selectivity of the 

catalyst. 

The actual nature of the active oxygen species on the surface of the catalyst 

which is responsible for the activation of methane has been the focus of much research. 

In 1986, Lin et als9 used EPR spectroscopy to study lanthana and found evidence for 
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the generation of superoxide (02-) on the surface. This form of oxygen is however 

known to be inactive for the activation of methane66
,67 thus it was concluded that a 

different oxygen species was responsible for the activation. Following this work, 

Wang and Lunsford suggested that the active species was a transient 0- moiety formed 

from 0 2
- during the reaction. A further suggestion was that superoxide was in 

equilibrium with surface peroxide and oxygen: 

(2.7) 

More recently, comprehensive studies by Otsuka et al67 have revealed that the 

most likely activating species is superoxide 0/-. Their findings were supported by 

EPR measurements obtained for a sodium peroxide catalyst. Peroxide catalysts were 

found to be able to convert methane and since the only oxygen species present in the 

system could be related to peroxide, it was concluded that this particular form was the 

active species. The peroxide anion (ol") may be regarded as the diamagnetic, resting 

form of 0-. A further suggestion was made by DuBois et a168
. Using XPS, the work 

of Wang et al58 was confirmed, as superoxide was detected on the catalyst surface. 

However, evidence ofa peroxycarbonate species (C04
2
-) was also found, this species 

being formed from surface carbonate produced during the OCM reaction. The authors 

stated that it was unlikely that this species was responsible for methane activation but 

suggested that it may play a part in the generation of the active species mentioned 

previously via the following equations: 

(2.8) 
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20- <=> 0 2
2-

02 + 2C03
2- <=> 2C02 + 0 2

2-

(2.9) 

(2.10) 

It was found that in order to activate methane over rare-earth oxide catalysts 

that gas phase oxygen was required since it was fundamental in the generation of active 

oxygen sites on the catalyst surface. 69 

The large amount of research into the suitability of rare-earth oxides for the 

OCM reaction revealed that only the irreducible oxides such as lanthana and samaria 

appear to exhibit any degree of selectivity to C2 hydrocarbons. Oxides which possess 

more than one stable oxidation state such as Ce02, Pr6011 and Tb40 7 tend to exhibit 

largely total oxidation behaviour. That is to say that the main products of the coupling 

reaction over such catalysts are carbon oxides (CO and CO2), Tong et al70 explained 

this by a reductive addition cycle indicated overleaf 

CH3. + Mn+l)+ 0 2- ~ ~+ (OCH3)" (2.11 ) 

It was postulated that the methoxy species formed in such a scheme would 

undergo further reaction to yield CO2 and hence make the reducible rare-earth oxides 

unselective catalysts. 
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2.8 Doped Rare-Earth Oxide Catalysts 

As discussed in section 2.7, rare-earth oxides are among the most effective 

oxidative coupling catalysts. Studies have been conducted to investigate the effects of 

dopants on their catalytic performance. 

It was noted previously that Pr6011 was not an effective coupling catalyst. 

However, if promoted with alkali metal it becomes a highly effective system. 71 The 

addition ofNa2CO~ to Ce02 dramatically transformed its performance under reaction 

conditions. Pure ceria favours total oxidation whereas upon addition of the sodium 

compound it became an effective coupling catalyst. However, the transformation was 

explained by the fact that the sodium species was totally coating the ceria meaning that 

none of the Ce02 was available for reaction. This phenomenon was observed on other 

lanthanides and it was concluded that the lanthanide acts merely as a carrier for the 

active alkali centres. Therefore such catalysts may be regarded as lanthanide supported 

peroxides. 

Significant improvements in the catalytic performance of La203 have been 

demonstrated by the incorporation of dopants into the catalyst formulation 72 - 74. 

Group II metal ions such as barium calcium and strontium have been investigated and 

have been shown to increase C2 selectivity and yield as well as methane conversion. 

DeBoy and Hicks
47 

investigated the effect of a number of alkali and alkaline 

earth metal dopants on the performance of lanthana. 

Their findings revealed that the best performance was achieved by a 1 wt% 

SrILa203 catalyst. This catalyst achieved a maximum C2 selectivity of78.8% and 
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methane conversion of 12.4%. This compares with values for pure lanthana of 

71.1 %and 10.8% respectively. 

The favourable effects of strontium doping on the performance oflanthana are 

reported to be a combination of factors. 

Strontium has a similar ionic radius to lanthana (1. 15 A cf 1. 13 A 75) and as 

such solubility and conductivity are maximised while structural constraints and 

activation energies are minimised. The dissolution of strontium in lanthana leads to an 

increase in the number of defect sites which is important to oxygen conductivity 

through the sample (i.e. lattice/gas phase oxygen exchange). Sr/La203 exhibits p-type 

semiconductor behaviour meaning that positive holes are the means of conduction. 

The dissolution of strontium in lanthana therefore increases the number of holes 

present and enables faster exchange oflattice and gas phase oxygen. This is important 

since it has been shown that the rate of oxygen exchange is directly related to the rate 

h . 76 
of met ane conversion. 

As previously mentioned, the oxidative coupling of methane over lanthana has 

been shown to be structure sensitive and selectivity was also dependent on catalyst 

preparation conditions149
. A thin platelet morphology favoured by lower temperature 

preparation was found to be more selective than the tridimensional, smaller particles 

formed at higher temperatures. It is thought that strontium doping preserves the 

favourable platelet structure of the oxide during the catalytic reaction. 

Other work has reported that Sr doping may improve the catalytic performance 

of lanthana by replacing some of the surface La203 with less active but more selective 

. d' . 78 SrC03 under reaction con ttions. 
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2.9 Chloride Containing Catalysts 

The maximisation of the ethene to ethane ratio during oxidative coupling is 

most desirable since ethene is the potentially more valuable product and it has been 

reported79 
- 82 that the selectivity of the OCM reaction towards ethene can be enhanced 

if a chlorine containing gaseous compound is passed over the catalyst during the 

reaction. This observation has also been reported when chloride ions are included in 

h I C'. I' 82 - 93 t e cata yst lormu atIon. 

Some excellent work in the area of chloride oxidative coupling catalysis has 

been performed by the group of Burch. 

Manganese catalysts have attracted some interest due to their stability and 

activity. In fact manganese oxide was found to be one of the best simple oxide 

I· I 947995 - 99 M hl'd" d b B Id' d coup mg cata ysts. ' , anganese c on e was mvestIgate y a wm an 

workers for its suitability and it was found that in isolation this catalyst had a low 

selectivity for ethene formation. 100 However, when partially oxidised, a good ethene 

selectivity was achieved. This system was unstable under reaction conditions and 

ethene selectivity diminished quickly with time on stream due to loss of chloride from 

the catalyst. The incorporation of an alkali promoter to the catalyst formulation was 

found to give greater stability under reaction conditions and therefore more long term 

ethene selectivity. 

It is widely accepted that the majority of ethene formed during the OCM 

reaction derives from secondary reactions of ethane which is regarded as the primary 

coupling product. Baldwin and co-workers utilised a small post catalytic reactor 

volume and therefore concluded that gas phase dehydrogenation to ethene was not an 
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important reaction in their studies. They reported that gas phase radical reactions 

involving chlorine were important to the formation of ethene over chloride catalysts 

and postulated a mechanism whereby ethene could be generated in such a manner. 

HCI = H- + CI-

C2H6 + CI- = C2H5- + HCI 

C2Hs- = C2li. + H-

H-+ HCI = H2 + Cl-

(2.12) 

(2.13) 

(2.14) 

(2.15) 

The HCI may be released by the reaction of the MnCh with water formed 

during the reaction. The critical step was reported to be the initial dissociation ofHCI 

to give chlorine radicals since all other radical reactions were regarded as fast. It was 

postulated that methyl radicals could be involved in HCI dissociation via the following 

radical reaction: 

(2.16) 

This route was said to enable radical formation at a fast enough rate to account for 

most of the ethene observed during the tests. 

Burch et aliso investigated the use of pulses of dichloromethane onto the 

catalyst during reaction. A manganese oxide catalyst was used and the influence of 

promotion with potassium was also investigated. It was found that ethene selectivity 

was greatly increased when pulses of CH2Ch were introduced. However, the ethene 

selectivity decreased with time on stream due to the loss of chlorine from the catalyst. 
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The use of a potassium promoter into the catalyst formulation was found to yield a 

KCIIMn304 - like species which was found to be both highly selective and stable under 

reaction conditions. 

Other researchers have investigated the use of other chloride containing 

catalysts. Thomas et al 101 reported that using a bismuth oxychloride catalyst, 

conversions of up to 42% and ethene to ethane ratios of up to 35 were achieved. It 

must be noted however that this system was unstable under reaction conditions and 

activity was lost in a matter of a few hours. 

Lunsford et al 102 used a Lt - MgO - cr catalyst and added controlled amounts 

ofRCI during the reaction. It was found that the addition ofRCI increased the ethene 

to ethane ratio from 5 to 11 and that following cessation of the HCl feed, the ratio 

remained high for many hours. This observation prompted the suggestion that surface 

chloride species were responsible for the ethene production and this is in agreement 

with the work of Burch et al103 who reported that over samarium based chloride 

catalysts chlorine induced reactions occurred within the voids between particles in the 

catalyst bed and not in the free space outside the catalyst. 

2.10 Proposed Reaction Mechanism 

There have been several studies regarding the mechanism of the oxidative 

coupling reaction and it has been found that many complex reactions occur both on the 

catalyst surface and in the gas phase near to the catalyst. 

It is known that methane and other hydrocarbons are dissociatively adsorbed 

h ...c: f tal 'd 104 - 132 d" 'd 1 on t e SUI laces 0 many me OXI es an It IS WI e y accepted that the initial 
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step in the mechanism is the abstraction of a proton from the methane molecule by an 

active oxygen species on the catalyst surface to produce a methyl radical. The 

presence of such radicals has been confirmed by matrix isolation experiments.133 This 

step is also regarded as the rate determining step of the oxidative coupling reaction. 134 

It was shown by Lunsford 135 that methyl radicals so formed desorb from the catalyst 

surface and undergo further reactions. Once formed, they may combine with other 

methyl radicals to produce ethane, undergo further oxidation to undesirable carbon 

oxides or they may react with gas phase oxygen in a radical reaction to form a 

methylperoxy radical (CH300e). The final two options will be considered later but at 

this stage the fate of ethane formed by the interaction of two gas phase methyl radicals 

will be discussed. 

Ethane is recognised as the primary coupled product in the oxidative coupling 

reaction66 and is accepted as the precursor to ethene. Ethane molecules may interact 

with lattice oxygen species and lose a proton to yield an ethyl radical (C2HSe)136. 

These radicals may then interact with oxygen species on the catalyst surface and 

undergo further proton abstraction to yield C2fu and He. A further but somewhat 

unlikely suggestion is that ethane is selectively oxidised to ethene in the gas phase 

away from the catalyst surface. The possibility of the formation of ethene as a primary 

coupling product has largely been discarded by the vast majority of researchers. 

h· 13940 137 - 139 d d d' hi h d h . However, Hutc mgs et a ' , con ucte stu les w c suggeste t at pnmary 

ethene production was not negligible for all catalysts. By varying the reactant feed rate 

at constant reaction temperature and reactant ratio it was found that over several 

catalysts including pure lanthana and samaria that ethene and ethane were primary 

hydrocarbon products. 
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In addition to the desired coupled products of the OCM reaction, undesirable 

oxides of carbon are usually formed since 100% C2 selectivity is generally only 

achieved at extremely low levels of conversion. The methylperoxy radical referred to 

earlier has been postulated by Iwamatsu and Aika140 to be responsible for both C2 

products and carbon oxides. However, other groups including Lunsford et a1 141,142 

suggest that the methylperoxy radical is plays a very important part in the formation of 

undesirable carbon oxides during the OCM reaction. The following scheme was 

suggested to account for the reaction of methylperoxy radicals to COx. 

CH3• + C2~ ~ CH30 2H + C2Hs• 

2CH30 2• ~ CH20 + CH30H + O2 

CH20, CH30H ~ CO, CO2 

(2.17) 

(2.18) 

(2.19) 

Lee and Oyama suggested in their review3s that the radical is in fact in 

equilibrium with methyl radicals and gas phase oxygen (from which it is formed). 

(2.20) 

At high temperatures, the reverse of the above equilibrium is favoured and thus 

more methyl radicals are released. Therefore, at high reaction temperatures, C2 

selectivity should increase at the expense of COx. Since the OCM reaction is usually 

performed at temperatures of between 700° and 900°C, they argued that the 

methylperoxy radical should have little or no contribution to the production of carbon 

oxides under normal reaction conditions. 

44 



A general scheme for catalytic oxidation on solid oxide catalysts was proposed 

by Sokolovskii. 85 

RO 

Figure 2.1. Sokolovskii General Scheme for OCM on Solid Oxide Catalysts 

As mentioned at the beginning of the section, the mechanism of the oxidative 

coupling of methane is a series of complex surface and gas phase reactions involving 

both radical and molecular species. Evenso, several workers have attempted to 

schematically summarise the major steps. A very general reaction scheme was 

represented in section 2.3 but in no way did this account for any of the radical 

processes or surface interactions which occur under reaction conditions. Lunsford 142 

produced a more detailed scheme similar to that shown below which included 

intennediates of coupled products and interactions of gas phase species with active 

oxygen species on the catalyst surface (Figure 2.2). 

In their review on the oxidative coupling reaction, Hutchings and co-workers66 

expanded the work of Lunsford and derived the scheme illustrated in figure 2.3. 

As described in section 2.7, the actual nature of the active oxygen species is 

still open to some argument but it is reasonable to assume from current evidence that it 

is either a transient O· species or a peroxide species (O/) 
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Though it is clear that much research has been devoted to the mechanism of the 

oxidative coupling reaction, a definitive path has yet to be defined due to the complex 

nature of the many interactions which may take place during the reaction. Following 

analysis of kinetic modelling data, van der Wiele et al 144 reported a scheme of 164 

different reactions which could take place under reaction conditions and the area is still 

currently under investigation. 

2.11 Scope of This Study 

The focus of this study was to investigate the use of microwave radiation to 

stimulate the oxidative coupling of methane reaction. Two types of catalyst were 

investigated: rare - earth oxide based systems and a chloride containing catalyst. 

Effects of the use of microwave heating on catalyst selectivity, yield of desired coupled 

hydrocarbon products and methane conversion were investigated. Conventionally 

heated experiments performed during this study served as a comparison for microwave 

heated experiments. It was beyond the scope of the work to attempt to further any of 

the conventionally heated experiments performed by many other researchers. 

However, a novel catalyst system (lwt% Sr/15wt% La203/MgO) was investigated 

using both conventional and microwave methods of catalyst heating. 

It is believed that this is the first study of the use of microwave radiation for the 

OCM reaction using the various catalysts investigated during this work. 

48 



3. Steam Reforming of Methane and Methane Combustion 

3.1 Introduction 

The need for large supplies of cheaply produced hydrogen arose in the early 

20th Century when ammonia synthesis plantswere being developed. Initially, hydrogen 

was produced in a water-gas generator but by 1917, the classical Haber Bosch process 

was complete and hydrogen was being produced by the reaction of coke with steam 

followed by the water gas shift reaction (Eqs 3.1 -3.2) 

C + H20 ~ CO + H20 

CO + H20 ~ CO2 + H2 

(3.1) 

(3.2) 

In areas where natural gas was abundant, this was used as the feedstock instead 

of coke. This made the reforming process more efficient since the hydrogen content of 

the hydrocarbon increased the yield of hydrogen from the reaction. This technology 

was pioneered by BASF in the first quarter of the 20th century. The reaction occurred 

over catalyst mounted in vertical tubes in a furnace. Naphthas were also reformed 

using a process pioneered by ICI but in more recent years, the increasing availability of 

natural gas has meant that it is the major feedstock for reforming processes. 
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3.2 The Steam Reforming Reaction 

The steam reforming of natural gas (of which methane is the major constituent) 

is generally performed at temperatures of 800°C or higher at pressures up to 35 bar. 

The industrial reformer consists essentially of two main sections: the furnace which 

houses tubes of catalyst and the convection section where heat is recovered from the 

flue gas. The feedstock must be desulphurised prior to reaction as sulphur containing 

compounds are known catalyst poisons. 

The catalyst used for the reaction must meet a number of criteria in order to be 

useful under the extreme conditions within the reformer unit. As with all catalysts, 

selectivity to desired products is a major consideration. Good reforming catalysts 

should be as inactive as possible to unwanted side reactions especially the formation of 

carbon. Carbon formation can usually be avoided by the use of a suitable steam to 

hydrocarbon ratio. Resistance to poisoning is also important on the industrial scale. 

As stated above, industrial reformers operate at temperatures of 800°C upwards and 

therefore thermal stability of the catalyst is fundamental. Physical strength of the 

catalyst is a further consideration since the reaction is performed at high pressure. 

Nickel catalysts are the most widely used for reforming duties. Other metals 

such as cobalt, iridium, palladium, platinum, ruthenium and rhodium are suitable and in 

some cases are more active than nickel but nickel is far cheaper and sufficiently active 

for the task. 

The reaction takes place on the nickel surface of the catalyst so it is important 

to maximise the stable nickel surface area. This is achieved by dispersing the nickel as 

small crystallites on a refractory support medium. The catalyst is reduced before 
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reaction using pure hydrogen which maximises the available surface area. The 

temperature of reduction is an important variable and generally temperatures of around 

600°C are utilised. At temperatures below this, incomplete reduction may occur whilst 

at higher temperatures significant sintering may take place and this has the obvious 

effect of decreasing the nickel area and reducing the efficiency of the process. 

Two equilibria occur during the reaction: the steam reforming equilibrium and 

the water gas shift reaction. 

Cll. + H20 ~ CO + 3H2 .1H = +206 kJmor' (3.3) 

CO + H20 ~ CO2 + H2 .1H = -41 kJmor' (3.4) 

Clearly the reforming reaction is endothermic so the forward reaction is 

favoured by high temperature as well as low pressure. The shift reaction on the other 

hand is exothermic and the forward reaction is therefore favoured by low temperature 

and high pressure. To maximise the overall efficiency of carbon to carbon dioxide and 

hydrogen, the reforming reaction conditions mentioned previously are employed. In 

industry, this is followed by the shift process which enables the shift reaction to be 

brought to equilibrium by using two different catalysts. 
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3.2.1 The Industrial Importance of Steam Reforming 

The steam reforming of natural gas is an important industrial process as the 

products of the reaction find use in many applications in the chemical industry. 

Ammonia synthesis plant use reformers to produce the hydrogen required for 

their reaction. A two stage process is used. Following the primary reforming 

(endothermic) the partially reformed gas with added nitrogen is fed to a secondary 

reformer where air is added. Any carbon monoxide in the exit stream is converted to 

CO2 in shift reactors and then removed by scrubbing. Residual oxides of carbon are 

converted to methane by a methanator before the hydrogen and nitrogen are 

compressed to synthesis pressures. 

Obviously, the reforming reaction is an efficient way of generating large 

amounts of hydrogen and as such has found use in the area of fuel cells. Fuel cells 

provide a means of electricity from a chemical feedstock and certain types of fuel cell 

(for example the molten carbonate variety) require hydrogen as their fuel. There are 

two possibilities regarding the reformer for fuel cells. The simplest option is to 

perform external reforming. In this case, existing reforming catalysts are perfectly 

acceptable for the task. However, in order to make the fuel cell unit as compact as 

possible internal reforming may be used. The molten carbonate fuel cell operates near 

reforming temperatures so the heat supply for the reaction would not pose a problem. 

Unfortunately, the environment within the molten carbonate fuel cell is highly corrosive 

and therefore a suitably sturdy catalyst is required in order to make internal reforming a 

viable proposition. 
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The gas mixture produced by the steam reforming process is commonly known 

as synthesis gas and this forms the raw materials for the synthesis of many chemicals. 

Methanol synthesis is a good example. In this synthesis only hydrogen and carbon 

oxides are required and therefore the reformer unit is required to convert as much of 

the natural gas as possible to these gases. This means that the process should be 

operated at as Iowa pressure and as high an exit temperature as is economically viable. 

Synthesis gas is also used in the Fischer - Tropsch process which is used to 

produce linear paraffins and olefins. The oxo process which is a means of converting 

an olefin to an aldehyde requires hydrogen and carbon monoxide which are obtained 

form the reforming reaction. 

A scheme outlining some of the major uses ofsyngas is shown below. 

3.2.2 Steam Reforming of Methane in This Study 

The steam reforming reaction is one of the best understood catalytic reactions. 

Mathematical data relating equilibrium constant to temperature of reaction may be 

readily found in publications such as the Catalyst Handbook l45
. The calculation for the 

equilibrium constant is as follows. 

C~ + H20 ~ CO + 3H2 (3.5) 

Kp = pC~ pH20/pCO pH2
3 atm-2 (3.6) 

Kp=exp(Z(Z(Z(0.2513Z-0.3665)-0.581 01 )+27.1337)-3 .2770) 

where Z = (IOOO/T) - I, with T being the absolute temperature (Kelvin) 
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In previous catalytic work many reactions have been shown to occur at much 

reduced temperatures when microwaves are used to supply the heat. However, it has 

been postulated that within the catalyst bed there are areas which are at temperatures 

far higher than the observed bulk temperature. These "hot spots" are believed to be 

the areas within the catalyst where the reaction actually occurs. Due to the method of 

temperature measurement and the fact that the hot spots in the bed are extremely 

small, the actual temperature of these areas cannot be measured by such methods as 

optical fibre thermometry. Therefore, with the wealth of knowledge of the equilibrium 

constant - temperature relationship of the reforming reaction, the aim of this study was 

to use the reaction as a "chemical thermometer." By calculation of the equilibrium 

constant of the experiments performed in this study and comparison with the literature 

values, it is possible to suggest the actual temperature of the "hot spots" within the 

catalyst bed. 
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3.3 Methane Combustion 

Natural gas is a relatively clean source of hydrocarbons and as such, interest is 

growing rapidly into its use as an environmentally friendly fuel for motor vehicles. In 

addition to its relative cleanliness compared to conventional gasoline, the use of natural 

gas reduces the emission of SOx 146. However, environmental legislation regarding 

emissions dictate that the exhaust gases be further cleaned up. Such legislations are 

now including the removal of trace amounts of methane which as stated earlier is the 

major component of natural gas. Tests performed on both automotive and stationary 

combustion engines revealed that although traditional three way exhaust catalysts are 

efficient in NOx and carbon monoxide removal, their efficiency in removal of methane 

was not satisfactory «50% for the stationary engine and < 15% for the automotive 

engine). Such a low conversion of methane is achieved by conventional three way 

catalysts since the optimum air : fuel ratio for a natural gas fuelled engine is different to 

that for gasoline engines. As a result, the conventional catalysts would require 

operation at temperatures far higher than those achieved by the exhaust gases. Burch 

and Loader
147 

investigated Ptl Ah03 and Pdf Ah03 catalysts for their suitability for 

methane combustion and concluded that platinum did have a role to play in catalysts 

for emission control for natural gas vehicles. 

In the light of this work and also the environmental applications, it was decided 

to investigate a range of catalysts with different Pt loadings and assess their behaviour 

under stoichiometric feed conditions. 

The application of microwaves to the reaction had not been previously studied. 

Microwaves are known to facilitate rapid heating of metal catalysts and this may have 
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implications in the future of automotive catalysts. Exhaust catalysts experience a 

"dead time" upon start up since when the engine is first started, the catalyst is below its 

operating temperature. Incorporation of a microwave preheater which is activated 

before engine start up would mean that the catalyst achieves operating temperature 

before the engine is ignited. 

The combustion reaction also occurs at lower bulk temperatures under 

conditions of microwave irradiation and therefore, the use of a small microwave 

generator to heat the catalyst may overcome the short comings of the abilities of 

traditional three way systems to remove methane form exhaust gases. 
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4. Experimental 

4.1 Experimental Equipment 

4.1.1 Oxidative Coupling of Methane 

Two different sets of experimental equipment were used. One was used to 

perform experiments using resistive electrical (thermal) heating of the reactor while the 

other was used for microwave tests. Both apparatus were designed to enable methane 

and oxygen to be co-fed continuously to the catalyst in the reactor. 

4.1.1.1 Thermal Apparatus 

A schematic representation of the thermal apparatus is shown in Figure 4.1. 

The equipment may be divided into three basic components: the gas feed system, the 

micro-reactor and furnace, and the analysis system. 
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4.1.1.1.1 The Gas Feed System 

Ultra high purity methane (99.999%) and a 5% mixture of oxygen in helium 

(both of99.9% purity) both obtained from Engineering and Welding Supplies were fed 

to the reactor at the required flow rates using separate mass flow controllers (MFCs). 

The oxygen/helium flow was controlled by a Brooks 5850TR MFC which itselfwas 

controlled by a personal computer equipped with an IEEE-488 interface card and 

digital to analogue converter. The methane flow was controlled by a Chell HA 6568 

MFC. The required flow of methane being set using a supply voltage from a 

potentiometer. The flow rates were monitored using an analogue to digital converter 

through the IEEE-488 bus. 

The MFCs were calibrated by connecting the output to a bubble flow meter and 

re calibration was performed at regular intervals and minimal drift was observed. 

Non return valves were incorporated in the flow system to ensure uni

directional flow of the feed gases. 

Flash traps were fitted to the feed gas lines as a precaution against fire. 

The feed gases were mixed in a mixing chamber prior to being passed to the 

reactor. The mixing chamber was simply a Wade Couplings Tee piece fitting. 
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4.1.1.1.2 The Microreactor and Furnace 

Down-flow,fixed-bed micro reactors fabricated from silica were used for all 

tests. Silica was the material of choice since it is able to withstand the high 

temperatures required for the oxidative coupling reaction and is also transparent to 

microwave radiation. The reactor was fitted with a central thermowell which housed a 

thermocouple to enable the temperature of the catalyst bed to be accurately monitored. 

The electrically powered furnace was cylindrical and lined with silica. The 

temperature of the furnace was controlled by a temperature controller linked to a 

variable output transformer. The transformer was used to control the maximum 

temperature of the furnace. The furnace temperature was monitored by a 

thermocouple which was connected to the temperature controller. 

The temperature of the catalyst bed was monitored using a K type 

thermocouple which was placed in the central thermowell of the reactor. The 

thermocouple was connected to a Digitron 2310 scanner which supplied a digital 

temperature readout. 

A water trap was located beyond the exit of the reactor. This consisted of a 

pyrex tube loaded with self indicating silica gel. The gel was dried in an oven at lOOoe 

following each test. 
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4.1.1.1.3 The Analysis System 

Two gas chromatographs (GCs) were used to perform the required effluent gas 

analyses. An AMS Model 93 GC fitted with a 6 ft 118 in external diameter PTFE 

Porapak Q column was used for the quantitation of methane and all products. The 

detector consisted of a flame ionisation detector fitted with a catalytic methanator (a 

nickel catalyst). The use of a methanator enabled the quantitation of both carbon 

monoxide and carbon dioxide by converting these products to methane following 

separation by the chromatograph. Samples were injected via an air actuated sample 

loop which was connected to a ten port Valco sampling valve. The column was 

initially conditioned by heating to 150°C in a helium flow for a period of 8 hours. 

The chromatographic conditions utilised are shown below. 

Carrier Gas Helium 

Carrier Flow 35 ml min-l 

Sample loop volume 0.1694 cm3 

Initial Temperature 35°C 

Ramp Rate lOoe min-l 

Final Temperature 100°C 

Final Time 1 min 

A Perkin-Elmer 8410 GC fitted with a thermal conductivity d~tector was also 

used. The main function of this chromatograph was to monitor oxygen consumption 

but methane, carbon monoxide and carbon dioxide were also measured. Two columns 
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were utilised: a 6ft. 118 in o.d. stainless steel Carbosphere column and a Porapak N 

column of the same dimensions. The direction of carrier gas flow was reversed after 

13 minutes of the analysis to enable the removal of hydrocarbons from the columns. 

Injection of gas samples was facilitated via an air activated sample loop which was 

connected to a ten port injection valve. The connections of the ten port valve are 

shown in Figure 4.2. 

Initial column conditioning was carried out as above. The conditions and 

temperature programme are shown below. 

Carrier Gas Helium 

Carrier Flow 30 ml min-1 

Sample loop volume 0.5 cm3 

Initial Temperature 25°C 

Isothermal Time 1 3.5 min 

Ramp Rate 1 30°C min-1 

Isothermal Time 2 7 min 

Ramp Rate 2 300e min-1 

Isothermal Time 3 5 min 

Backflush Time 13 min 

Detector Temperature 1800 e 
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4.1.1.2 Microwave Apparatus 

Reactions under microwave conditions were performed using a tuneable single 

mode microwave cavity which is shown schematically in figure 4.3. The various 

components of the apparatus are described below. 

4.1.1.2.1 The Gas Feed System 

The gas feed system of the microwave apparatus was similar to that described 

above for the thermal equipment. The feed gases were fed to the reactor using 

computer controlled MFCs and flows were monitored by a personal computer via an 

analogue to digital converter. Flash traps and non-return valves were again positioned 

in the feed lines. 

4.1.1.2.2 The Magnetron 

The magnetron supplied microwave radiation to the sample under study. The 

output power of the magnetron was continuously variable to a maximum of700W. 

The operating frequency was 2.45 GHz. The output of the magnetron was controlled 

by a personal computer or the temperature measurement device so as to maintain a 

constant pre-set temperature. 
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4.1.1.2.3 The Circulator 

The function of the circulator was to prevent the magnetron being damaged by 

reflected radiation. Microwaves exiting the launch zone were deflected through an 

angle of 1200 prior to passing to the sample cavity. Any radiation reflected from the 

waveguide that was not absorbed by the sample was prevented from reaching the 

magnetron by a further deflection by the circulator. This radiation was harmlessly 

dissipated by the water cooled dummy load. 

4.1.1.2.4 The Waveguide 

The waveguide incorporated a non-contact double plunge tuner which enabled 

constructive interference of the microwave energy to be established at the sample. The 

setting up of a "standing wave" was confirmed by monitoring the signal received by the 

antenna on an oscilloscope. This enabled the region of maximum E field to be 

concentrated at the sample. 

4.1.1.2.5 Temperature Measurement Devices 

Temperature measurement in a microwave field is not a simple task and will be 

discussed in greater detail later. Several devices were investigated including an infra 

red pyrometer and optical fibre thermometer These devices were mounted in the 

observation port of the single mode cavity. A gas thermometer was also tested. 
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The infra red pyrometer was interfaced to the microwave power controller via 

a personal computer to enable the catalyst temperature to be accurately controlled by 

continuously varying the amount of microwave power supplied to the sample under 

study. The optical fibre thermometer performed the same function without the 

requirement of the computer. 

4.1.1.2.6 The Coupling Aperture 

The coupling aperture enabled the focusing intensity of the microwave 

radiation at the sample to be varied. Apertures of various sizes were investigated. A 

narrower aperture provided stronger focusing of the radiation. 

4.1.1.2.7 The Microreactor 

Down flow fixed bed reactors fabricated from silica were used for all 

microwave tests. Silica is transparent to microwave radiation and is able to withstand 

the high temperatures required for the oxidative coupling reaction. During testing, the 

reactor was mounted vertically in the test section part of the single mode cavity. 

4.1.1.2.8 The Analysis System 

The analysis system used for microwave tests was identical to that described 

for thermal experiments. 
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4.2 Experimental Procedures 

4.2.1 Mass Flow Controller Calibration 

All mass flow controllers were calibrated before any catalyst testing was 

performed. 

Calibration of the MFCs was achieved by connecting a bubble flow meter to 

the outlet of the MFC and noting the observed gas flow at a variety of input voltages. 

A computer program was used to calculate an equation relating flow and input voltage 

and the coefficients of this equation were incorporated into a BASIC computer 

program which controlled the MFCs. Thus by inputting the desired flow rate into the 

Basic program, the computer supplied the MFC with the correct voltage to produce 

the required gas flow. The correct reactant flow was ensured by checking with a 

bubble flow meter. 

4.2.2 Furnace Temperature Profile 

The temperature profile of the furnace used for conventionally heated reactions 

was measured by setting a value on the furnace temperature control box and 

positioning a thermocouple at various points within the furnace. By noting the 

temperature at different distances from the bottom of the furnace, a temperature profile 

was obtained as shown in figure 4.4. 
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The temperature profile clearly shows that the hottest region of the furnace lay 

between 8 and 10 em from the bottom of the furnace. For all tests, the reactor was 

mounted in the furnace such that the catalyst bed resided in this optimal heating zone. 

4.2.3 Calibration of the Gas Chromatographs 

Both of the GC systems used were calibrated in a similar manner. Standard 

calibration gases supplied by Phase Separations Ltd. were injected via the sample loops 

and the resulting peak area for each component noted. Response factors for each 

required component were then calculated using the following expressions: 

Moles Component x injected 

Response Factor Component x 

= % Component x Volume of Sample Loop (ml) 
100 x 22414 

= No moles injected 
Observed Peak Area 

The response factors were incorporated into a computer spreadsheet program 

for the calculation of the various reaction parameters which will be discussed in the in 

the data reduction section. 
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4.2.4 Reactant Flow Rates 

The required flow rate of the reactant gases was set by inputting the required 

flows into a computer program which then supplied the correct voltage to the mass 

flow controllers. The exception being the methane flow for thermal tests which was 

set by setting the required voltage on a calibrated potentiometer. 

Typical reactant flow rates were either 5 or 10 ml min-! methane and 20, 30 or 

40 ml min-! 02/He depending on the reactant ratio and space velocity required for a 

particular test. 

Flow rates were varied to determine if any effect on product distribution was 

observed. 

4.2.5 Data Reduction 

Product selectivity, yield and reactant conversion are fundamental terms in 

catalysis and the following defines these terms and outlines the methods used in this 

study for their calculation. 

4.2.5.1 Product Selectivity 

Product selectivity is defined as the concentration of the product as a percentage of 

the total concentration of products formed and may be calculated using the following 

expression: 
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~ Selectivity Product x = Molar Concentration Product ~ x 100 
o Sum of Molar Product Concentra1.1ons 

4.2.5.2 Methane and Oxygen Conversion 

Methane conversion is defined as the fraction of the total amount of methane fed 

to the reactor that is converted to hydrocarbons and carbon oxides. 

Chromatographic calculation of methane conversion is possible in theory using the 

following expression: 

(Peak area)a - (Peak area)t = (Peak area)c 

where (Peak area)a = ambient methane peak area 

(Peak area)t = Methane peak area at temperature tOC 

(Peak area)c = Area of methane consumed 

By using the calculated response factor, peak area values can be converted to 

molar concentrations and the percentage methane conversion calculated. 

Calculation of methane conversion is also possible on a product summation basis 

and for spreadsheet data manipulation, this method was used. The following expression 

was employed: 
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CH4 Conversion (%) 
= [CO] + [C02] +2[C2H4] + 2[C2H6] + 3[C3] 

[CH4] + [CO] + [C02] + 2[C2H4] + 2[C2H6] + 3[C3] x 100 

This assumes that one mole of methane is consumed in the production of one 

mole of carbon oxides, two moles of methane are consumed in the production of C2 

hydrocarbons and three moles are consumed for C3 hydrocarbon production. 

Oxygen consumption was calculated in a similar fashion to methane conversion. 

The following expression was used for the calculation: 

Oxygen Consumption (%) 

4.2.5.3 Product Yield 

l.S[CO] + 2[C02] + [C2H4] + 0.S[C2H6] X 100 
[02 ]inital 

The yield of a product is defined as its selectivity multiplied by methane 

conversion: 

. d d Selectivity x (%) x Methane Conversion (%) 
Ylel Pro uct x = 

100 
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4.2.6 Catalyst Preparation 

A 1 wt% SrILa203 catalyst was prepared by the wet impregnation method. 

29.7g La203 was mixed with a dilute (0.228M) solution of Sr(N03)2 (total volume of 

solution was 150 ml). The suspension was heated to dryness with constant stirring. 

The resulting solid was dried in an oven at 100°C for 12 hours. 

Catalysts were calcined at either 650°C or 800°C in air for 4 hours prior to 

use since previous research (ref 10 from 1 st year report) has shown that the calcination 

temperature has a marked effect on the activity and selectivity of lanthana based 

catalysts. Further samples were calcined in air for 1 hour at 350°C and in a flow (40 

ml min-I) for 1 hour. 

4.2.6.2 Magnesia Supported Catalysts 

Two catalysts of different composition were prepared. A 1 wt% Sr/15wt% 

La203/MgO catalyst and a sample consisiting of 1.1 wt% Sr/I7.2wt% La203/MgO. 

Both catalysts were prepared by the wet impregnation of appropriate amounts 

of SrC03 and MgC03 (the latter in the form of Mg2(C03)(OH)2) with a O.IM solution 

of La(N03)3e6H20. The solution was heated with constant stirring to dryness and the 

resulting solid dired in an oven at 100°C for 12 hours. 

The catalysts were calcined in an identical manner to the unsupported catalysts 

with the exception of the 800°C condition. 
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4.2.6.3 Other Catalysts 

The majority of other catalysts studied required little or no preparation. 

Diluted formulations were prepared by taking appropriate amounts of catalyst and 

diluent and intimately mixing them using a mortar and pestle. 

Pure lanthana (Gold Label 99.99%) was obtained from Aldrich Chemical 

Company and was either used as received or calcined before use. 

The catalysts supplied by British Gas pIc were either used as received or 

calcined at 700°C for 8 hours between silica wool plugs in a silica reactor before use. 

4.2.7 Nature of the Oxidant 

Two different oxidants were investigated: - a 5% mixture of oxygen in helium 

was used with all catalysts and nitrous oxide was used for some of the lanthana 

containing catalysts. 

4.3 Catalyst Characterisation 

Catalysts were characterised by performing surface area measurements, X-ray 

diffraction analysis, scanning electron microscopy, simultaneous differential scanning 

calorimetry/thermogravimetric analysis (DSC)/(TGA) and investigation using a 

network analyser. 
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4.3.1 Surface Area 

Surface area measurements were performed on selected catalysts using a 

Micromeritics Pulse Chemisorb 2700 instrument. A single point determination was 

used for all tests 

Samples were initially de-gassed by heating to 260°C in a mixture of 30% 

nitrogen in helium. The instrument was then calibrated by injecting 1ml of nitrogen. 

The volume of nitrogen adsorbed at liquid nitrogen temperature and the 

amount desorbed upon returning the sample to room temperature was measured. 

The surface area of the samples was calculated using the following equation: 

s = v[ 273.2 ][Atmpress16.02}<102
3 X16.2xlO-20][I_[(%~/l00)<Atmpressl] 

AmbT. 760 -t 22414 Sat.Press. J 

Where: S = Surface area in square metres 

v = Volume of nitrogen adsorbed at STP 

4.3.2 X-ray Diffraction Studies 

Selected catalyst samples were submitted for X-ray diffraction analysis to 

determine which crystalline phases were present. A Philips X-ray diffractometer using 

the Cu Ka line at a voltage of 40 kV and current of30 rnA was used for all analyses. 
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4.3.3 Scanning Electron Microscopy 

Selected catalysts were submitted for analysis by scanning electron microscopy 

(SEM). A Stereoscan 360 electron microscope (Leica-Cambridge) utilising an 

electron beam energy of 15 keY. 

4.3.4 Network Analysis 

Network analysis was performed using a Hewlett - Packard apparatus at the 

University of Nottingham. A schematic diagram of the apparatus is shown in figure 

4.5. 

Samples were loaded into 6mm o.d. silica tubing such that a 10 cm length of 

material was formed. 

The sample was heated to pre-set temperatures in a conventional electrical 

furnace before being rapidly lowered into a low power cylindrical microwave cavity 

operating at a frequency of 2.45 GHz. Whilst the sample was in the microwave cavity, 

the analyser was used to measure frequency shifts from which both real and imaginary 

permittivities of the sample could be calculated. 
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Figure 4.5. Schematic Representation of Network Analysis Equipment 
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4.3.5 DSCffGA 

Simultaneous DSC/TGA was performed on selected catalysts using a Stanton 

Redcroft apparatus at Leeds Metropolitan University. 

Approximately 10 mg of alumina was used as the reference. 10 mg of sample 

was loaded into an alumina dish and heated in a flow of helium (30 ml min-1)at a ramp 

rate of lOOC min-1 from ambient temperature to a temperature of 600°C. Data was 

collected automatically every 0.5 seconds and downloaded to a personal computer. 

The experimental data obtained ~~:-manipulated using a computer spreadsheet 

package. 

4.3.5.1 Catalysts Studied 

1 % Sr115% La203iMgO 

1.1 %Sr/17.2%La203iMgO 

15% La20iMgO 

10% Sr/La203/SiC 

MgO 

British Gas "mixed oxide" catalyst 

British Gas Catalyst designated CIWI 
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4.4 Steam Reforming of Methane 

4.4.1 Experimental Equipment 

The majority of hardware used for steam reforming experiments was identical 

to that described for the oxidative coupling of methane. A schematic representation of 

the equipment is given in figure 4.6. 

A water bubbler in a thermostatted water bath at known temperature was used 

to introduce a known vapour pressure of water to the feed gas. 

4.4.2 Experimental Procedures 

Methane was co-fed with a helium diluent using mass flow controllers to the 

reactor via the water bubbler. All pipework downline of the bubbler was heated with 

heating tape to prevent condensation of the water. 

Microwave tests were performed with the reactor in a vertical configuration 

and also mounted transversely across the single mode cavity. 

Duplicate effluent gas samples were taken at each temperature of choice. 
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4.4.3 Catalysts Tested 

A British Gas supplied catalyst designated LH was used for much of the 

reforming work. 

In addition, a selection of alumina supported nickel catalysts were assessed as 

was a physical mixture of 50wt% LHl50wt% Ah03. 

4.4.4 Catalyst Preparation 

The only preparation required for the British Gas supplied catalyst was a 

reduction step. The catalyst was loaded into a silica reactor and heated to 600°C in 

hydrogen flowing at 40 ml minot for 12 hours. 

The physical mixture ofLH and alumina was prepared in the same way as the 

physically mixed oxidative coupling catalysts. 

The nickel - alumina systems were prepared by the wet impregnation of the 

required amount of alpha alumina with a solution ofNi(N03h.6H20. 

4.4.5 Catalyst Characterisation 

Catalysts were characterised by performing surface area measurements, 

simultaneous DSC/TGA and network analysis using the same methods as outlined 

above. 
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4.5 Methane Combustion 

The combustion of methane to oxides of carbon and water was studied under 

both microwave and thermal conditions. 

4.5.1 Experimental Equipment 

The equipment used for combustion studies was essentially the same as that 

described for the oxidative coupling reaction with the exception that only the Fill 

equipped GC was used to monitor the composition of the effiuent gas. 

4.5.2 Experimental Procedures 

Methane, a 5% mixture of oxygen in helium and a nitrogen diluent were fed to 

the reactor at various flow rates such that different feed gas compositions could be 

investigated. 

The catalyst was heated either in a cylindrical electric furnace or single mode 

microwave cavity and duplicate GC analyses were performed at each selected 

temperature. 
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4.5.3 Catalysts Studied 

Pre-prepared platinum - alumina catalysts of a variety of Pt loadings were 

studied. The loadings investigated were 0.8%, 1%,3% and 5% Pt by weight. 

4.6 Catalyst Preparation using Microwaves 

Attempts were made to calcine selected coupling catalysts and reduce 

reforming catalysts using microwave radiation. 

4.6.1 Experimental Procedures 

4.6.1.1 Calcination 

Approximately Ig of lwt% Sr/15wt% La203/MgO was loaded into a silica 

reactor and mounted veri cally in the single mode microwave cavity. A 40 ml min-l 

flow of oxygen helium was fed to the reactor and the sample irradiated. 

4.6.1.2 Reduction 

1 g of fresh LH catalyst was loaded into a silica reactor and placed in the single 

mode cavity. A flow of 40 ml min-l H2 was established and the sample irradiated. 
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5. Results 

5.1 Oxidative Coupling of Methane using Rare - Earth Oxide Catalysts 

A range of supported and unsupported lanthana catalysts were investigated. 

The effect of calcination conditions, strontium doping, variation of reactant ratio and 

flow rate were studied. 

5.1.1 Conventionally Heated Reactions 

5.1.1.1 Blank Reaction 

An experiment was conducted on an empty reactor in order to determine the 

extent of any non-catalysed gas phase reactions. The test was performed using 

identical experimental techniques to those employed for catalytic experiments. 

Analyses of the reactor effluent gas showed small amounts of CO between 

726°C and 730°C the yield increasing with temperature. 

Very small amounts of ethane were produced over the same temperature range 

but the overall yield of coupled hydrocarbons was found to be negligible and never 

exceeded 0.1 %. 
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5.1.1.2 EtTect of Strontium Doping 

Strontium doping of both the supported and unsupported catalysts led to an 

increase in C2 selectivity and yield. Enhanced methane conversion was achieved by the 

strontium doping of magnesia supported lanthana. However, the strontium doping of 

unsupported lanthana led to a decreased level of methane conversion. The beneficial 

effects of strontium doping on selectivity and yield of coupled hydrocarbons were most 

evident for the unsupported catalyst where improvements in selectivity of greater than 

7% were achieved. 

Typical results are presented in Table 5.1. 

Catalyst C2 Selectivity % C2 Yield % C~ Conversion % 

(Calc. Temp'/°C) (Temp/oC) (Temp/oC) (Temp/oC) 

La20 3 48.3 II 22.7 

(650) (742°C) (742°C) (742°C) 

SrILa20 3 55.9 12.2 21.9 

(650) (759°C) (759°C) (759°C) 

58.8 12.6 21.5 

15wt% La203/MgO 
(790°C) (790°C) (790°C) 

1 wt% Srl15wt% 60.3 13.4 22.3 

La203/MgO (789°C) (789°C) (789°C) 

Table 5.1. Effect of Strontium Doping on Catalyst Performance 
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5.1.1.3 Effect of Reactant Ratio 

Methane to oxygen ratios of 5: 1 and 3: 1 were investigated for both the doped 

and undoped catalysts. A general observation was that the yield of coupled products 

was increased by the use of the lower ratio but often at the expense ofC2 selectivity. 

A substantial increase in CO2 selectivity and yield was observed by the use of the lower 

ratio. Methane conversion was also enhanced at the 3: 1 ratio. Typical results are 

presented in Table 5.2. 

Methane to Oxygen Ratio 3 5 

C2 Selectivity (%) 53.5 60.3 

C2 Yield (%) 12.5 13.4 

Methane Conversion (%) 29.8 22.3 

Table 5.2. Effect of Reactant Ratio on C2 Selectivity, Yield and Cll. Conversion for 

1 wt% Srl15wt% La203iMgO Catalyst 

5.1.1.4 Effect of Reactant Flow Rate 

The use of higher reactant flow rates (greater space velocity) gave enhanced C2 

selectivity at the expense of selectivity to CO2. C2 yield and methane conversion for 

both unsupported and supported catalysts were also increased by use of a higher 

reactant flow rate. (Table 5.3) 
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Catalyst C2 Selectivity % C2 Yield % Cf4 Conversion % 

(Reactant Flow (Reaction T emp/oC) (Reaction Temp/oC) (Reaction Temp/oC) 

Rate/ml min-1) 

SrlLa20~ 55.9 12.2 21.9 

(25 ml min-I) (759°C) (759°C) (759°C) 

SrlLa20~ 57.8 13.9 24 

(50 ml min-I) (775°C) (775°C) (775°C) 

Table 5.3. Effect of Flow Rate on Catalytic Performance for 650°C calcined Catalyst 

(Reactant Ratio: 5) 

5.1.1.5 Effect of Catalyst Calcination Conditions 

The effect of calcination conditions was found to be dependent upon the nature 

of the catalyst. This is in contrast to the parameters reported above where it was noted 

that both supported and unsupported catalysts exhibited many common trends with 

changing experimental conditions,. 

1 wt% SrILa203 calcined at 650°C for 4 hours in air exhibited greater C2 

selectivity than those calcined at either 800°C or 350°C (the latter for 1 hour). The C2 

yield was also improved by calcination at 650°C. 

At reaction temperatures below 740°C, the catalyst calcined at the lower 

temperature shows greater conversion whilst at temperatures in excess of this, the 

opposite is true. 
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Calcination of the catalyst at 350°C for 1 hour either in air or a 5% mixture of 

oxygen in helium had a deleterious effect on catalytic performance compared to the 

other calcination conditions investigated. C2 yield and selectivity and methane 

conversion were all reduced when the catalyst was calcined at 350°C. Maximum C2 

selectivity for the 350°C calcined samples was 47% compared to 56% for the 650°C 

calcined sample and 51 % for the 800°C sample. The results are summarised in table 

5.4. 

Catalyst C2 Selectivity % C2 Yield % C~ Conversion % 

(Calcination (Reaction Temp/oC) (Reaction Temp/oC) (Reaction Temp/oC) 

Temp/oC) 

SrILa20 3 55.9 12.2 21.9 

(650) (759°C) (759°C) (759°C) 

SrlLa20~ 47.3 11.2 23.7 

(800) (765°C) (765°C) (765°C) 

SrILa203 45.6 11.5 25.3# 

(350°C 02/He) (779°C) (779°C) (779°C) 

SrILa203 38.9 8.1 20.7 

(350°C Air) (747°C) (747°C) (747°C) 

Table 5.4. Effect of Calcination Conditions on lwt% SrILa203 Catalyst Performance 

For magnesia supported catalysts, samples calcined at 350°C for 1 hour in air 

exhibited the best performance of the calcined materials. This is clearly in contrast to 

the unsupported systems. It was observed that the uncalcined material was the most 
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selective of the supported catalysts. Clearly, a catalyst which requires non-energy_ 

intensive preparation and can achieve selectivity enhancements relative to other 

catalysts while suffering only small deficits in terms of yield and conversion is an 

attractive system. A summary of results for supported catalysts is shown in Table 5.5. 

The observed results clearly indicate that the magnesia-supported catalysts 

exhibited better catalytic performance than the unsupported systems under the reaction 

conditions studied. Maximum C2 selectivity of 60.3% was achieved by the strontium 

doped supported catalyst whilst the corresponding figure for the unsupported material 

was 55.9%. The yield of coupled products and methane conversion was generally 

found to be greater for supported catalysts. This is advantageous since these catalysts 

utilised less lanthana which is the most expensive component of the catalyst 

formulation. Clearly, enhanced catalytic performance for reduced cost suggests an 

attractive catalyst system. 
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Catalyst C2 Selectivity % C2 Yield % CHtConv. % 

(Calcination Temp.) (React. Temp. DC) (React. Temp. DC) (React. Temp. DC) 

57.5 13.2 23 

SLM (650) 
(782°C) (782°C) (782°C) 

58.2 13.9 23.8 

SLM (350°C Air) 
(782°C) (782°C) (782°C) 

56.9 13.7 24.1 

SLM (350 02/He) 
(806°C) (806°C) (806°C) 

60.3 13.4 22.3 

SLM (Uncalcined) 
(789°C) (789°C) (789°C) 

59.7 12.7 21.4 

LM (650) 
(749°C) (749°C) (781°C) 

60.0 13 21.3 

LM (3S0°C Air) 
(793°C) (793°C) (793°C) 

58.8 12.6 21.5 

LM (Uncalcined) 
(790°C) (790°C) (790°C) 

Table 5.5. Effect of Calcination Conditions on Performance for Magnesia Supported 

Catalysts 

(SLM = 1 wt% Srl15wt% La203/MgO; LM = 15wt% La203/MgO) 
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5.1.1.6 Reactions in the Absence of Gas Phase Oxygen 

Supported and unsupported catalysts were tested in the absence of gas phase 

oxygen. A methane flow of 5 ml min-! was used. 

Two tests were conducted, one in which the reactor temperature was increased 

from 620°C to 760°C and a second where the reactor was maintained at a constant 

temperature of 754°C for a period of7Y2 hours. 

The incremental test showed an increase in the yield of CO2 with temperature. 

CO was detected at temperatures in excess of 700°C and the yield of this product also 

increased with temperature. 

Coupled products were formed in very small quantities at temperatures above 

715°C. The total yield ofC2 hydrocarbons did not exceed 0.04% over the temperature 

range investigated. 

The isothermal test again showed carbon oxides to be the major reaction 

products. The yield of CO2 initially increased but then showed a general decrease with 

time on stream. The CO yield was fairly constant but showed a dramatic increase 

approximately 6 hours into the test. After this time, the amount of CO2 in the effluent 

gas was negligible. After 71h hours, the amount of carbon monoxide decreased 

markedly. 

C2 products were produced in negligible amounts throughout the duration of 

the test. 
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5.1.1.7 Reactions using Nitrous Oxide as Oxidant 

Both supported and unsupported catalysts were investigated using nitrous 

oxide as the oxidant. As reported in previous sections, other tests had utilised 

molecular oxygen as the oxidant. 

The use of nitrous oxides as the oxidant for the OCM reaction over pure 

lanthana led to increased selectivity and yield of coupled hydrocarbon products relative 

to the molecular oxygen reaction. Methane conversion was however reduced relative 

to the molecular oxygen tests. Figure 5. 1. shows C2 selectivity for lanthana using 

molecular oxygen and nitrous oxide as oxidants. 

An important observation of the N20 tests over lanthana was that the C3 yield 

was some two to three times greater than that achieved when oxygen was used as the 

oxidant. 

In contrast to tests which utilised molecular oxygen as the oxidant, the 

supported and doped catalyst did not perform as well as pure lanthana when N20 was 

employed. Carbon dioxide yield and selectivity were far higher for the supported 

system whilst C2 yield and selectivity were reduced. The C2 yield was less than that 

observed over lanthana regardless of the reaction temperature. No enhancement in C3 

yield was observed over this catalyst when N20 was used as the oxidant. Figure 5.2 

shows a comparison ofC2 selectivity for both catalysts (calcined at 350°C in 5% OiRe 

for 1 hour) 
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The use of strontium as a dopant and magnesia as a support therefore appears 

to have a detrimental effect on catalyst performance when nitrous oxide is used as the 

oxidant. 

5.1.1.8 Comparison of Catalytic Performance of Unsupported and Magnesia -

supported Catalysts 

In general, under the reaction conditions studied, both the strontium doped and 

undoped magnesia supported catalysts performed better than the unsupported systems 

regardless of calcination conditions. Enhanced C2 selectivity and yield was achieved by 

both undoped and strontium doped supported catalysts compared to either pure 

lanthana or 1 wt% SrlLa203. Figure 5.3 shows C2 selectivity against temperature for 

supported and unsupported strontium - lanthana catalysts. 
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5.1.2 Microwave Heated Reactions 

Pure lanthana could not be heated in the single mode microwave cavity even 

when maximum microwave power was used. 

The microwave heating of this catalyst was found to be extremely difficult. 

Initial heating required the application of high microwave power and the rate of 

heating was extremely slow. Following the initial slow heating, a temperature rise was 

maintained at reduced levels of microwave power. 

However, at temperatures in excess of 250°C, the catalyst began to glow and 

discharges were observed within the reactor. Clearly under such conditions, 

temperature control of the catalyst bed was impossible. 

Gas samples were analysed by GC over the temperature range where 

discharges were not observed (i.e. below 250°C). Ethene and ethane were produced 

between temperatures of 165°C and 250°C as indicated by the optical fibre 

thermometer. The amounts of these products formed at 250°C were similar to those 

achieved at 730°C under thermal conditions. C2 products were therefore produced at 

temperatures several hundred degrees lower than those required under conditions of 

conventional heating. An important observation was that a higher yield of ethene was 
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achieved under microwave conditions. The major reaction product was CO with CO2 

being produced but in smaller quantities. 

Small amounts of acetylene were produced sporadically during the microwave 

testing of the catalyst. Acetylene production was normally associated with the 

production of discharges within the reactor. 

It is clear from these observations that the catalyst undergoes a dramatic 

change in dielectric properties with temperature when heated in a microwave field. 

In an attempt to heat the catalyst more controllably, the size of the coupling 

aperture in the microwave cavity was increased. This action had the effect of reducing 

the degree of focus of the microwave radiation on the sample. However, the result of 

increasing the size of aperture was that the catalyst could not be heated at all. 

The reactor was charged with increased amounts of catalyst in an attempt to 

provide a larger area of material for the incoming microwave radiation to interact with. 

Heating of the catalyst again required the use of high microwave power and discharges 

were observed at an indicated temperature of 250°C. 

A further attempt to encourage higher temperatures to be achieved before the 

production of discharges was made by heating the reactor in a conventional furnace 

and transferring the hot vessel to the microwave cavity. Once exposed to the 

radiation, the temperature of the catalyst decreased rapidly from 500°C to 170°C and it 

could not be increased above 200°C even when irradiated with full microwave power. 

The observations of the tests on the SrILa203 catalyst suggest that it is 

unsuitable as a coupling catalyst under microwave conditions. However, thermal tests 

during this study and by other workers had shown that it is a very effective coupling 
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catalyst. In an attempt to allow its use under microwave conditions, "diluted" forms of 

the catalyst were prepared and investigated. 

Silicon carbide was the material chosen to be mixed with the catalyst. This 

compound is known to interact strongly with microwave radiation whilst being inert in 

the OCM reaction. It was hoped that its inclusion in the catalyst formulation would 

enable more uniform and controlled heating than had been achieved by the SrILa203 

system in its "pure" form. A 10wt% mixture of 1 %SrlLa203 in SiC was prepared and 

irradiated in the cavity. A temperature of 475°C was achieved without the production 

of discharges. However, upon trying to further increase the temperature, the catalyst 

began to glow and discharges were observed. No significant amounts of product were 

formed over this catalyst whilst under conventional heating, coupled products were 

formed at temperatures in excess of 600°C. 

A second set of diluted catalysts were tested. 80% and 30% by weight 

mixtures of SrILa203 in silica were prepared as an intimate physical mixture. Silica 

was the material of choice for this system since it is known to be virtually transparent 

to microwaves and it was hoped that its inclusion would suppress any discharges. 

However, the temperature of the catalyst could not be increased above I80aC even 

when exposed to full microwave power. No products were formed from either of the 

silica diluted catalysts. 

It should be stated at this point that attempts to calcine SrlLa203/MgO 

catalysts in the single mode microwave cavity were unsuccessful due to the repeated 

production of discharges within the reactor. 
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Initial heating of this sample required the use of high microwave power. 

Temperature control could not be established due to the production of discharges in 

the reactor. 

5.1.2.4 Uncalcined lwt% Sr/15wt% La20J/MgO 

Initial heating of this catalyst also required the use of high microwave power. 

The catalyst could be heated controllably to a temperature of 500°C without the 

production of discharges. Coupled hydrocarbon products were detected in the effluent 

gas between 350°C and 450°C. 

The use of microwave radiation to heat the catalyst bed resulted in an enhanced 

ethene to ethane ratio compared to that obtained using conventional methods of 

catalyst heating. (Figure 5.4.) Methane conversion under microwave conditions was 

comparable to that achieved using thermal conditions but at much reduced 

temperatures. 

Selectivity of coupled products was higher than the conventionally heated 

reaction at lower temperatures. The same observation also applied to the yield of 

coupled products. (Figures 5.5 & 5.6.) 

Attempts to increase the temperature of the catalyst beyond 500°C resulted in 

the production ofa discharge. Following this, the application of low microwave power 

to the sample resulted in the recurrence of the discharge. Network analysis results for 

101 



this sample presented in figure 5.7 show a significant increase in tan {) at 550°C. This 

is 50°C greater than the temperature recorded by the optical fibre thermometer at the 

moment of discharge. (Max. C2 Selectivity: 69.8%@ 500, Max. C2 Yield: 16%, 

Max. CI-4 Conv.: 23%) 
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5.1.2.5 lwt% Sr/15wt% LazOJ/MgO calcined at 650°C for 4 hours 

Initial heating of the calcined catalyst again required the use of high microwave 

power. However, at an indicated temperature of 200°C, a discharge was observed. 

The discharge was less vigorous than that produced by the uncalcined catalyst but 

occurred at a significantly lower temperature. 

Due to the mode of operation of the microwave power control system, the 

microwave power supply was terminated upon the production of the discharge. This 

caused the catalyst to cool. When the temperature of the catalyst had fallen below the 

set temperature for the test (i.e. less than 200°C), the control system applied a pulse of 

microwave power and this resulted in a recurrence of the discharge and discontinuation 

of the microwave power. As a result of these observations, steady state reaction 

conditions could not be achieved and therefore the behaviour of the system under 

discharge conditions was investigated. 

The system was allowed to continue under discharge conditions and the 

observed temperature (as indicated by the Accufiber optical fibre thermometer) varied 

between 190°C (following the cooling of the catalyst) to 270°C (upon the production 

of a discharge). 

Analysis of the reactor etlluent gas under these pulsing conditions revealed that 

CO was the major reaction product. The second most abundant product under these 

conditions was acetylene. The amount of acetylene produced increased with increasing 

time on line. Other products of the coupling reaction were produced in very small 

quantities. 
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5.1.2.6 Reactions in the Absence of Gas Phase Oxygen 

Tests were conducted on the magnesia supported catalyst using a methane only 

feed. Initial catalyst heating required high microwave power but temperatures up to 

700°C were achieved without the production of discharges. Ethane was produced at 

temperatures as low as 300°e. Carbon oxides were the major products at lower 

temperatures but significant amounts of coupled products were formed above SOO°C 

with ethene being the most abundant product after approximately 30 minutes steady 

state reaction at SOS°e. The CO2 yield decreased with time on stream until becoming 

negligibly small. Upon increasing the temperature to 550°C, the yield of carbon 

monoxide increased again and further temperature increases led to CO becoming the 

most abundant product. The yield of coupled products decreased with time. 

A microwave discharge experiment in the absence of gas phase oxygen was 

also performed. The catalyst used for this test had previously been tested under 

discharge conditions in the presence of gas phase oxygen and was therefore known to 

induce discharges in the reactor. Carbon monoxide was the major product in the early 

stages of the test but the yield of carbon oxides decreased with increasing time on 

stream whilst the yield of coupled products (including acetylene) was seen to increase. 

With further time on stream at an observed temperature of 450°C, ethene became the 

most abundant product whilst acetylene was the next most abundant. Upon increasing 

the temperature to S50°C, the yield of CO increased with a corresponding decrease in 

yield of ethene. Worthy of note is that the yield of acetylene continued to increase. 

The maximum selectivities for ethene and acetylene were 56% and 28% respectively 

whilst the corresponding yields of these products were 0.9% and 0.7%. 
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The maximum selectivities for ethene and acetylene were 56% and 28% respectively 

whilst the corresponding yields of these products were 0.9% and 0.7%. 

5.1.2.7 Reactions using Nitrous Oxide as Oxidant 

Uncalcined lwt% Sr/15wt% La203/MgO 

Initial heating of the uncalcined material in the single mode cavity was found to 

be facile and temperature control was established at temperatures up to 500°C without 

the production of discharges. No coupled products were observed at temperatures 

below 300°C although some carbon oxides were produced between 250 and 300°C. A 

small amount of ethane was produced at 300°C. 

At a bulk temperature of 353°C, the yield of CO2, ethene and ethane increased 

dramatically and C3 products were also detected. 

In general, the yield of coupled products increased with temperature although 

an optimum yield was achieved at ca. 400°C (figure 5.8). It can be seen that C2 yields 

achieved under microwave conditions were comparable to those obtained using 

conventional heating but at much lower bulk catalyst temperatures. 

A similar observation was made for the C2 selectivity as illustrated in figure 5.9. 
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5.1.2.8 Microwave Reaction over SLM using trace amount of N20 in the feed 

A reaction was performed over the 1 wt% Srl15wt% La203/MgO catalyst using 

the standard reactant feed of methane and 5% 02iHe but a small amount (approx. 4%) 

of nitrous oxide was included. The test was conducted in an attempt to suppress 

discharges since it had been found previously that the catalyst could be heated to 

700°C in the microwave field in the presence ofN20 without the production of 

discharges. A temperature of 400°C was achieved without the production of a 

discharge but after a short period at this temperature a discharge was observed. No 

increase in the achieved temperature before observation of a discharge was observed 

compared to "normal" microwave tests. Therefore trace N20 does not suppress the 

occurrence of a discharge when the magnesia supported catalyst is heated in a 

microwave field. 

Selectivity to coupled hydrocarbons was reduced relative to both the thermal 

and conventional microwave reactions. The yield of C2 compounds was equivalent to 

that achieved under thermal conditions but at a lower bulk temperature but was far 

lower than that for the conventional microwave reaction. Methane conversion 

however was increased by the inclusion of a small amount ofN20 in the reactant 

mixture. Comparative results are presented in table 5.8. 
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Conditions Max. C2 Selectivity Max. C2 Yield % Max. CIL 

% Conversion % 

Thermal 60.3 13.4 22.3 

Microwave 69.8 16 23 

Microwave + N20 55.5 13.4 25.4 

Table 5.8. Comparison of Catalyst Performance for lwt% Srl15wt% La203iMgO 

under different Experimental Conditions 

5.1.2.9 Summary of Magnesia Supported Catalyst Experiments 

The uncalcined samples could be heated easily in the single mode cavity. The 

samples appear to undergo changes in dielectric properties with temperature as 

modification of the amount of microwave power is often required to achieve or 

maintain a desired temperature. 

Steady state microwave tests produced coupled hydrocarbon products at bulk 

temperatures 300 to 400 degrees lower than those required for the conventionally 

heated reaction. Furthermore, evidence has been found to suggest that an 

enhancement of the yield and selectivity of coupled hydrocarbons is achieved under 

microwave conditions whilst the yield of CO2 is reduced. An enhanced ethene to 

ethane ratio has been observed when microwaves are used to heat the catalyst. 
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A platelet-like structure may be formed within the catalyst during microwave 

reactions and is thought to encourage the production of discharges during catalyst 

testing. 

The tests in the absence of gas phase oxygen have shown that under microwave 

conditions, methane can be activated over the rare-earth based catalysts investigated in 

this study. 

The pulse/discharge experiments in the absence of gas phase oxygen produced 

ethene and acetylene as the major reaction products. The production of these C2 

hydrocarbons followed a period during which carbon oxides were also formed. It is 

suggested that carbon oxides are formed by interaction of methane with the lattice 

oxygen of the rare earth oxide and that as the supply of this is depleted, coupled 

products become more abundant. The coupled products may be formed by 

recombination of radicals produced from methane during the discharge. 

The use ofN20 as the oxidant enabled the catalyst to achieve far higher 

temperatures than those attained when molecular oxygen was the oxidant. 

It is believed that the discharge is originated by the oxygen in the system. 

5.1.3 Catalyst Characterisation 

5.1.3.1 Surface Area Measurements 

BET surface area measurements were performed on selected catalysts. The 

results are summarised in table 5.9. (Bracketed figures indicate calcination 

temperature). A higher calcination temperature for the strontium - lanthana catalysts 
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favoured a lower surface area material. The surface areas of these catalysts was found 

to increase following reaction under both thermal and microwave conditions. The 

incorporation of magnesia as a catalyst support resulted in a much higher surface area 

material. 

Catalyst Specific Surface Area (m2g-1) 

1 wt% SrILa203 (650°C) 8.24 

1 wt% SrILa203 (800°C) 3.53 

1 wt% SrILa203 (650°C) after testing in the 

4.95 
absence of gas phase oxygen 

1 wt% SrILa203 (650°C) after testing under 

10.34 
microwave conditions 

1 wt% SrILa203 (650°C) after conventionally 

9.45 
heated reaction 

1 wt% Srl1Swt% La203iMgO (3S0°C) 33.27 

Table 5.9. BET Surface Area Measurements for some rare-earth oxide catalysts 
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5.1.3.2 Network Analysis Results 

The results shown in figure 5. 10 show the variation of tan 8 with temperature 

for lwt% SrlLa203. Three strong and distinctive changes in the dielectric properties of 

the sample with temperature can be seen. At low temperatures, the system interacts 

only weakly with the applied field whereas at a temperature between 150 and 200oe, 

the catalyst interacts very strongly resulting in the production of discharges. 

This first change in dielectric properties may be attributed to the removal of 

water from the sample. Lanthana is known to be strongly hygroscopic and it is not 

surprising that water vapour from the air was retained by the catalyst. The properties 

change further between 3000 e and 3500 e and the tan 6 value decreases indicating that 

the material interacts weakly with the applied microwave field. The range of weak 

coupling with the microwave field extends to a temperature of 5000 e when the third 

change is observed. These results suggest that the sample undergoes phase changes 

with temperature. 

Figure 5.7 presented a plot of tan 8 against temperature for the magnesia 

supported SrILa203 system. An increase in tan 8 was observed between 2500 e and 

3000 e but this value then remained constant up to 550°e. Between 5500 e and 600oe, 

tan 6 began to increase further. This shows that the catalyst undergoes a change in 

dielectric properties between 2500e and 300°e. 
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5.1.3.3 DSCffGA Results 

Figure 5.11 represents the DSC/TGA data for the strontium lanthana catalyst. 

At 375°C, a large endotherm and simultaneous weight loss are observed. This 

suggests that the catalyst is losing a species either from the surface or the bulk at this 

temperature. 

5.1.3.4 Scanning Electron Microscopy 

Samples of the strontium - lanthana catalyst both before and after the 

microwave heated experiments were analysed by scanning electron microscopy. The 

micrographs of the sample following exposure to microwave radiation revealed that 

the structure of the sample had been changed and that small plate-like areas were 

present in the catalyst. Plates 5.1 and 5.2 show scanning electron micrographs of 

strontium lanthana samples before and after microwave reaction. 
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Plate 5.1 . SEM Photograph of strontium lanthana catalyst before microwave reaction 

PI t 5 2 SEM Photograph of strontium lanthana catalyst after microwave reaction a e . . 
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5.2 Oxidative Coupling of Methane using Chloride Containing Catalyst 

A chloride containing catalyst designated CIW 1 supplied by British Gas pIc 

was tested for its suitability for the oxidative coupling reaction. The effects of 

variation of reactant flow rate and ratio were studied as was the effect of calcination of 

the catalyst. The catalyst had a high Ti02 content and this material was tested in order 

to determine any activity it may have had for the oxidative coupling reaction. 

Under the secrecy agreement, details of the formulations of the catalysts cannot 

be published. 

5.2.1 Conventionally Heated Reactions 

5.2.1.1 Reaction on Ti02 

The OCM reaction on titanium dioxide was performed using conditions 

identical to those employed for the testing of the CIWI catalyst. Over the temperature 

range studied, no coupled products were produced. The only products formed were 

carbon oxides. This suggests that under conventional heating, Ti02 is a total oxidation 

catalyst. 
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5.2.1.2 Effect of Calcination 

Calcination of the chloride containing catalyst was performed by loading an 

amount of the material into a silica tube between two quartz wool plugs and heating at 

700°C for 7 hours. Under the majority of reaction conditions studied, the calcined 

material performed better in terms of C2 selectivity and yield. Although the uncalcined 

material was not as selective as the calcined sample, it was found to be the more active 

catalyst. Table 5.6 presents typical results. 

Catalyst C2 Selectivity % C2 Yield % CII.. Conversion % 

Calcined 82.7 14.5 22 

Uncalcined 78.2 17.3 24.2 

Table 5.6. Effect of Calcination on Performance ofCIWI Catalyst 

5.2.1.3 Effect of Reactant Ratio 

Methane to oxygen ratios of 5: 1 and 3: I were again used for the chloride 

system. Common effects of decreasing the methane to oxygen ratio are increased 

methane conversion and product yield but often at the expense of reduced selectivity to 

coupled products. The CIWI catalyst exhibited this type of behaviour when the 

reactant ratio was reduced from 5 to 3. Table 5.7 shows the effects of variation of the 

reactant ratio. 
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Catalyst and 

C2 Selectivity % C2 Yield % C~ Conversion % 
Reactant Ratio 

Calcined Ratio 5 82.7 14.5 22 

Calcined Ratio 3 75.8 24.1 36.1 

Uncalcined Ratio 5 78.2 17.3 24.2 

Uncalcined Ratio 3 7l.9 25.0 38.5 

Table 5.7. Effect of Reactant Ratio on Catalyst Performance 

5.2.1.4 EtTect of Reactant Flow Rate 

The effect of variation of the reactant flow rate depended upon whether or not 

the catalyst had been calcined. For the calcined material, a two fold increase in the 

reactant flow rate led to increased C2 yield and methane conversion but had little effect 

on selectivity. For the uncalcined material, increased C2 selectivity was observed at the 

higher flow rate but yield and methane conversion were decreased. For both calcined 

and uncalcined catalysts, the CO2 yield and selectivity were decreased by the use of a 

higher reactant flow rate whilst the production of CO was enhanced. 
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5.2.1.5 Lifetime Tests 

A 48 hour thermal test was conducted on the CIWI catalyst to assess any 

decline in catalytic activity and/or selectivity with time on line. A temperature of 

720°C ± 5°C was chosen and reactant flow rates were as follows: CH4: 5.3 ml min-I; 

021He: 19.9 ml min-I.(Methane to oxygen ratio = 5.3) 

As with previous thermal tests, the catalyst exhibited high yield and selectivity 

to ethene. With increasing time on line, ethane became the second most abundant 

product. The yield of ethene decreased from an initial value of 10. 1 % to 5.5% after 48 

hours on line. The yield of all other products remained fairly constant throughout the 

duration of the test. Examination of the catalyst following the test showed a marked 

darkening of the sample. 

5.2.1.6 Production of Higher Hydrocarbons 

F or both the calcined and uncalcined catalysts, liquid residues were observed in 

the reactor exit following many of the tests. Samples of these residues were analysed 

by GC - MS and the results revealed the presence of Cs+ oxygenated species. This is 

an interesting observation as it has not apparently been previously reported that such 

higher hydrocarbons may be produced during the OCM reaction. The production of 

such species was however erratic and difficult to reproduce. 
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5.2.2 Microwave Heated Experiments 

5.2.2.1 General Observations 

Coupled hydrocarbon products were formed in similar yield and with similar 

selectivity to the conventionally heated reaction at temperatures up to 250°C less than 

those required for the thermal reaction. Figure 5.12. shows a comparison ofC2 

selectivity for conventionally heated and microwave heated reactions. 

Initial heating of the catalyst required the use of maximum microwave power 

but as the temperature increased, the power could be gradually decreased. 

At a temperature of approximately 230°C, a large, instantaneous increase in the 

catalyst temperature was observed. The maximum temperature achieved during this 

surge was approximately 450°C. The control system was able to re-establish 

temperature control following the surge. A similar observation was made between 

temperatures of 270°C and 280°C. However, following the rapid temperature increase 

at this higher temperature, control was re-established around the desired setpoint using 

a much reduced amount of power than was previously required. This suggests a 

dramatic change in the dielectric properties of the sample between the temperatures of 

270°C and 280°C. 
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Examination of the catalyst following the microwave reaction revealed some 

yellow and black particles. Also, liquid had accumulated in the exit of the reactor. 

Analysis of this liquid by gas chromatography - mass spectrometry showed that it 

consisted of several higher hydrocarbon components including oxygenated species and 

cyclic compounds. Software library searches of the mass spectrometry data provided 

information as to the nature of the various species. Compounds detected were as 

follows:-

1,1,2,2, - tetramethyl - cyclopropane 

4-hydroxy - 4 - methyl - 2 - pentanone 

4 - methyl - 4 - penten - 2 - one 

3 - methyl - 4 - penten - 2 - one 

2,4, - dimethyl - 2 pentanol. 

This is the first catalyst tested during this project which has produced 

oxygenated species and compounds containing more than three carbon atoms. 

The production of C6 and C7 oxygenated products suggests that lower 

molecular weight oxygenates may also have been formed during the reaction. The 

presence of species such as methanol and formaldehyde was not detected because of 

the nature of the analysis system. Another test incorporated a cold trap in an attempt 

to isolate any lower oxygenates that may have been formed but GC - MS analysis of 

washings from the cold trap revealed only the presence of a dimethyl substituted 

pentanol. 
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5.2.2.2 Effect of Reaction Temperature 

Products were observed at temperatures in excess of300oe. The yield of 

ethene and eo increased with temperature and at temperatures of 4000 e and above, 

ethene was the major reaction product with eo being the second most abundant. 

Trace amounts of acetylene were also produced at temperatures of 5000 e and above. 

At a temperature of approximately 650oe, the product distribution changed 

dramatically. CO2 and eo became the major products whilst coupled products were 

produced only in small amounts. 

5.2.2.3 Effect of Calcination 

Using a methane to oxygen ratio of 5, the uncalcined material exhibited better 

performance in the microwave heated reaction than the catalyst calcined at 700°C for 8 

hours. However, the reverse was observed when the flow rate of the reactants was 

doubled as the calcined material was the better catalyst (see Section 5.7.4). Maximum 

selectivity to C2 hydrocarbons was greater for the thermal reaction but for the calcined 

material, the use of microwaves enhanced the yield of C2 compounds and also the 

degree of methane conversion. 

Under microwave conditions it may be concluded that the calcined catalyst is a 

better coupling catalyst than its uncalcined counterpart. Furthermore it is able to 

operate efficiently at lower temperatures than the uncalcined sample. Table 5.10 

represents a comparison of catalytic performance for calcined and uncalcined samples. 

(Bracketed figures show reaction temperature). 
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Catalyst Max. C2 Select. % Max. C2 Yield % Max. CRt Conv. % 

83.7 19 25.3 

Calcined 
(450°C) (655°C) (505°C) 

77.6 15.8 23.3 

Uncalcined 
(450°C) (603°C) (551°C) 

Table 5.10. Effect of Calcination on Catalyst Performance 

5.2.2.4 Effect of Reactant Flow Rate 

Doubling the reactant flow rate over the CIWI catalyst produced enhanced 

performance for both calcined and uncalcined materials. The yield and selectivity of 

coupled products was increased as was methane conversion. Table 5.11 presents a 

summary of experimental data. (Bracketed figures show reaction temperature). 
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Catalyst & Max. C2 Selectivity Max. C2 Yield % Max. CHt 

Conditions % Conversion % 

Calcined 25 ml min-I 70.9 15 23 

total flow (302°C) (302°C) (352°C) 

Calcined 50 ml min-I 83.7 19 25.3 

total flow (450°C) (655°C) (505°C) 

Uncalcined 25 ml 73.7 15.2 24.1 

min- 1 total flow (456°C) (602°C) (602°C) 

Uncalcined 50 ml 77.6 15.8 23.3 

min-1 total flow (450°C) (603°C) (551°C) 

Table 5.11. Effect of Reactant Flow Rate on Catalyst Performance 

5.2.2.5 Effect of Reactant Ratio 

The effect of reactant ratio on catalyst performance was largely similar for both 

calcined and uncalcined samples. The use of a methane to oxygen ratio of 3 as 

opposed to 5 produced enhanced Cz yield and methane conversion for both catalysts 

but an enhancement in Cz selectivity at the lower ratio was only observed for the 

calcined material. Table 5.12 summarises the data. 
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Catalyst & CH4 : O2 Max. C2 Max. C2 Yield Max. C~ 

Ratio Ratio Selectivity % % Conversion % 

Calcined 5 70.9 15 23 

Calcined 3 77.9 15.8 26.1 

Uncalcined 5 737 15.2 24.1 

Uncalcined 3 72.1 16.2 27.9 

Table 5.12. Effect of Reactant Ratio on Catalyst Performance 

5.2.2.6 Lifetime Test of CIWI Catalyst 

A lifetime test under microwave conditions was performed at 540°C for 5 

hours. The initial product distribution was similar to that observed during previous 

microwave tests with a high selectivity to ethene being observed. During the mid

section of the test (between 1.5 and 3. 5 hours), the distribution of the products 

changed markedly. The yield of carbon monoxide increased from approximately 4% to 

a maximum of 38% before decreasing again in the later stages. This increase was 

accompanied by a corresponding decrease in the production of coupled hydrocarbon 

products. The C2 selectivity and yield were seen to fluctuate to a great extent during 

the test. Maxima for C2 selectivity and yield of 61.7% and 13.1 % respectively were 

recorded while the corresponding minima were 3% and 4.1 %. Large amounts of 

acetylene were produced during the test and this may have been due to the occurrence 

of small discharges within the catalyst bed as it has been noted previously that 

acetylene production is promoted by the occurrence of discharges. Due the large 
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fluctuation of the performance of the catalyst during the 5 hour test, the catalyst is 

considered to be unstable under long term microwave irradiation. 

5.2.2.7 Kinetic Considerations 

Experimental data was processed to yield plots of In k against 1000/T for both 

thermal and microwave coupling tests. Thermal data generally produced linear plots. 

However, for both thermal and microwave tests, some levelling of the plots was 

observed at the highest temperatures studied. 

Unique to the microwave tests was a levelling of the plots at the lower end of 

the temperature range. 

5.2.3 Comparison Between Microwave and Conventionally Heated Reactions 

The clear and major discrepancy between conventionally heated and microwave 

heated reactions was the observed temperature of reaction. Microwave heated 

reactions occurred at bulk temperatures of up to 400°C lower than the conventionally 

heated reactions. Table 5.13 presents a comparison of the performance for both 

modes of catalyst heating. The results indicate that generally the catalyst performed 

better under conditions of conventional heating although enhanced selectivity to 

coupled hydrocarbon products was achieved by the use of microwaves. However, in 

order to attain the enhancements in conversion and yield observed for the 

conventionally heated reaction, higher temperatures than those required for the 
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microwave reaction were needed. The production of higher hydrocarbons (e.g. Cs+ 

species) was noted earlier. It should be stated that the production of such species was 

reproducible under conditions of microwave heating but erratic under conventional 

heating. Furthermore, the amount of higher liquid hydrocarbons was greater for 

microwave heated reactions. The reasons for these observations will be discussed in 

chapter 7. 

Maximum Values % 

Mode of Heating C2 Selectivity C2 Yield ClL. Conversion 

(React. Temp. DC) (React. Temp. DC) (React. Temp. DC) 

Microwave 83.7 19 27.9 

(450DC) (655 DC) (453°C) 

Thermal 82.7 25 38.5 

(660°C) (733°C) (796°C) 

Table 5.13. Effect of Mode of Heating on Catalyst Performance 
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5.2.4 Catalyst Characterisation 

5.2.4.1 Surface Area Measurement 

BET surface area measurements performed on the CIWI catalyst revealed that 

its surface area was low (approximately 1 m2g- I
). 

5.2.4.2 DSCffGA 

The DSCITGA trace for the British Gas CIWI catalyst is shown in figure 5.13. 

A sharp endothermic peak at 425°C is clearly visible but this is not accompanied by a 

corresponding change in mass. Such a trace suggests that the catalyst may be 

undergoing a phase change. 

5.2.4.3 Network Analysis Results 

The variation of tan 0 with temperature was investigated for the CIWI catalyst 

was investigated using a network analyser. 

The CIWI sample (figure 5. 15)exhibited a large change in tan 0 between 250°C 

and 3 SO°C indicating that between these temperatures the ability of the catalyst to 

interact with microwave radiation had increased. 
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6. Other Reactions 

6.1. Steam Reforming of Methane 

6.1.1. Thermal Reforming 

British Gas LH Catalyst 

The reforming reactions performed under conventional heating served as a 

comparison for those carried out under microwave conditions. The equilibrium 

constant for the reaction was calculated for all experiments and related to reaction 

temperature using literature values in the Catalyst Handbook. 145 

The equilibrium constants for given reaction temperatures observed during 

these tests were in excellent correlation to the temperature/equilibrium constant tables 

found in the literature. This showed that the thermal results were valid and could be 

used for comparative purposes against the microwave heated experimental data. 

Figure 6.1 shows the correlation between results obtained from conventionally heated 

experiments in this study and literature values. 

The results presented in table 6.1 show the maximum values for methane 

conversion and product yields achieved over the British Gas catalyst. Bracketed 
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figures represent the steam ratio used where the steam ratio is the ratio of steam to 

hydrocarbon in the feed gas mixture. 

Methane Conversion H2 Yield (%) 

(%) 
CO Yield (%) CO2 Yield (%) 

(by calculation) 

94.2 10.5 11.44 73.2 

(6) (6) (5) (6) 

Table 6.1. Maximum Conversion and Product Yields for British Gas LH Catalyst 

A number of different steam ratios were investigated for thermal tests and it 

was found that the use of a ratio of 6 gave the best overall catalyst performance under 

the experimental conditions used in this study. The only product produced in greater 

yield by the use of a different ratio was CO2 (see table 6.2). Methane conversion at a 

steam ratio of 6 was over 20% higher than that achieved at a ratio of 5 and the 

hydrogen yield was 17% greater. The use of steam ratios of less than 4 resulted in 

reduced conversion and yield of products. At ratios of 2 or less, carbon deposition on 

the catalyst surface was appreciable and negligible amounts of products were formed. 

Table 6.2 shows the variation in conversion and product yields for a variety of steam 

ratios. 
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Maximum Values 

Steam Ratio ClL Cony. (%) CO Yield (%) CO2 Yield (%) H2 Yield (%) 

3 5.2 0 1.04 4.16 

4 65.8 8.0 6.8 51.0 

5 7l.1 3.5 11.4 56.1 

6 94.2 10.5 10.4 73.2 

Table 6.2. Effect of Steam Ratio on Product Distribution and Methane Conversion 

Nickel - Alumina Catalysts 

A range of nickel - alumina catalysts were prepared with nickel contents of 10, 

16 and 20% by weight. A summary of the results is presented in Table 6.3. 

It can be seen that as the nickel content of the catalyst is increased, the yield of 

all products increased. In addition, the temperature of initial product formation was 

seen to decrease with increasing nickel loading. Bracketed figures in the table indicate 

the temperature in degrees Celsius at which the reported values were observed. 
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Maximum Product Yields (%) 

Catalyst CO CO2 H2 

4.6 5.9 37.5 

10% NiJAh03 
(581 ) (581) (581) 

6.2 9.8 45.7 

16% NiJAh03 
(605) (605) (605) 

10.6 11.1 66.1 

20% NiJAh03 
(711 ) (665) (711) 

Table 6.3. Comparison of Product Yields for Nickel - Alumina Catalysts 

As observed for the British Gas LH catalyst, the equilibrium constant 

calculations for the nickel - alumina catalysed reactions were in excellent agreement 

with the literature values for any given temperature. 

Chromatographic evidence in the form of a carbon balance of substantially less 

than 100% indicated the deposition of carbon on the catalyst surface at the higher 

temperatures investigated. 
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6.1.2. Microwave Reforming 

British Gas LH Catalyst 

Initial microwave heating of this catalyst required the use of high microwave 

power. However, once the catalyst had achieved a temperature of approximately 

130°C, reduced power was required to maintain the catalyst at constant temperature. 

Increasing the temperature of the catalyst required the application of higher microwave 

power but once the required setpoint temperature was achieved, control was 

established using reduced power. The temperature of the catalyst could not however 

be increased above 400°C as attempts to do so resulted in the production of discharges 

in the reactor. Upon the occurrence of discharges, experiments were terminated. 

At very low bulk temperatures « 190°C) only CO2 was detected in the reactor 

effluent. However, CO was detected at temperatures in excess of 190°C. This 

temperature is much reduced compared to the equivalent thermal tests. 

Plots of In (equilibrium constant) against 1 OOO/T showed that the catalyst 

experienced changes in performance during a typical microwave heated experiment and 

these changes were directly related to time on line and temperature of reaction. 

Figures 6.2 to 6.5 show such plots at different stages of an experiment. In the initial 

stages of a run (figure 6.2), the equilibrium constant is higher than would be expected 

for the given reaction temperature indicating that the catalyst activity is high. 

Following this initial period, a "steady state" condition was observed and the 

plot for this portion of the experiment is presented in figure 6.3. Methane conversion 

increased with temperature during this period. 
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After operation at high temperatures, chromatographic evidence suggested that 

appreciable amounts of carbon were being deposited on the catalyst surface. The plot 

shown in figure 6.4 is indicative of the performance of the catalyst following carbon 

deposition on the surface. Chromatographic evidence also suggested that following 

the observed decrease in activity the previous levels of activity were not re-established. 

This shows that following operation at high temperature, the catalyst had been 

irreversibly de-activated to a certain extent. 

Figure 6.5 is a compilation of the previous three plots and clearly illustrates the 

different activities of the catalyst throughout the duration of an experiment under 

microwave conditions. In summary, it can be seen that the fresh catalyst exhibits 

enhanced activity for the steam reforming reaction relative to the "steady state" results 

and those obtained over the catalyst which had been subjected to carbon deposition 

and that following carbon deposition activity is diminished relative to the results for 

both the fresh catalyst and the "steady state" results. 

Figure 6.5 also shows that as the temperature of reaction is increased, the line 

for the fresh catalyst converges towards that of the "steady state" conditions. 

Additionally, the line representing results obtained over the carbonised catalyst 

diverges away form the "steady state" line. 

Attempts to reduce the LH catalyst by heating in the single mode microwave 

cavity were unsuccessful due to the production of discharges within the reactor. 
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Nickel - Alumina Catalysts 

The microwave heating characteristics of these catalysts were similar to those 

of the British Gas catalyst i.e. high microwave power was required for the early stages 

of heating. However, as observed for the commercial catalyst, once initial heating had 

been achieved, reduced microwave power was required to maintain a constant 

temperature. Temperature increases during the experiment again required the use of 

higher microwave power but control was achieved at the desired temperature using a 

reduced level of microwave power. 

In general, the nickel - alumina catalysts could be heated to higher temperatures 

than the commercial catalyst without the production of discharges. The 10% nickel 

catalyst could in fact be heated to temperatures in excess of 500°C before discharges 

were observed. However, at such elevated temperatures, chromatographic data 

showed that significant amounts of carbon had been deposited on the catalyst surface. 

In general, the maximum temperature achieved before the production of discharges 

increased as the nickel loading was reduced. There was little difference in the 

maximum "non-discharge" temperature for the 20% and 16% nickel catalyst but as 

noted above, the 10% catalyst was heated to >500°C before discharges were observed. 

The performance of all of the nickel - alumina catalysts was poorer than the 

commercial catalyst in terms of conversion and product yields. However, similar 

observations to those noted for the commercial catalyst regarding the reduction in bulk 

reaction temperature under microwave heating were true for these catalysts. The 

reforming reaction occurred at lower bulk temperatures under conditions of microwave 

heating. 
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Greater conversion and product yields were achieved by increasing the nickel 

loading of the catalyst. The catalyst containing 20% nickel by weight therefore 

produced the best performance. Table 6.4 shows the effect of nickel loading on 

catalyst performance. Values quoted are maxima and were achieved using a steam 

ratio of6. 

%Ni CH4 Conv. CO Yield CO2 Yield H2 Yield 

(by weight) (%) (%) (%) (%) (by calc.) 

20 47.5 1.2 8.6 37.8 

16 40.7 OJ 7.9 32.5 

10 27.6 0.02 5.4 21.7 

Table 6.4. Effect of Nickel Content on Catalyst Performance 

6.1.3. Effect of Variation of Reactant Flow Rate 

Tests were performed at constant temperature using a variety of reactant flow 

rates in order to determine any effect of this variable on the distribution of products. 

Table 6.5 shows typical results of such experiments. Clearly, the variation of reactant 

flow rate (and hence space velocity) had negligible effect on the product distribution 

under the conditions used. 
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Product Yields (%) 

Temp Cfi4 (ml He(ml Steam 

. -1) 
CO CO2 H2 

(OC) min-I) mm Ratio 

446 1.2 18.9 3.96 0.44 7.58 31.65 

451 2.1 36.0 4.25 0.46 7.72 32.25 

446 3.4 58.9 4.28 0.48 7.16 30.07 

444 5.0 84.2 4.14 0.39 6.93 28.92 

Table 6.5. Effect of Variation of Reactant Flow Rate on Product Distribution 

6.1.4. Comparison between Conventionally Heated and Microwave Heated 

Experiments 

The conventionally heated experiments provided an excellent point of 

comparison for the microwave heated tests. As presented in figure 6.1, the 

conventionally heated reactions in this study produced results which were in good 

correlation with those presented in the literature. In order to assess any effects of the 

application of microwaves to the steam reforming of methane, it is necessary at this 

stage to compare and contrast the results obtained from both modes of catalyst 

heating. 
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A comparison of maximum product yields and methane conversion together 

with the temperatures required for the values is presented in table 6.5. (Bracketed 

figures indicate the temperature for the observed value in degrees Celsius) 

Mode of H2 Yield (%) 

Heating 
CH4 Cony. (%) CO Yield (%) CO2 Yield (%) 

(by calculation) 

94.2 10.5 10.4 73.2 

Thermal 
(806) (806) (806) (806) 

96.6 10.5 12.8 73.3 

Microwave 
(398) (398) (398) (398) 

Table 6.6. Effect of Mode of Heating on Catalyst Performance 

It is clear form the table 6.6 that the reforming reaction occurs at much lower 

bulk temperatures than the thermally heated equivalent. In addition, enhanced methane 

conversion and yields of both CO2 and hydrogen are achieved by the use of 

microwaves. The maximum yield of CO using microwave heating is identical to that 

observed using conventional methods of catalyst heating but obviously at a much 

reduced temperature. Microwave heating of a catalyst bed therefore enables the 

reforming reaction to occur to the same degree as conventional heating but with the 

advantage that the catalyst achieves enhanced activity relative to the conventionally 

heated reaction at much lower bulk temperatures. It should be emphasised that for the 

microwave heated experiments, all quoted temperature values are bulk temperatures. 
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This is due to the nature of operation of the temperature measurement device which is 

able only to record the temperature of the outer wall of the reaction vessel. 

The use of equilibrium constant calculations enabled the actual temperature of 

the active sites within the catalyst bed to be estimated. The initial formation of 

products was in some cases more than 200°C lower for the microwave reaction 

compared to the conventionally heated reaction. Figure 6.6 presents a comparison of 

In K versus 1000/T plots for the conventionally heated reaction and the "steady state" 

microwave reaction (i.e. after initial heating and before the deposition of carbon on the 

catalyst surface). The two lines are nearly parallel and the average temperature 

difference between thermal and microwave heated experiments for a given equilibrium 

constant was found to be approximately 140°C. 
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6.1.5. Catalyst Characterisation 

6.1.5. 1. Surface Area Measurements 

Surface area measurements of the LH catalyst revealed that there was 

negligible change in surface area following reaction under conventional heating 

conditions. However, significant loss of surface area was observed for the catalyst 

which had been tested under microwave conditions. The results are summarised in 

table 6.7. 

Catalyst Specific Surface Area (m2g") 

Freshly Reduced 74.4 

Following Thermal Reaction 74.2 

Following Microwave Reaction 63.0 

Table 6.7. Specific Surface Area Measurements for British Gas LH Catalyst 

6.1.5.2.Network Analysis Results 

The use of a network analyser enabled the dielectric properties of the catalyst 

to be investigated. Figure 6.7 shows the result for the freshly reduced LH catalyst. It 

can be seen that the catalyst shows erratic dielectric behaviour with temperature. A 
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large increase in tan cS is clearly visible between 200°C and 225°C. Further oscillations 

in the value of tan cS occurred throughout the temperature range studied. 

6.1.5.3.DSCrrGA 

Further investigations of any changes in the properties of the catalyst with 

temperature were made by performing simultaneous differential scanning calorimetry 

and thermogravimetric analysis. Figure 6.8 shows no clear peaks in either the DSC or 

TG traces are up to a temperature of 525°C. Only a small weight loss (4%) with 

increasing temperature was observed. The DSC plot gradually decreases with 

increasing temperature indicating a small endotherm. However, this may be ascribed 

to baseline drift on the instrument. 
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6.2. Methane Combustion 

6.2.1. Conventionally Heated Reactions 

Platinum/alumina catalysts with platinum loadings of 1, 3 and 5% by weight 

were investigated for their ability for the combustion of methane under an oxygen to 

methane ratio of2 (i.e. stoichiometric mixture). Typical results are presented in Table 

6.8. 

Catalyst Temperature of Total Combustion (OC) 

5% Pt/Ah03 450 

3% Pt/Ah03 460 

1% Pt/Ah03 505 

Table 6.8. Comparison of Temperature of Total Combustion for PtlAh03 Catalysts 

The results show that as the platinum content of the catalyst increased, the 

temperature required for complete methane combustion decreased. Furthermore, a 

"light off' temperature was observed for all of the catalysts. This phenomenon can be 

clearly seen in figure 6.9 
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Below certain temperatures, (the magnitude of which was found to be 

dependent on the catalyst), negligible amounts of products were formed. However, 

once the "lightoff' temperature had been achieved and surpassed, conversion increased 

rapidly and a corresponding increase in the yield of carbon oxides was observed. For 

all of the catalysts studied, methane conversion was below 40% at temperatures below 

400°C. However, figure 6.9 clearly illustrates that for the 5 and 3% platinum catalysts, 

the conversion is dramatically increased between 400°C and 425°C. The temperature 

for total conversion by the two catalysts varied by only 10°C (see table 6.7). The 

"lightoff' temperature for the 1 % platinum catalyst was however far higher than that of 

those containing greater amounts of metal. A large increase in conversion was 

observed between 400°C and 450°C but maximum conversion was achieved at a far 

higher temperature relative to the other two catalysts (505°C cf 450°C and 460°C for 

the 5%Pt and 3%Pt catalysts respectively). 

Although higher reaction temperatures were required to facilitate complete 

methane conversion over the 1 % Pt catalyst, higher yield of CO was achieved by this 

catalyst than either of the others. Table 6.9 shows a comparison of maximum product 

yields for the catalysts tested. 
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Catalyst Max. CO Yield (%) Max. CO2 Yield (%) 

5%Pt/Ah03 2.1 97.9 

3%Pt/Ah03 1.9 98.1 

I%Pt/Ah03 2.5 97.5 

Table 6.9. Comparison of Maximum Product Yields for Platinum - Alumina Catalysts 

6.2.2. Microwave Heated Reactions 

The same catalysts tested under conditions of conventional heating were also 

tested in the single mode microwave cavity under conditions identical to those used for 

the conventional tests. 

The 5% platinum - alumina catalyst required the application of high microwave 

power in order to stimulate initial heating. However, once a temperature of 140°C had 

been achieved, reduced microwave power was required to maintain this temperature; 

temperature control below this temperature was found to be impossible. 

Under microwave heating conditions, the 5% platinum - alumina catalyst was 

found to be active for methane combustion at bulk temperatures far below those 

observed under conventional heating. Figure 6.10 shows a comparison between the 

two modes of heating for the reaction over this catalyst. 
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It is clear that a large temperature difference for total conversion exists 

between the microwave and conventionally heated reactions. Near total conversion is 

achieved using microwaves for catalyst heating at approximately 170°C whereas for 

the conventionally heated reaction, the figure is 450°C. 

Furthermore, under microwave conditions a greatly enhanced yield of CO was 

achieved relative to the conventionally heated experiments. This enhanced yield was 

obviously achieved at lower bulk temperatures under microwave heating. Table 6.10 

shows comparative values for product yields at total conversion. (Bracketed figures 

show the reaction temperature in degrees Celsius for the corresponding values). 

Due to the heating characteristics of the 5% platinum - alumina catalyst in the 

single mode microwave cavity, analyses of the reactor effluent gas at temperatures 

below 140°C were not possible. It is therefore impossible to determine whether or not 

such a strong "lightoff' temperature phenomenon which was observed under 

conventional catalyst heating is also true for the microwave heated reaction. 

Many difficulties were experienced during the attempts to heat both the 3% and 

1 % platinum catalysts. As was observed for the 5% Pt catalyst, high microwave 

power was required for the initial heating of both of the catalysts. However, it was 

found to be impossible to raise the temperature of the 3% Pt catalyst above 160°C 

The corresponding value for the 1 % Pt catalyst was 125°C. No products were formed 

over either of these catalysts under microwave heating at the temperatures achieved 

during this study. 
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Mode of Heating Max. CO Yield (%) Max. CO2 Yield (%) 

2.1 97.9 

Thermal 
(450) (450) 

18.2 81.8 

Microwave 
(200) (200) 

Table 6.10. Effect of Mode of Heating on Product Yields for Methane Combustion 

over Swt% Pt/ Ah03 Catalyst 

6.2.3. Surface Area Measurements 

The specific surface area of the platinum - alumina catalysts increased with 

decreasing platinum loading. With increasing platinum loading, greater reduction in 

specific surface area was observed following reaction. Typical results are presented in 

table 6.10. It is clear from the table that the use of microwaves to heat the catalyst 

resulted in a much greater loss of catalyst surface area than when conventional heating 

was utilised. 
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Specific Surface Area (m2g-1
) 

After Thermal After Microwave 

Pt loading (wt%) Fresh Catalyst 
Reaction Reaction 

1 17.1 17.1 16.2 

3 15.1 14.6 12.8 

5 14.2 11.7 9.4 

Table 6.11. Specific Surface Area Measurements for Platinum - Alumina Catalysts 
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7. Discussion 

Oxidative Coupling of Methane 

7.1. Conventionally Heated Experiments 

7.1.1. Rare - Earth Oxide Catalysts 

7.1.1.1.Blank Reaction 

The blank reaction produced negligible amounts of C2 hydrocarbon products 

and only very small amounts of CO. This shows that a catalyst is required for the 

activation of methane under the conditions of choice. It is therefore suggested that 

under the experimental conditions used, the contribution of non-catalysed gas phase 

reactions to the overall oxidative coupling mechanism is negligible and can be 

disregarded. 

7.1.1.2.Reaction in the absence of Gas Phase Oxygen 

CO and C02 were the only products formed in non-negligible quantities during 

the test. Coupled products were formed in negligibly small amounts. 
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It is known that CO is formed by an interaction between methane and the 

lattice oxygen of the catalyst. Subsequent reaction of the CO thus formed with further 

lattice oxygen leads to the production of CO2. As the amount of lattice oxygen 

available for reaction decreases (i.e. with increasing time on stream), less CO2 is 

formed from the CO and a decrease in the amount of CO2 produced is observed. This 

decrease is accompanied by an increase in the amount of CO produced. 

As the lattice oxygen supply nears exhaustion, the amount of CO and CO2 

produced decreases markedly. 

These tests appear to show that carbon oxides are produced in a pathway 

parallel to the oxidation of coupled hydrocarbons in the oxidative coupling of methane. 

The negligible amounts of C2 hydrocarbons produced during this test suggests 

that gas phase oxygen is required for the production of methyl radicals over 1 wt% 

SrILa203 and that in the absence of gas phase oxygen, methane is not activated by the 

catalyst for the formation of coupled hydrocarbon products. This is in agreement with 

the findings of other workers69 who have shown that gas phase oxygen is required for 

the activation of methane over rare earth oxide catalysts. 

7.1.1.3.EfTect of Strontium Doping 

The doping of La203 with 1 wt% strontium improved the overall catalytic 

performance. Both C2 selectivity and yield were enhanced relative to the pure oxide. 

The beneficial effect on catalytic performance by strontium doping is thought to 

be due to a combination of factors. 
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Much faster exchange between lattice and gas phase oxygen is possible when 

lanthana is doped with strontium151 and this is important in the activation of the 

methane molecule as it has been shown 76 that the rate of methane conversion is 

dependent on the rate of exchange of gas phase with lattice oxygen exchange. 

Improvements in catalyst selectivity may be explained by active La203 being 

replaced at the surface by less active (yet more selective)SrC03
78

. 

Under the conditions of the oxidative coupling reaction lanthana can form two 

types of surface oxycarbonate species which have different thermal stabilities. 14K 

Strontium doping appears to suppress the formation of the unselective Type 2 

oxycarbonate thus leading to a more selective catalyst. 

The oxidative coupling of methane over lanthana has been shown to be 

structure sensitive and selectivity was also dependent on catalyst preparation 

conditions. 149 A thin platelet morphology favoured by lower temperature preparation 

was found to be more selective than the tridimensional, smaller particles formed at 

higher temperatures. It is thought that strontium doping preserves the favourable 

platelet structure of the oxide during the catalytic reaction. 

7.1.1.4.EfTect of Reactant Ratio 

The use of a higher methane to oxygen ratio resulted in higher selectivity to 

coupled products. The lower partial pressure of oxygen present in the system under 

these conditions results in a smaller proportion of the desired products being further 

oxidised to the undesired carbon oxides. 
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Little effect was noted upon the C2 yield at the higher reactant ratio and this is 

probably due to there being insufficient oxygen to activate large amounts of methane. 

Lowering the methane to oxygen ratio from 5 to 3 produced a significant 

increase in methane conversion. This is not surprising since the presence of a 

proportionally greater amount of oxygen in the system means that larger amounts of 

methane can be activated. The higher oxygen partial pressure at the lower reactant 

ratio led to a decrease in C2 selectivity and a corresponding increase in CO" yield and 

selectivity due to the further oxidation of coupled hydrocarbons to carbon oxides. 

7.1.I.S.Effect of Flow Rate 

The use of higher reactant flow rates (i.e. shorter residence times) improved C2 

yield and selectivity and gave enhanced methane conversion. 

Shorter residence times appear to limit the extent to which carbon oxides 

formed by interaction with the lattice oxygen of the catalyst can be formed and hence 

the importance of this pathway for carbon oxide formation is reduced at higher 

reactant flow rates. This accounts for the observed increase in C2 selectivity. 

The increase in C2 yield may be explained by the fact that coupled products 

once formed, spend a shorter time in the heated zone of the reactor and are therefore 

less likely to undergo further oxidation to carbon oxides. 
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7.1.1.6.EtTect of Catalyst Calcination Conditions 

Unsupported catalysts calcined at 650°C showed improved performance 

relative to those calcined at 800°C. Previous work62 has shown that lower temperature 

calcination favours the formation of a platelet structure which is thought to be 

responsible for improvements in C2 selectivity. 

The fact that catalysts calcined at 350°C exhibited poorer catalytic performance 

than either of the samples calcined at higher temperatures cannot be easily explained. It 

may be that calcination at this lower temperature does not enable the generation of 

more active and selective catalytic sites. 

Clearly, for the 1 wt% SrILa203 system, a volcano type relationship exists 

between catalytic performance and calcination temperature whereby the best results are 

achieved by the use of an "intermediate" calcination temperature. The use of higher or 

lower calcination temperatures results in a reduction in performance. 

7.1.1.7.Reactions using Nitrous Oxide as Oxidant 

The use of nitrous oxide as the oxidant for the oxidative coupling reaction 

resulted in enhanced C2 selectivity in comparison to tests in which molecular oxygen 

was used. The explanation for this observation may be found by considering a possible 

reaction mechanism for the N20 oxidised reaction. 

Clearly, nitrous oxide contains only one atom of oxygen per mole whereas 

~""-e..
dioxygen possesses two. The use of nitrous oxide therefore introduces lHS' oxygen 

atoms to the system. As a result, methane conversion decreases due to the 
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unavailability of a pool of oxygen but correspondingly, undesirable total oxidation 

reactions are reduced. Thus C2 selectivity is increased by the use ofN20 as the 

oxidant. It has also been suggested that the observed reduction in methane conversion 

when using nitrous oxide as the oxidant may be due to the slow breakdown ofN20 to 

an active oxidising species. 66 

7.1.1.8.Methane Conversion and Oxygen Consumption 

Oxygen consumption for the majority of tests was in excess of90% and at 

temperatures of 650°C and above, total oxygen consumption was observed. The fact 

that the reaction was occurring under oxygen limited conditions dictates that methane 

conversion should not be used as an assessment of the activity of the catalyst since the 

rate of methane conversion is limited by oxygen availability. 

Magnesia Supported Catalysts 

Similar trends regarding the effects of strontium doping, reactant ratio and 

reactant flow rate to those observed for 1 wt% SrILa203 were also noted for the 

magnesia supported catalysts but these catalysts exhibited better catalytic performance 

than their unsupported counterparts. 

An interesting observation was the fact that for the strontium doped supported 

system, the best results were obtained using a calcination temperature of 350°C. 

Calcination at temperatures above this value led to a decrease in C2 selectivity and 

yield. It is possible that calcination at higher temperatures generates non-selective 
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active sites on the magnesia which leads to greater selectivity and yield of carbon 

oxides. However the opposite was true for the undoped catalyst and calcination at 

650°C enabled performance on a par to that of the 350°C calcined doped system to be 

achieved. 

The beneficial effect of strontium doping on catalytic performance is therefore 

best observed when lower calcination temperatures are utilised. Strontium doping 

enables less energy intensive preparation conditions to be used which represents 

financial savings. In order for the undoped catalyst to achieve comparable 

performance, harsher calcination conditions are required which entail the use of larger 

amounts of energy. 

7.1.1.9.Summary 

An obvious advantage of the supported catalyst is the fact that less lanthana 

was used in the preparation (15wt% compared to 99wt% for the unsupported 

formulation) and catalytic performance was improved. Lanthana is the most expensive 

component of the formulation and the use of less of this substance and any reduction in 

the amount used in the catalyst preparations will lead to financial savings. Clearly the 

fact that financial savings are accompanied by an improvement in C2 yield and 

selectivity represents an advance in catalyst development for the conditions used in this 

study. 

The performance of the unsupported catalysts was not significantly better than 

the supported systems at lower temperatures to justify the greater financial outlay 

required for their preparation. The fact that comparable performance was achieved 
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using a system that utilised substantially less of the most expensive component far 

outweighs the small enhancements in selectivity and yield observed. 

Furthermore, less energy intensive calcination conditions were required to 

produce the enhanced catalytic performance exhibited by the supported systems and 

this suggests further financial savings. 
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7.1.2. Chloride Containing Catalysts 

7.1.2.1.EfTect of Calcination 

The British Gas CIWI catalyst calcined at 700°C for 7 hours produced greater 

selectivity to coupled products than the uncalcined sample. The uncalcined material 

was however the more active catalyst. It is therefore suggested that the calcination 

procedure alters the structure of active surface sites in such a way to make them more 

selective yet less active. 

7.1.2.2.EfTect of Reactant Ratio 

The use of a higher methane to oxygen ratio increased the selectivity to 

coupled products whilst a reduction in the ratio produced increased methane 

conversion at the expense of C2 selectivity. The reasons for these observations were 

noted in section 7.1.1.4. i.e. at a higher methane to oxygen ratio, there is insufficient 

oxygen in the reactant stream to enable deep oxidation of C2 products to carbon 

oxides. 
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7.1.2.l.Effect of Reactant Flow Rate 

Increasing the reactant flow rate over the uncalcined chloride containing 

catalysts had the same effect on product distribution as for the rare-earth oxide 

catalysts i.e. C2 selectivity was increased and methane conversion was decreased. 

However, for the calcined material, increased methane conversion was observed but 

little effect on selectivity was seen. It may be that the calcination process alters the 

structure of the catalyst. 

7.1.2.4.General Observations 

The CIW 1 chloride containing catalyst supplied by British Gas performed 

better than any of the rare-earth oxide catalysts under the experimental conditions 

investigated in this study. The chloride component of the catalyst is the key to the 

enhancement in catalyst performance. Burch et al have investigated a number of 

, ' , I 448081 100 103 A I f h ' , d" h chlonde contammg cata ysts. ' '" s a resu tot elr extensIve stu les, It as 

been stated that the chloride species in the catalyst do not simply act as promoters for 

the reaction but in fact play an active role in the overall oxidative coupling mechanism. 

Since the chloride catalyst investigated in this work is of a very similar nature to the 

systems investigated by Burch, it is reasonable to assume that a similar mechanism was 

occurring during the reactions performed in this study. 
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7.2. Microwave Heated Experiments 

7.2.1. Rare - Earth Oxide Catalysts 

7.2.1.I.Heating Characteristics 

Pure lanthana could not be heated in the microwave field and this is ascribed to 

the homogeneity of the material and lack of dipoles within the sample. This means that 

the sample was unable to interact with the applied microwave field and therefore no 

heating occurred. 

This catalyst could be heated in the microwave cavity but high power was 

required to facilitate any temperature increase. Discharges were observed at 

temperatures in excess of 250°C. Network analysis results clearly showed that the 

dielectric properties of the sample changed with temperature and three distinct 

variations in the value of tan 0 were observed. At low temperatures the value of tan 0 

was low indicating that the sample was not interacting strongly with the applied 

microwave field. This is consistent with the behaviour of the sample during initial 

heating where maximum microwave power was required. 
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The first major change in the value of tan 0 occurred between 150°C and 

200°C. Between these temperatures, the value of tan (5 increased markedly indicating 

that the catalyst was interacting strongly with the applied field. Again, this is 

consistent with experimental observations as following the initial heating period, 

reduced microwave power was required to further increase the temperature. This 

change in dielectric properties may be attributed to the removal of water from the 

sample. Lanthana is known to be strongly hygroscopic and it is not surprising that 

water vapour from the air was retained by the catalyst. 

The properties change further between 300°C and 350°C and the tan 0 value 

decreases indicating that the material interacts weakly with the applied microwave 

field. The range of weak coupling with the microwave field extends to a temperature 

of 500°C when the third change is observed. These results suggest that the sample 

undergoes phase changes with temperature. 

The final change increase in the value of tan (5 is thought to coincide with the 

production of discharges. However, it should be noted that the network analysis 

results showed that this change occurred at temperatures greater than 500°C whereas 

discharges were observed during catalytic experiments at bulk temperatures of 250°C. 

It is therefore suggested that areas within the catalyst achieved temperatures far higher 

than the recorded bulk temperatures. Such "hot spots" within the catalyst bed may 

have been the "seed points" for the production of discharges. 

A further explanation for the production of discharges by the 1 wt% SrILa203 

catalyst may be found in scanning electron microscopy evidence. Micrographs of the 

catalyst (plates 1 - 2) following a microwave reaction clearly showed the presence of a 

plate - like structure which was not evident for catalysts which had been tested using 
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conventional methods of heating. It is possible that the plates formed during the 

microwave reaction acted in a capacitor - like manner and charge was built up between 

the surfaces of the plates creating a Maxwell - Wagner type effect and initiating 

discharges. 

During initial heating, this catalyst behaved in a similar way to the unsupported 

system in that high power was required to facilitate heating. However, the supported 

catalyst could be controllably heated to a temperature of 500°C before discharge 

production. The network analysis results showed that tan 8 for this catalyst remained 

constant between temperatures of 300°C and 550°C before increasing as the 

temperature was increased to 600°C. Clearly, the supported catalyst did not undergo 

such a dramatic change in dielectric properties and as a result could be controllably 

heated to higher temperatures. It is suggested that the use of magnesia as a catalyst 

support in some way alters the dielectric properties of the sample. 

7.2.1.2.Reaction in The Absence orGas Phase Oxygen 

The microwave coupling reaction in the absence of gas phase enabled the 

production of coupled hydrocarbon products. This was not the case for the 

conventionally heated reaction. The catalyst could be heated to higher temperatures 

(7000 e cf 500°C) when oxygen was not present in the system This suggests that 

oxygen may playa part in the production of discharges. 
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Previous studies of rare earth oxide catalysts in the absence of gas phase 

oxygen69 have led researchers to believe that methane could not be activated over 

these catalysts in the absence of gas phase oxygen. However, the use of microwave 

radiation to heat the catalyst bed appears to enable methane activation in the absence 

of gas phase oxygen. The discharge experiment in the absence of gas phase oxygen 

also yielded coupled hydrocarbons (notably acetylene) with high selectivity but low 

yield. 

It is suggested that the use of microwave radiation to heat the catalyst bed 

stimulates the lattice oxygen of the catalyst either making it available itself for reaction 

with methane or enabling the generation of active surface sites. Using conventional 

methods of catalyst heating, exchange between gas phase and lattice oxygen has been 

postulated to be responsible for the generation of catalytic sites capable of activating 

methane to form higher hydrocarbons.69 However, it is possible that microwave 

energy interacts with the rare-earth oxide catalyst in such a way as to eliminate the 

requirement of such oxygen exchange for the generation of these sites. 

The performance of the catalyst deteriorated with time on stream however due 

to appreciable carbon deposition on the catalyst surface. 

7.l.1.3.Reactions using Molecular oxygen as Oxidant 

The heating characteristics of this catalyst in the single mode microwave cavity 

revealed that it was unsuitable for use in the microwave heated oxidative coupling 
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reaction at temperatures in excess of 250°C as the production of discharges was 

common. However, at temperatures below this figure, coupled hydrocarbon products 

were formed at bulk temperatures far lower than those required for similar product 

yields using conventional methods of catalyst heating. This observation is thought to 

be due to the presence of active catalytic sites within the catalyst which achieve 

temperatures far in excess of the observed bulk temperature as measured by the optical 

fibre thermometer. It is postulated that such "hot spots" within the catalyst bed 

achieve a sufficiently high temperature to enable the oxidative coupling reaction to 

occur. 

The dielectric properties of this sample were significantly different to those of 

the unsupported catalyst and enabled the heating of the supported material to higher 

temperatures. It is postulated that the use of magnesia as a support has the effect of 

dispersing the strontium to a greater effect over the catalyst. The strontium 

component of the catalyst is thought to contribute to the production of discharges 

since pure strontium nitrate could not be heated above 160°C without the production 

of discharges. In the unsupported material, the strontium may form larger clusters on 

the catalyst surface (this is supported by surface area measurements) and thus may 

interact more easily with the applied field in the unsupported material promoting the 

production of discharges at lower bulk temperatures. 
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The reaction over the magnesia supported catalyst also occurred at much 

reduced bulk temperatures relative to the conventionally heated reaction and this 

observation is again ascribed to the presence of "hot spots" within the catalyst bed. 

A higher ethene to ethane ratio was achieved by the use of microwaves to heat 

the magnesia supported catalyst. It is possible that the proposed "hot spots" within the 

catalyst bed can on occasion achieve temperatures sufficiently high to abstract a proton 

from methyl radicals formed on the surface. It is also feasible to suggest that small 

point discharges may occur periodically in the catalyst bed under conditions of 

microwave irradiation and such discharges may also be able to remove a proton from 

the CH3- species. Clearly, this would produce CH2- species which may couple to form 

ethene. 

7.1.1.4.Reactions Using Nitrous Oxide as Oxidant 

When nitrous oxide was used as the oxidant for the microwave heated 

oxidative coupling reaction, the catalyst could be heated to bulk temperatures of 300°C 

higher than when molecular oxygen was used. This provides further evidence that the 

presence of oxygen in the reactant feed mixture contributes to the production of 

discharges in the reactor during microwave experiments. Enhanced C2 selectivity 

relative to molecular oxygen experiments was observed and the reasons for this are 

suggested to be identical to those for the thermally heated experiments which were 

discussed in section 7.1.7. As observed for the tests using molecular oxygen, the 

microwave experiments using N20 as the oxidant were seen to occur at bulk 

temperatures far lower than the conventionally heated equivalent. 
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7.2.t.S.Reactions using Trace Amount of N20 in the Reactant Mixture 

Reactions using a trace amount of nitrous oxide in the reactant mixture 

provided no improvement in terms of increased selectivity or yield of coupled products 

relative to experiments which used a mixture of 5% 02iHe. The catalyst could not be 

heated to higher temperatures by the incorporation of a small amount of nitrous oxide 

in the reactant feed before the production of discharges. It is suggested that there was 

insufficient N20 in the reactant mixture either to enhance the yield and selectivity of 

coupled hydrocarbons or to suppress the formation of discharges. 

7.2.t.6.Reactions under Discharge Conditions 

As reported in previous sections, the production of discharges by the rare-earth 

oxide catalysts was commonplace under conditions of microwave heating. Under such 

conditions controlled heating of the catalysts was not possible. The product 

distribution for reaction under discharge conditions was considerably different to that 

obtained under conditions of controlled heating. The production of acetylene under 

discharge conditions is worthy of note since it is a potentially more valuable material 

than the "conventional" products of the oxidative coupling reaction. 

Acetylene was only observed in trace amounts during controlled heating 

experiments and its production was erratic. However, under discharge conditions, its 

production was reproducible. The discharge may have removed a proton from the 

methyl radicals formed in the initial reaction step thus producing CH2 radical species. 
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A further abstraction of a proton from such species by the discharge would yield CH 

species which may then dimerise in the gas phase to produce acetylene. 

Another suggested route to the production of acetylene under these 

experimental conditions may apply. It is possible that the "discharge" observed during 

the experiments was in fact a methane plasma which previous studies have shown24 

produces methyl radicals, CH2 species or CH species. Radicals produced in this 

manner may interact with the catalyst surface and undergo further proton abstraction. 

In the case of methyl radicals, this would lead to a surface CH2 species whilst for the 

CH2 species formed from the discharge, proton abstraction would yield a CH moiety. 

Two successive proton abstractions from the methyl radical would also generate CH 

species. Desorption of such CH species followed by their coupling may explain the 

production of acetylene. If CH species are formed directly from the methane molecule, 

their subsequent dimerisation in the gas phase may also lead to the production of 

acetylene. 

One of the limiting factors to this suggested route to acetylene is the fact that it 

is known that La203 is a relatively poor radical scavenger70 and therefore the 

interaction of methyl radicals or CH2 species with the catalyst surface may occur to 

only a small extent. However, it should be noted that the major component of the 

catalyst formulation is in fact MgO which may have better radical scavenging abilities 

than La203 and thus enable interaction between the catalyst surface and the radical 

species to occur to a greater extent. 

It is possible that the discharge created in the reactor is able to remove hydrogen 

atoms from methyl radicals formed on the catalyst surface. 
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Carbon monoxide was found to be the major reaction product under discharge 

conditions and this may be due to an oxygen deficiency in the system during the period 

of the microwave pulse. This may limit the extent to which CO is further oxidised to 

CO2. 

7.2.2. Chloride Containing Catalysts 

7.2.2.1.Heating Characteristics 

The CIW 1 chloride containing catalyst supplied by British Gas could be heated 

to temperatures in excess of 650°C in the single mode cavity before discharges were 

observed. Analysis of the variation of tan 0 with temperature shows an increase in the 

value oftan 0 between 300°C and 350°C. The network analysis apparatus was unable 

to record dielectric property values above 3 SO°c. However, it is reasonable to assume 

that the value of tan 0 would continue to increase at higher temperatures. This is in 

correlation to the heating characteristics of the catalyst in the microwave field where 

following the requirement for the application of high power to enable initial heating, 

subsequent heating required reduced microwave power. The ability to use reduced 

microwave power to maintain catalyst heating following the need for high power 

application suggests a change in dielectric properties of the sample. During 

experiments it was noted that a large temperature increase occurred when a bulk 

temperature of 230°C had been achieved. This is indicative of the sample interacting 

more strongly with the applied microwave field. It should be noted however that the 
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bulk temperature at which this occurred under experimental conditions is more than 

100°C less than that measured during network analysis investigations. It is therefore 

suggested that by combining experimental observations with network analysis 

measurements, further evidence for the presence of "hot spots" within the catalyst bed 

has been found. 

7.2.2.2.Reaction in the Absence of Gas Phase Oxygen 

As was observed for the rare-earth oxide catalysts the microwave heated 

reaction in the absence of gas phase oxygen over chloride containing catalysts was 

found to produce coupled hydrocarbon products. It is suggested that the reasons for 

this observation over the chloride catalyst are identical to those discussed in section 

7.2.2. 

7.2.2.3.Reactions using Molecular Oxygen as Oxidant 

The chloride containing catalyst produced similar performance under conditions 

of microwave heating as for conventional heating Again, the bulk temperature for 

similar yields and selectivities of C2 hydrocarbons was much reduced by the use of 

microwaves. As for the rare-earth oxide results, it is suggested that the presence of 

"hot spots" within the catalyst bed are responsible for these observations. 

The chloride catalyst also produced quantities of Cs+ liquid hydrocarbon 

products. It is thought that areas of the catalyst were achieving temperatures even 
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greater than those required to produce conventional coupling products. At such 

elevated temperatures, it is suggested that C2 and C3 hydrocarbons may be cracked and 

radicals thus formed may recombine to produce heavier hydrocarbon products. Such 

products were rapidly quenched upon exit from the catalyst bed due to the post 

catalytic zone being cool. GC - MS data for the products of a number of microwave 

heated experiments provides further evidence for the suggested route to the formation 

of the heavier hydrocarbons. Rarely were two analyses of the liquid products identical. 

This suggests that the radicals formed by high temperature cracking in the catalyst bed 

recombine at random to produce a large range of higher hydrocarbon products. 

An observation unique to the microwave heated reaction over the chloride 

containing catalyst was the dramatic switch in the behaviour of the catalyst from a 

highly selective coupling catalyst to a near total oxidation catalyst. This transformation 

in catalytic behaviour was generally observed at the higher end of the temperature 

range studied and after several hours on line. A possible cause of the transformation in 

behaviour may be that at higher temperatures, the selective oxidation sites of the 

catalyst are destroyed. Another possibility is that the chloride contained within the 

catalyst is leached with increasing time and temperature. It is reasonable to suggest 

that this process would occur more rapidly in a microwave heated experiment due to 

the presence of "hot spots" within the catalyst. A further suggestion is that the 

selective oxidation sites of the catalyst were poisoned. A strong sulphur smell was 

evident following microwave tests and the exposure of the catalyst to microwave 

radiation may have liberated otherwise trapped sulphur. The sulphur may then have 

acted as a poison by blocking the selective oxidation sites of the catalyst. 
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7.2.2.4.Catalyst Lifetime Test 

The operational lifetime of the chloride containing catalyst was found to be 

limited. The product distribution and selectivity to coupled hydrocarbons fluctuated 

greatly over the duration of the 5 hour test. This variation in catalyst behaviour is 

ascribed to the removal of chloride species from the catalyst during the experiment. 

The chloride component of the catalyst is thought to be an important factor for high 

selectivity to coupled hydrocarbons and its removal will inevitably be detrimental to 

catalyst performance. It was noted that acetylene was produced during the test and 

this may have been due to the occurrence of small discharges within the catalyst bed. 

It was noted in section 7.2.1.6 that acetylene was a major reaction product over rare

earth oxide catalysts under discharge conditions and it is reasonable to assume that 

similar processes to those described previously were occurring within the chloride 

containing catalyst during the 5 hour experiment. 
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7.3. Catalyst Characterisation Studies 

7.3.1. Surface Area Measurements 

7.3.t.t.Rare - Earth Oxide Catalysts 

The surface area of the unsupported lanthana catalysts was found to be below 

10m2g-1 in all cases. The catalyst was reasonably selective for the production of 

coupled hydrocarbons under the conditions used in this study. This is in agreement 

with the work of other researchers3s who have made tentative correlations between 

good selectivity of oxidative coupling catalysts and their possession oflow surface 

areas. However, other workers have concluded that the results of their studies showed 

no conclusive relationship between selectivity and surface area of the catalyst. 152 

The magnesia supported catalysts had much increased specific surface areas in 

relation to their unsupported counterparts. This may have been due to a greater 

dispersion of strontium and lanthana over the surface of the support material. It 

appears from the work in this study that under the conditions used, there is no direct 

relationship between a "good" catalyst and a low surface area. 
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7.l.1.2.Chloride Containing Catalyst 

The chloride containing coupling catalyst CIW1 was found to have a low 

surface area and was far more selective than the rare-earth oxide catalysts. This 

observation may suggest that a low specific surface area is in fact beneficial to C2 

selectivity. However, the argument is still yet unresolved. 

7.3.2. DSCffGA 

7.l.2.t.Rare Earth Oxide Catalysts 

The DSC/TG trace for the strontium- lanthana catalysts exhibited, a large 

endotherm and simultaneous weight loss at 375°C. This suggests that the catalyst is 

losing a species either from the surface or the bulk at this temperature. This is 

consistent with the work of others 153 - 155 who have studied the decomposition of 

lanthanide carbonates and their counterparts which is represented below: 

La( OH)3 377 DC LaO( OH) 
----~) 

L~(OH)4C03. nH20 L~02C03 

It is therefore suggested that at a temperature of 375°C, the Sr/La203 catalysts 

may form a lanthanum oxycarbonate species on the surface. This species has been 
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suggested by other researchers to playa significant role in the overall selectivity of 

lanthana containing oxidative coupling catalysts. 62
,63,78 

7.3.2.2.Chloride Containing Catalyst 

The DSC/TG analysis of the CIWI catalyst showed a sharp endothermic peak 

at 425°C but this was not accompanied by a corresponding change in mass. This type 

of trace is characteristic of a phase change in the sample. It may be that the chloride 

within the catalyst is reacting with other components of the material to form different 

chloride species at this elevated temperature. It is reasonable to suggest that at 

temperatures in excess of those achievable by the DSC/TGA apparatus used, further 

changes may occur in the catalyst. Thus it may be possible that such an occurrence has 

an effect on the observed switch in catalyst behaviour under microwave conditions 

from a selective coupling material to a total oxidation catalyst. It is possible that at 

elevated temperatures, the selective oxidation sites are destroyed. It has been 

suggested previously that areas of the catalyst bed may achieve temperatures far in 

excess of the observed bulk temperature under microwave conditions and as such, the 

morphology of the catalyst may be changed in such a way as to be detrimental to 

performance. 
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7.3.3. Network Analysis Experiments 

7.3.3.1.Rare - Earth Oxide Catalysts 

The investigation of the dielectric properties of the rare-earth oxide oxidative 

coupling catalysts revealed that significant changes occurred with temperature. The 

1 wt% SrILa203 catalyst exhibited three distinctive changes in the value of tan 0 with 

temperature. These changes consisted of two increases in the value of tan 0 at 150 -

200°C and 500°C and a decrease between 300°C and 350°C. 

The first change in dielectric properties may be attributed to the removal of 

water from the sample. Lanthana is known to be strongly hygroscopic and it is not 

surprising that water vapour from the air was retained by the catalyst. The decrease in 

the value of tan 0 shows that the catalyst was not interacting strongly with the applied 

field and this is in agreement with the microwave heating characteristics of the catalyst 

as high microwave power was required to heat this catalyst. The increase in tan 0 at 

500°C shows that the catalyst was transformed from a non - lossy to a lossy material at 

this temperature. Again this is in agreement with the heating characteristics as 

discharges were produced by the catalyst following the initial heating period. There is 

however a large discrepancy between the measured value of the large increase in tan 0 

and the bulk temperature at which discharges were observed under experimental 

conditions. This is seen as further evidence for the production of "hot spots" within 

the catalyst bed under conditions of microwave heating. 
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It is possible as suggested in section 4.1.1 that the sample undergoes a phase 

change with temperature and the formation of a new lanthana phase may be responsible 

for the change in ability of the catalyst to interact with the applied microwave field. 

The magnesia supported catalyst could be controllably heated to higher 

temperatures in the microwave field than the unsupported sample. The dielectric 

property measurements for this sample revealed that the final increase in tan B occurred 

at a greater temperature for this material than the unsupported catalyst. This explains 

the fact that increased temperatures could be achieved by this catalyst in the 

microwave cavity. The reason for the final increase in dielectric properties occurring 

at a higher temperature for the supported sample is thought to be due to the 

incorporation of magnesia into the catalyst formulation. Strontium was found to playa 

role in the production of discharges during microwave heated tests and since the 

surface area of the supported catalyst was greater than that of the unsupported one it is 

reasonable to suggest that the strontium was more highly dispersed in the supported 

catalyst. This may result in the microwave field interacting less strongly with the 

strontium component and hence higher bulk catalyst temperatures could be achieved 

before discharges were observed. 

7.3.3.2.Chloride Containing Catalysts 

The chloride catalyst did not exhibit as many changes in dielectric properties 

with temperature as the rare-earth oxide samples. 

194 



7.4. Kinetic Considerations 

Plots of In k vs 1000/T for the thermally heated reforming reactions produced 

the expected straight line plot assuming that the reaction is first order in methane. 

Some levelling of the plots for both the thermal and microwave experiments was 

observed at the higher temperatures investigated. This is ascribed to the depletion of 

oxygen in the system. At higher reaction temperatures, oxygen consumption was 

calculated to be at least 100% indicating that the reaction was proceeding under 

oxygen limited conditions. 

For microwave heated tests, levelling of the plot was also observed during the 

initial stages of catalyst testing and at the lower end of the temperature range studied. 

This shows that the rate constant for the reaction during this part of the experiment is 

greater for the microwave heated reaction than the thermally heated counterpart. This 

is ascribed to initial activation of the catalytic sites by the microwave energy. It is 

suggested that the microwave energy was able to produce more active catalytic sites in 

the fresh catalyst and at lower bulk reaction temperatures. At low bulk temperatures it 

is suggested that the applied microwave energy specifically activates the active 

catalytic sites such that enhancements in the rate of reaction are observed. A further 

consideration is the presence of "hot spots" within the catalyst bed. Although the 

presence of sites within the catalyst bed at temperatures far in excess of the observed 

bulk temperature are thought to exist over the whole temperature range investigated, it 

is possible that the effect is enhanced at the lower end of the temperature range thus 

increasing the rate of reaction. 
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8. Discussion 

8.1. Steam Reforming of Methane 

8.1.1. Conventionally Heated Reactions 

Conventionally heated steam reforming experiments served two major purposes 

in this study. The first function of conventionally heated reactions was to provide 

process validation because an untried method of water introduction was being used. 

Secondly, the conventionally heated experiments served as a direct means of 

comparison for the microwave heated experiments. 

British Gas LH Catalyst 

The impracticality of constructing and installing a high temperature steam 

generator as used for industrial and pilot scale steam reforming dictated that an 

alternative method of introducing water to the reactant stream was required. A water 

bubbler mounted in a thermostatted water bath was used to perform the task. The 

vapour pressure of water at a particular temperature is well documented156 and thus by 

monitoring the temperature of the water in the bubbler, the exact amount of water 

introduced to the reactant stream could be determined. 
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The LH catalyst used for the first steam reforming experiments is a commercial 

catalyst and it was therefore unsurprising that high activity for the reforming reaction 

was observed. 

The use of a steam ratio of 2 or less resulted in an appreciable degree of carbon 

deposition on the catalyst surface and this is in agreement with literature guidelines 

d" " 145 regar mg steam ratIos. 

Equilibrium constant calculations obtained from chromatographic results of the 

experiments were in excellent agreement with the well documented literature values 

which relate equilibrium constant to temperature l45 thus indicating that the 

experimental procedures used were indeed valid. 

Nickel - Alumina Catalysts 

Equilibrium constant calculations for the nickel - alumina catalysts showed the 

same excellent correlation with literature values as the commercial reforming catalyst. 

However in general, the catalysts were not as active for the reforming reaction as the 

commercial catalyst. This is not surprising since the commercial catalyst had been 

designed and developed for optimum performance over a number of years of costly 

research. The 20% nickel - alumina catalyst gave the best performance of all the 

catalysts studied. 

Carbon deposition at the higher end of the temperature range was greater for 

the nickel - alumina catalysts than the LH catalyst. This shows that the catalysts 

produced in - house were not as durable under reaction conditions as the commercial 

material. This observation was expected since the commercial catalyst formulation 
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included the use of components which provided the stability and durability required for 

an industrial catalyst. 

8.1.2. Microwave Heated Reactions 

British Gas LH Catalyst 

The microwave heating characteristics and network analysis results for this 

catalyst showed that a change in dielectric properties with temperature occurred. The 

material showed a transition from a non - lossy to a reasonably lossy material. 

At very low bulk reaction temperatures the water gas shift equilibrium 

appeared to predominate but CO was detected as the temperature was increased 

indicating that the steam reforming equilibrium was contributing to a greater extent. 

The temperature at which products were first observed under conditions of 

microwave heating was some 200°C lower than the conventionally heated reaction. 

Equilibrium constant calculations revealed a marked deviation from the 

observed bulk reaction temperature and the quoted literature temperature values for a 

given equilibrium constant. 

Plots presented in chapter 6 (figures 6.2 - 6.5) show that the catalyst exhibits 

three different characteristics during a typical run. Straight line plots of In K versus 

lOOO/T of different slope were obtained depending upon the length of time on line. 

During initial stages of an experiment, equilibrium constants were higher than 

those obtained under "steady state" microwave conditions. The reasons for this 

observation are suggested to be two - fold. At the start of an experiment, the catalyst 
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was freshly reduced and possibly at its most active. It is suggested that the microwave 

radiation is able to interact with the catalytically active sites to a greater extent during 

this time thus creating enhanced activity. Such a higher initial catalyst activity was not 

observed for conventionally heated reactions. 

Furthermore, it is suggested that the active sites of the catalyst achieve 

temperatures far in excess of the observed bulk temperature during this time thus 

accounting for the deviation from the "steady state" equilibrium constant/temperature 

relationship. The plot ofln K against lOOO/T (figure 6.5.) for the catalyst during the 

initial period of the experiment converged towards the steady state line as the 

temperature was increased. 

The "steady state" period spanned the middle region of the experiment and 

extended to a temperature of approximately 380°C. However, at temperatures in 

excess of this, carbon deposition on the catalyst became appreciable and the catalyst 

entered the third stage of its behaviour. 

Following carbon deposition, the equilibrium constants were generally much 

lower than the "steady state" values for a given bulk temperature. This indicates that 

the active sites had been poisoned by carbon deposition. In contrast to the plot for the 

freshly reduced catalyst, the plot during this region of the experiment diverged from 

that of the "steady state" line. 

The upper temperature achieved by the catalyst under conditions of microwave 

irradiation was limited to approximately 400°C. This is thought to be due to the 

experimental conditions which were used. The nature of the experimental apparatus 

meant that the exit of the reactor could not be heated in the same manner as the reactor 

entrance. This resulted in the condensation of water vapour in the post catalytic zone. 
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The resulting water regressed towards the catalyst and reduced the temperature of the 

catalyst. Water interacts well with microwave energy but because the amount of 

catalyst was small, it is thought that it became saturated with water and the applied 

microwave energy had insufficient power and could not be strongly focused enough to 

remove all of the deposited water. 

Nickel - Alumina Catalysts 

Observations for the nickel - alumina catalysts were very similar to those for 

the commercial catalyst and it is suggested that similar arguments to those for the LH 

catalyst apply to the catalysts produced in - house. 

8.1.3. Comparison between Microwave and Conventionally Heated 

Experiments. 

In order to make a valid comparison between the two methods of heating it is 

necessary to consider the "steady state" microwave results. The use of data during the 

initial stages or following carbon deposition may cause misleading conclusions to be 

drawn. 

As stated in section 8.1.1 the conventionally heated reactions produced data 

which was in excellent agreement to that cited in the literature. However, when 

comparing this information with that obtained from the steady state microwave 

experiments there is a clear discrepancy. The plot of In K vs 1000/T is parallel to the 
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thermal line but offset to lower temperatures. This indicates that the same degree of 

reaction is occurring under microwave conditions but at a lower bulk temperature. 

Clearly, the thermodynamics dictate that the reaction cannot proceed to the 

same extent at lower temperatures. It is therefore concluded that although the bulk 

catalyst temperature as measured by the optical fibre thermometer is some 140°C 

lower for the microwave heated reaction, there exist within the catalyst bed active sites 

which are heated to the actual temperature required for the observed degree of 

reaction. Such sites have been termed "hot spots". 

The conventional view of catalytically active sites was proposed by Taylor. 157 

Taylor stated that the active catalytic sites were seen as small particles having atoms of 

different co-ordination number at their surface and postulated that the most co

ordinatively unsaturated atoms constituted the "active centres" for certain reactions. 

If the Taylor definition of active sites is applied to the supported nickel catalyst 

used in this study, it can be assumed that the "active sites" (nickel particles) are 

dispersed throughout the support material. When conventional heating is used, the 

whole of the catalyst (support and active material) is heated to the same temperature. 

However, when microwave heating is used, the small nickel particles are preferentially 

heated relative to the support and may therefore achieve higher temperatures than the 

support material. The small size of the active sites in the catalyst and the sensitivity 

limitations of the available temperature measurement equipment dictated that the 

actual temperature of the sites could not be measured by conventional means. 

The use of the thermodynamics of the steam reforming reaction has however 

provided irrefutable chemical evidence of the existence of "hot spots" within a catalyst 

bed under conditions of microwave irradiation. 
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Clearly, the methods available during this study for the measurement of 

temperature in a microwave field were not sufficiently sensitive for the actual 

temperature of the active catalytic sites to be monitored and some microwave 

temperature measurement techniques are considered in appendix A. The use of the 

thermodynamics of the reaction to obtain a good estimate of the temperature of active 

sites within the catalyst bed is a novel way to gain information which the available 

technology cannot provide. 

The use of microwave energy to heat the catalyst for the steam reforming of 

methane offered advantages over the conventionally heated reaction in terms of 

methane conversion and product yield. This may be due to the presence of the "hot 

spots" within the catalyst bed which were discussed previously. 

It is possible that due to the nature of the microwave heating of the active sites 

that certain sites achieve temperatures in excess even of the highest achieved during 

conventionally heated reactions. This is not to say that the majority of active sites 

achieve such temperatures and this is not implied as it is reasonable to suggest that the 

majority of active sites ("hot spots") achieve the same temperatures as the 

temperatures observed for the conventionally heated reaction. However, even a 

relatively small amount of sites at "super - elevated" temperatures may account for the 

observed increase in conversion. 

Mathematical modelling of catalysts and heat transfer characteristics may have 

enabled the calculation of the actual number of active sites achieving temperatures in 

excess of the observed bulk temperatures. However, such investigations were not 

conducted during this study. 
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8.2. Methane Combustion 

The methane combustion reaction was investigated as it was thought that under 

microwave conditions the same "hot spot" phenomenon observed for both the 

oxidative coupling of methane and the steam reforming of methane would apply to this 

reaction. 

8.2.1. Conventionally Heated Reactions 

As was the case for the coupling and reforming reactions, the main purpose of 

conventionally heated reactions was to serve as a comparison for subsequent 

microwave heated tests. 

The observation of a "light - off" temperature for all of the catalysts tested is in 

agreement with recent work by Burch and Loader. 147 As the active component of the 

catalyst is platinum, it is not surprising that the magnitude of the "light off" 

temperature decreased with increasing platinum content. Additionally, the temperature 

required for complete combustion decreased with increasing platinum loading. The 

results of the thermal experiments performed in this study appear to suggest that the 

greater the platinum content of the catalyst, the lower the temperature required to 

achieve complete combustion. However, it should be noted that the high price of 

platinum metal requires consideration when designing and producing catalysts. 

Therefore, the 5% Pt material appears to be a compromise catalyst since although 

temperatures in excess of 400°C were required for >90% conversion, production costs 

would be bearable. However, under the experimental conditions used in this study, the 
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3% catalyst required only a further 10°C than the 5% material to achieve complete 

combustion. Unfortunately, the conditions used in this study in no way simulate the 

conditions which would be experienced by the catalyst in one of the major applications 

for catalysts of this genre i.e. automotive exhaust systems. Natural gas powered 

vehicles are the subject of much research at present and as a result, methane emissions 

from such vehicles is a major consideration. Clearly it is beyond the scope of this study 

to simulate "real" conditions. 

8.2.2. Microwave Heated Reactions 

Of the catalysts tested, only the material containing 5% platinum was able to 

perform satisfactorily under microwave conditions. The 1 % and 3% Pt materials could 

not be heated to sufficiently high temperatures to facilitate the reaction. It is suggested 

that insufficient platinum was present in these catalysts to enable efficient interaction of 

the catalyst with the applied microwave field. 

The results achieved by the 5% platinum catalyst clearly showed that the 

combustion reaction occurred at significantly lower bulk temperatures than the 

conventionally heated reaction. As was mentioned when considering the other 

reactions performed during the course of this study, it is suggested that under 

conditions of microwave irradiation areas of the catalyst achieve temperatures far in 

excess of the observed bulk temperature. The existence of such "hot spots" within the 

catalyst bed would account for the apparent discrepancy in the temperature required 

for complete methane conversion between the conventionally and microwave heated 

reactions. 
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The heating characteristics of the catalyst in the microwave field dictated that 

temperatures below 140°C could not be investigated and therefore no evidence of a 

"light off" temperature could be found. However, the shallow slope of the microwave 

data line in figure 6.10 suggests that it is unlikely that a sharp "light off' phenomenon 

is observed under conditions of microwave heating. 

8.2.3. Comparison between Microwave and Conventionally Heated 

Experiments. 

Clearly the major difference between the two modes of catalyst heating is the 

difference in the temperature required for complete methane combustion. The 

microwave heated reaction showed complete combustion at a temperature some 280°C 

lower than the conventionally heated reaction. This observation is ascribed to the 

presence of "hot spots" within the catalyst bed when heated by the microwave field. 

Clear evidence of a "light off" temperature was observed for the conventionally 

heated reaction but not for the microwave reaction. It is suggested that this may be 

due to the way in which the catalyst is heated under microwave conditions. When 

exposed to microwave radiation, the active sites of the catalyst are heated directly and 

possibly achieve temperatures far higher than the observed bulk temperature almost 

instantaneously. It is therefore reasonable to suggest that upon exposure to the applied 

field, reaction temperatures are achieved and the "light off' phenomenon is not 

observed. 

An interesting observation was the large difference in product distribution 

between the two modes of heating. The conventionally heated reaction showed a 
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distribution of carbon oxides heavily favouring CO2 (98%). However, the microwave 

heated reaction showed a significant amount of CO (18.2%) at total combustion. This 

observation may have been caused by the presence of small discharges within the 

catalyst bed which may have caused the partial decomposition of CO2 to CO. 

The use of microwaves for methane combustion offers the advantage that the 

catalyst is heated directly and almost instantaneously which is obviously not the case 

for the conventionally heated reaction. This may have applications in automotive 

catalysis where the catalyst requires a certain amount of time to achieve reaction 

temperatures. Automotive exhaust catalysts are at their least efficient during a cold 

start of the engine and as a result the greatest emission of pollutants occurs during this 

time. If a small microwave generator could be incorporated into the exhaust catalyst 

system in order to pre - heat the catalyst very quickly before start up then the problems 

associated with cold start catalyst inefficiency may be significantly reduced. 
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9. Conclusions 

9.1. Microwave Heating of a Catalyst Bed 

For all of the reactions investigated during this study, the use of microwave 

radiation to heat the catalyst bed resulted in the reaction occurring at an apparently 

reduced temperature relative to the conventionally heated reaction. However, it is 

apparent, particularly from the thermodynamic data obtained from the steam reforming 

studies, that the it was not feasible for the reaction to occur at such a reduced 

temperature. It is therefore concluded that under conditions of microwave heating, 

areas of the catalyst achieve temperatures far in excess of the observed bulk catalyst 

temperature. Such areas within the catalyst have been termed "hot spots" and it is 

thought that the reaction occurs at these sites. 

It is therefore concluded that no "microwave effect" was observed for any of 

the reactions investigated. Microwave radiation served only as a means of catalyst 

heating. 

A possible advantage to the use of microwaves to heat a catalyst bed is that the 

active sites are heated directly while the post catalytic area remains relatively cool. this 

may lead to increased yields of products of low stability compared to conventional 

methods of heating due to a quenching effect. 
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9.2. Temperature Measurement in a Microwave Field 

This subject is considered in greater detail in Appendix A. However, it can be 

concluded that the methods available for catalyst temperature measurement during this 

study were insufficiently sensitive to enable the measurement of the temperature of the 

proposed "hot spots" within the catalyst bed. As a result of this, the apparent reaction 

temperature was greatly reduced when microwaves were used to heat the catalyst as 

only the overall bulk temperature of the catalyst could be measured. 

The investigation of the steam reforming of methane under microwave 

conditions provided an indirect means of temperature measurement in a microwave 

field. The use of other well documented reactions to serve as a "chemical 

thermometer" for microwave heated reactions may be an area for future investigation. 

9.3. Advantages of Microwave Heating of a Catalyst Bed 

The work performed during this study has revealed that the microwave heating 

of a catalyst bed may offer advantages over conventional methods of catalyst heating. 

Firstly, the use of microwave radiation enables the catalyst to be heated directly 

whereas when conventional electrical furnaces are utilised, the pre and post catalytic 

zone is also heated. This suggests that the use of microwave heating leads to less 

energy wastage and hence a more economic and efficient process. 

Secondly, as a result of direct catalyst heating, the post catalytic zone remains 

cool in relation to the catalyst bed thus minimising the occurrence of any undesirable 

gas phase reactions in the post catalytic area. Furthermore, products oflow thermal 

208 



stability may be produced in higher yield by the use of microwave catalyst heating as 

they may be quenched in the cold post catalytic zone. 

9.4. Oxidative Coupling of Methane 

Of the catalysts investigated for the OCM reaction during this study, the 

chloride containing catalysts offered significant advantages in terms of yield and 

selectivity of unsaturated coupled hydrocarbon products. However, the lifetime of 

such catalysts is questionable particularly under microwave conditions due to the 

leaching of chloride species from the catalyst during reaction. Small discharges within 

the catalyst bed under microwave conditions led to a more rapid removal of chloride 

species than when conventional heating was employed. 

9.5. Suitability of Catalysts for Microwave Heated Reactions 

Throughout this study, several problems were encountered during the 

microwave heating of the majority of the catalysts tested. The most common problem 

was the production of discharges in the reactor and within the catalyst bed during 

microwave heating. Clearly it can be concluded that the catalysts investigated during 

this study were not entirely suitable for use under conditions of microwave heating. 

However, this is not surprising since the materials had previously only been tested 

using conventional heating methods. The area of catalyst design therefore requires 

careful attention if an effective catalyst suitable for use under microwave conditions is 
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to be formulated. The problem of microwave catalyst design is a difficult one since 

one must consider several factors. The catalyst must interact suitably with the applied 

microwave field, have stable dielectric properties over a wide temperature range and 

obviously be both active and selective for the reaction of choice. 
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Appendix A 

Temperature Measurement in a Microwave Field 

Due to the nature of microwave radiation, conventional metallic thermocouples 

cannot be used for temperature measurement in a microwave field. Not only are such 

probes subject to charging resulting in the production of arcs and discharges but they 

can also distort the applied microwave field. As a result, alternative methods of 

temperature measurement for microwave heated experiments have been developed. 

Gas Thermometers 

Attempts to construct and use a simple gas thermometer for the measurement 

of temperature in microwave heated experiments were made during this study. 

The gas thermometer consisted of a O. 1 mm bore capillary tube attached to a 

sealed air bulb. This apparatus was located in the centre of the silica reactors. To the 

top of the tube was attached a small pressure transducer. As the temperature of the 

reactor increased, the air in the bulb at the bottom of the capillary tube expanded and 

exerted a pressure on the transducer. The transducer converted the pressure to a 

voltage which was recorded by a digital voltmeter. Calibration of the thermometer 

was performed by noting the magnitude of the voltage output of the transducer at a 

variety of temperatures, while the apparatus was mounted in a conventional electrical 

furnace. 



The gas thermometer proved unreliable during experiments performed during 

this study as a gas tight seal between the capillary and pressure transducer could not be 

adequately maintained. An additional problem of the gas thermometer for catalyst 

testing is the fact that it is likely to disrupt the gas flow through the reactor. 

Infra - red Pyrometers 

Infra - red pyrometers provide a means of remotely measuring the temperature 

of a catalyst which is being irradiated in a microwave cavity. The instrument measures 

infra - red emissions from the sample and provides an output voltage which is directly 

proportional to the temperature of the sample. By linking the pyrometer to a personal 

computer and with the appropriate software, the output of the magnetron could be 

controlled so as to maintain the catalyst at a desired temperature. 

Advantages of the pyrometer arrangement include the fact that it is a non

intrusive method of temperature measurement. 

The pyrometer used in the initial stages of this study was however found to be 

unsuitable for the measurement of temperature for the oxidative coupling of methane 

reaction. This was due to it having a working temperature range of 100°C to soooe 

whereas temperatures in excess of 700°C are generally required to perform the OeM 

reaction. An additional disadvantage was the fact that the device was not sensitive to 

light in the visible range of the spectrum. Because substances at elevated temperatures 

emit visible as well as infra - red radiation, the pyrometer was substituted by an optical 

fibre thermometer (Luxtron). 



Optical Fibre Thermometers 

Theory of Operation 

All substances above absolute zero emit radiant energy as a result of the atomic 

and molecular agitation associated with the temperature of the substances. The rate of 

emission per unit area increases with increasing temperature. The temperature of a 

substance can therefore be measured by means of a suitable device which is responsive 

to such radiant energy. This radiant energy is considered to be in the form of 

electromagnetic waves having a wide range of wavelengths. 

Luxtron Accufiber Model 10 Optical Fibre Thermometer (OFT) 

The OFT device used in this study was obtained from Megatech Ltd. The 

apparatus consisted of a sapphire light pipe which was connected to a combined 

control box and digital readout by an optical fibre cable. The light pipe was positioned 

remotely from the sample and collected radiant emissions from the sample. Software 

incorporated into the control/readout apparatus converted the collected radiation to an 

accurate temperature readout. The control box was connected to the magnetron 

power controller and enabled the power of the magnetron to be continuously varied so 

as to maintain a constant pre-set temperature. 

The optical probe offered several advantages over the other methods of 

temperature measurement that were investigated. These include the fact that the probe 

had an operating range of lOOoe to lOOOoe which is by far the widest range of any of 

the sensors investigated. A further advantage of the optical probe was that it could be 



the sensors investigated. A further advantage of the optical probe was that it could be 

directly connected to the microwave power control box to enable a pre-set 

temperature to be maintained without the need for separate computer software or the 

use of an analogue to digital converter this was not the case for any of the other 

devices which demanded both such things in order to control the microwave power 

output. The OFT probe also focused on a smaller area than the infra - red pyrometer 

thus possibly providing a greater insight to the temperature of "hot spots" within the 

catalyst. However, it is suggested that the hot spots are extremely small points in the 

catalyst bed which would require a far more sensitive method of temperature 

measurement in order to gain information of their true temperature. 

It should therefore be noted that only the bulk temperature of the catalysts was 

measured during this study due to the limitations of the available equipment. 


