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Abstract

The partial oxidation of methane by air to synthesis gas over supported cobalt

catalysts was studied. The investigation included analysis of the products of

this reaction at 'various temperatures, and of the structure of the catalysts

using powder X-ray diffraction techniques. The most effective catalyst for this

reaction was found to be metallic cobalt supported on rhombohedral alumina

(prepared as lO%Co/C/'r-Ah03)' In the presence of this catalyst 96% of tile

feed was completely converted to synthesis gas (CO: 2H2) at lOOO°C.This

catalyst showed no evidence of coking or loss of activity at lOfO°C over a

period of 180 hours. The reaction mechanism is thought to occur ;'1 two stages

over two distinct zones of the catalyst, Complete reaction of O2 with CH4 to

form CO2 and H20 is followed, in the second stage, by reforming and t1:e water

gas shift reaction to produce synthesis gas.
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Do you not know?
Have you not heard?

The LORD is the everlasting God,
the Creator of the ends of the earth.

He will not grow tired or weary,
and his understanding no one can fathom.

He gives strength to the weary
and increases the power of the weak.

Even youths grow tired and weary,
and young men stumble and fall;

but those who hope in the LORD
will renew their strength.

They will soar on wings like eagles;
they will run and not grow weary,
they will walk and not be faint.

ISAIAH 4028-31

To my Lord and Saviour, Christ Jesus.
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Chapter 1

Introduction

1.1 World energy resources

The global need and demand for energy is obvious. From making a cup of coffee

to moving millions of people daily from home to work and back, modern society

uses energy - and lots of it. This energy is provided in three ways: by large fixed

installations (power stations) where coal and petroleum chemical energy, or nuclear

energy from enriched uranium, is converted to electricity; by small fixed installations

in the home or factory; and by small mobile engines which use natural gas and

transport fuels. It is therefore obvious that, from power generation to transportation,

man is almost completely dependent on the combustion of fossil fuels for his energy

[1].
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1.1.1 Fossilfuels

Coal is the most abundant fossil fuel making up 59,4% and 94% of fossil fuel

reserves! and resources/ respectively, table 1.1 [2]. Although coal is evenly dis-

tributed geographically, it 1" more costly to extract from the ground and transport

than petroleum. It also has a lower calorific value than petroleum, is more hazardous,

and importantly, more costly to process due to the often high levels of sulphur, ni-

trogen and minerals t1].

___ T"",-,,a,1=1U;\ 1.1: 'World conventional fossil fuel reserves anct resources
Reserves Resources

103 EJ Percent of ,a] 103 E,J Percent of Total

coal 19,7 59,4 314,0 94,0
peat 6,7 20,4
oil 4,0 12,1 8,:.1~11,9 3,0
natural gas ~2,7 8,1 1O~O~10,3 3,0

Total 33,1 100,0 38,€,O-336,2 10010
Reproduced from Kirk-Othmer Encyclopedia of Chemical Technology [2].

The world-wide reserves-to-production ratio of petroleum oil is the lowest of all the

fossil fuels, 30, compared to 245 for coal, causing concern about future availability.

Although cheaper at source than petroleum, Natural gas is significantly more ex-

pensive to transport. Unless consumers are easily reached by pipeline the cost ad-

vantage is lost, making natural gas less accessible to world consumers.

Peat is largely under-utilized and consequently resources have not been thoroughly

surveyed.

1Reserves consist only of those minerals which are economically extractable with current

extraction technology.

2Resources are the total amounts of minerals, including reserves, that could possibly he

exploited.
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Resources of heavy oil have also not yet been estimated because they are unviable

unless new recovery techniques are found or the price of other fuels increases.

Bitumi .....ous tar sands and oil shale are other unconventional fossil fuels that have

not yet been exploited on a large scale. Oil shales have a.widespread geographic dis-

tribution, and are estimated to be 500-2000 times the estimated total recoverable

resources of petroleum. As well as being economically unviable to exploit, the po-

tential environmental problems, especially the disposal of the solid wastes from the

process, cannot be addressed with current technology.

Due to the massive amounts of fossil fuels that are produced, transported and COn-

sumed, difficult environmental problems have evolved. Emissions from the com-

bustion of fossil fuels contain sulphur and nitrogen oxides, particulates, unburned

hydrocarbons, trace metals and carbon monoxide. Some of these are believed to

be related to long-term chronic health effects, and sulphur and nitrogen oxides are

causes of acid rain. Coal is the most polluting of the fossil fuels, not only because

of the emissions during combustion, but also because toxins can find their way into

the water table after being leached from coal ash dumps. Natural gas is the most

benign of the fossil fuels, creating a minimum of air pollutants.

Methods fer reducing these emissions involve switching to higher-quality fuels, up-

grading the fuels before use, finding better combustion technologies, and applying

control technology to remove pollutants from the combustion products [2}.

1.1.2 Alternate energy sources

Nuclear energy

Nuclear fission power plants create thermal, rather than air pollution as well as

large volumes of hazardous radioactive waste. Accidents at nuclear power plants pose

3



a major threat to human health and the environment. However, using conventional

reactor technology, western uranium reserves have approximately one half of the heat

content of the world's coal reserves, and four times this using fast-breeder reactor

technology [2].

Nuclear fusion is a potentially limitless fuel supply; the top 5 cm of Lake Erie

has enough deuterium and tritium in it to produce energy equivalent to the world's

petroleum reserves. However, while progress has been made, this technology appears

to be decades away from commercial exploitation [3}.

Renewable energy

Due to growing concern over the depletion of easily utilisable fossil fuels and the

dangers associated with nuclear energy, interest in alternate sources of energy is

growing. Wind, water, geothermal and solar energy ale all commercially exploitable

forms of energy. Although technology exists to harness the energy from the wind,

falling water, tidal phenomena, hot-water springs, and the sun, the extent to which

these technologies can be used is limited by geographical or climatological factors [2],

1.1.3 Into the future

Historically man has depended on carbonaceous fuels for his primary energy supplies.

During the industrial revolution wood was replaced by coal and in the third quarter of

the twentieth century, the consumption of oil superseded that of coal. Poirler, Sanger

and Smith [4}reported that reserves of natural gas. representing some 4127 EJ would

only last until 2029 (allowing for a 2% annual increase in consumption), Petroleum

(4'749 EJ) would last until 2008. These authors also expect discoverable reserves to

play an important role in the future, even though these may be located in remote

areas and are presently uneconomical to exploit. In spite of the possible discovery of

4



new reserves and the potential of improved technology'' every non-renewable resource

will eventually be depleted.

It appears as if man will again have to cuange his primary energy source. But to

what? There is no new fuel or emerging technology which presents itself as able

to solve the twin problems of being able to meet the increasing energy demands of

a growing world population without large-scale environmental impact. This means

that for the foreseeable future we remain dependent on fossil fuels. How efficiently

we use them, and how effectively we control the impact of their consumption on our

environment, will determine the quality of life in the next century.

1.1.4 The case for natural gas

Currently, only 7% of utilized natural gas is used in chemical industries. This is

largely dUE to natural gas and petroleum occurring together. Natural gas, as a by-

product of petroleum extraction, is burned as a fuel for heating and power generation

[41. Due to the high cost of transporting natural gas, if there is no population of

significance located economically close to the oil field, the natural gas is often flared

[5]. Recently pressure has been mounting against the flaring of natural gas. This

practice is seen as a waste of an important natural resource and an unnecessary

contribution of carbon dioxide to the atmosphere [6J.

A large shift to the use of natural g'),s as a chemical feedstock has two advantages:

since it would be replacing petroleum as a feedstock it would reduce the demand on

petroleum reserves. Secondly, the impact on the environment would be reduced since

less would be flared and it would replace less benign fossil fuels. The price advantage

of natural gas, however, is diminished by the cost of transportation.

3If the amount of oil recovered from oil wells was to he increased from 25-30% to 45-50%,

the estimate of recoverable oil reserves would increase dramatically.
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Natural gas is located in most areas of the world, with the most important reserves

located in the north and east ofthe former U.S.S.R. and in the Middle-East. Discov-

erable reserves will mainly be located in remote areas, where exploitation is presently

uneconomic [4].

Natural gas can be transported as Liquid Natural Gas (LN( after being cooled

to -162°C at 8 MPa. This is an expensive process and the cost is added onto the

transport costs, which depend on the distance between the source and the consumer.

In Europe the transportation costs contribute about 30% of the total consumer price.

The purification of natural gas to methane is relatively simple, making methane con-

version technology more or less sourc€: independent and readily transferable. Natural

gas is also often cheaper than alternative carbonaceous raw materials. Thus natural

gas is an attractive raw material for producing synthetic petroleum products [7).

1.2 Natural gas -- available technologies

Currently, methane is used in a number of industrial applications. It can be reacted

with HCI and HF to produce halocarbons, with ammonia to produce hydrocyanic

acid, and with sulphur to produce carbon disulphide, Using thermal electric arc

technology acetylene can be produced, and carbon black can be made by pyrolysis.

However, the most important direct methane conversion process is to synthesis gas

[4].

1.2.1 The production of synthesis gas

Synthesis gas, or syngas, is the generic name for mixtures of hydrogen, carbon monox-

ide and carbon dioxide in various proportions. The industrial importance of syngas

is twofold: it provides a cheap source of hydrogen for processes such as petroleum

6



reforming and ammonia synthesis; it can be used as a feedstock for the synthesis of

many organic chemicals. [1J

Among the options for generating syngas from natural gas are partial oxldacion,

autothermal reforming, steam-reforming in tubular reactors, and a number of spe-

ciality processes [8]. In most cases the production of synthesis gas is achieved by

steam-reforming methane, equation 1.1:

(~H~98 = 206 kJ/mol) (1.1)

Thermodynamically this reaction is only favoured at high temperatures (see table 1.3,

section 1.3.1 for the thermodynamics of this reaction), where coking or sintering

may occur. These problems can be overcome by careful catalyst selection. Nickel-

based catalysts are used to control the balance between coke formation and removal.

Careful control of the amount of nickel can result in a small loss of steam-reforming

activity coupled with a marked decrease in coking [9].

This reaction is well established for the manufacture of syngas, but has the disad-

vantage of being highly endothermic. The supply of sufficient energy to sustain not

only the high reactor temperatures, but also the reaction, results in high capital and

operating costs" [11].

The result of these disadvantages is that up to 60% of the capital cost I){ a methane

conversion plant involves gas cleaning and desulphurisation, and generation and com-

pression of syngas [8].

The largest use of synthesis gas world-wide is in the manufacture of ammonia, where

the hydrogen content is of most interest [12}. Production of synthesis gas via the

4A review of the processes and reactors used for methane conversion, and in particular

steam-reforming, is presented in Technology and JflLnufacture of Ammonia, [10].
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steam-reforming process (equation 1.1) produces a hydrogen to carbon monoxide

ratio of three as opposed to two for the partial oxidation process, equation 1.2:

(~H298 == -36 kJ/mol) (1.2)

The higher hydrogen content of synthesis gas produced by steam-reforming may

favour ammonia synthesis, but it is often too high 101' other downstream processes.

The ratio of hydrogen to carbon monoxide produced by the partial oxidation may

therefore be more suitable for certain chemical processes [13J.

In this work the partial oxidation )f methane is presented as a competitive process

for the steam-reforming process, particularly for the production of hydrocarbons

and other organic compounds. Thus in this section an overview of those technologies

which would benefit from a cheaper source of synthesis gas consisting primarily of

hydrogen and carbon monoxide in a 2 : 1 ratio, is presented. Bond [1J and Strelzhoff

[10] have given detailed overviews of those technologies which are concerned with the

hydrogen content of syngas.

1.2.2 Eischer-Tropsch synthesis

In 1923 Franz Fischer and Hans Tropsch discovered that in the presence of ferrous

metals carbon monoxide and hydrogen react to form higher gaseous, liquid and solid

aliphatic hydrocarbons. This reaction became known as the Fischer- 'Iropsch reaction

(F-T) [14}.

The SASOL process (South Africa) and the Shell Middle Distillate Synthesis process

(Malaysia) are the only known operations at present using this technology on a large

scale.
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SASOL

Synthesis gas is produced from coal for the SASOL process. The COq' ;5 gasified

and the gas purified before F-T reaction. A diverse range of products are recovered

by processes which include, ..genic separation of the light ends and st, am/oxygen

reforming of methane bac~ to syngas,

In 1980 and 1982, when the SASOL 2 and 3 plants came on line, the price of

petroleum crude was around the US$ 30/bbl mark. Even if the coal price was only

US$ 15/ton (ash free), at 1993 petroleum crude prices the construction of a new

plant based on the SASOL process was not viable. However, for remote natural gas

priced at US 50 cents per million BTU, a grassroots F-T syncruds plant would be

viable at USS 23/bbl (15% return on capital) [12].

SASOL manufactures straight-run F-T diesel which has lower sulphur, nitrogen and

aromatics content and higher linear hydrocarbon levels compared to petroleum de-

rived diesel. This makes it a high-quality product. However, for the same reason

i.e. low aromatics and high lin(.\u' hydrocarb(, . levels, F-T gasoline has a low octane

number and requires upgrading.

The greatest advantage of the SASOL process is the diversity of the products which

can be produced.

Other chemicals which can be recovered from the SASOL process include significant

amounts of phenol and cresols, from the Lurgi gasifiers. Ethanol, n-propanol, acetone

and methyl ethyl ketone can be recovered in high purity as byproducts if iron-based

catalysts are used. In low temperature F-T processes over 50% of the hydrocarbon

product consists of highly-linear paraffinic waxes, with molecular weights between

300 and about 1700. The fractionated and refined waxes can earn four times as much

as diesel or gasoline fuels.
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The largest potential for chemical production lies in the high content of linear al-

pha olefine produced in high temperature iron catalyst based F~T processes. C2

to C4 olefins are conventionally produced from ethane or petroleum naphtha crack-

lng, which at low petroleum crude prices are more competitive than via F-T. Higher

molecular mass olefins are conventionally produced by oligomerlsation to a wide spec-

trum of olefins, and then only to even carbon-numbered products. 'I'he F-T route

can produce olefins selectively with both odd and even carbon-numbered olefins.

C7 to Co olefins can be converted to the corresponding alcohols and used in the

manufacture of plasticlsers for PVC. They can also be converted, using;metathesis

processes, to more valuable higher-mass linear olefins. Cg to C12 olefina are used

ill the manufacture of synthetic lubricating oils. These, as well as linear alcohols

produced by hydroformylation of C12 to CI5 olefins, fetch high prices [12].

Shell Middle Distillate Synthesis

Tt.· objective of this process is to make kerosine and gas oil from natural gas. The

production of saturated hydrocarbons requires synthesis gas with a hydrogen/ car-

bon monoxide ratio of two, and is produced by non-catalytic, autothormal partial

oxidation. The synthesis step is a highly modernised version of F-T chemistry, em-

phasising high vialds and favourable catalyst performance. The waxy product from

the synthesis step is hydroisomerised and hydrocracked to give the appropriate yields

of distillate I}'OQucts. These products are free from sulphur and nitrogen and are

easily blendable with conventional refinery streams [8].

1.2.3 Methanol synthesis

Apart from traditional markets, a significant demand for methanol in new markets,

such as fuels, call be foreseen. In addition to this, a variety of chemicals which today

are produced from petroleum or I)Yother routes, can be based on methanol. Thus

10
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the hydrogenation of carbon monoxide to methanol is of the greatest economical and

technological importance [15].

The first industrial catalytic methanol synthesis process was introduced by BASF

in 1923. The process was based on zinc chromite catalysts, which were used almost

exclusively until 1966 when ICI introduced copper-based catalysts. With the new

catalysts the operating temperature and pressure could be decreased from 350°C to

around 250°C and from 20~30MPa to 5-10 MPa respectively. Although a number

of competitive catalysts have since been introduced, they are mostly variations of

the co-precipitated Cu-ZnO catalysts. Research into these co-precipitated catalysts

as well as Raney Cu-Zn catalysts, intermetallic catalysts, and noble-metal catalysts

is ongoing and results in continual small improvements to the technology of this

process. [16]

Since the direct oxidation of methane avoids the highly energy intensive steam-

reforming reaction (equation 1.1), this reaction has long been conceived as the most

desirable route for methanol production [16]and has become the subject of intensive

research (section 1.3.1).

The conversion of synthesis gas to methanol remains a mature and highly optimised

process, with 99% selectivity achievable. In table 1.2, the efficiency with which

synthesis gas is converted to various organic products is shown. It is evident that

the conversion of synthesis gas to low molecular mass oxygenated products such as

methanol, is more efficient than the conversion of syngas to hydrocarbons.

Methanol is a very versatile chemical intermediate and has many outlets. The largest

portion of methanol is currently used in formaldehyde manufacture. The best way

of producing acetic acid is carbonylation of methanol. Methanol can be reacted with

CO to produce methylformate and dimethyl formamide. Methanol is also used in

the manufacture of the octane booster MTBE. The vinyl acetate monomer can be

produced from methanol and syngas [12].
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Table 1.2: The efficiency of producing various products from syngas",
Reaction Syngas Efficiency"

2Hz + CO .: eH30H
21h + 2CO ? ClhCOO!!
3Hz + 2CO ;::: (CHzOHh
4Hz + 2CO ;::: CzHsOH + H20
8Hz + 4CO r= C4H90H + 2HzO
4Hz + 2CO ;::: CZH4 + 3HzO
17Hz + 8CO ;::: CaR18 + 8HzO

100%
100%
100%
72%
58%
43.8%
44.2%

a mass percent of syngas converted to the desired product
b Reproduced from [12J

.~. 1.2.4 Methanol to gasoline

Methanol can be. used as an automobile fuel, although this application has been

limited to date [12]. However, it is possible to manufacture gasoline from methanol.

This process is based on the catalytic conversion of methanol to hydrocarbons over

zeolite catalysts. This process produces C4 to ClOt and aromatic hydrocarbons, and

very few of the light gas and higher molecular weight hydrocarbons produced by the

Fischer-Tropsch process [14].

The energy crises of 1973and 1979severely weakened the economy ofNew Zealand as

it saw the percentage of its export earnings spent on fuel rise from 5% to between 20

and 30%. As a result a project was implemented to achieve about 50% self-sufficiency

in transport fuels.

The Synfuel gas-to-gasoline project at Motunui, New Zealand, was designed to pro-

duce 570 000 tonnes per annum of high-octane gasoline. The conversion takes place

in two stages: first, from gas to methanol (GTM) and second, from methanol to

gasoline (MTG). The GTM stage uses the IeI low-pressure methanol process, with

synthesis gas as an intermediatory. The MTG stage uses a fixed-bed catalytic process

with Mobil's proprietary ZSM-5 catalyst.



The plant is owned and operated by New Zealand Synthetic Fuels Corporation Lim-

ited, with 25% of the shares held by Mobil and the balance held by the government.

In 1987 the cost of producing one barrel of gasoline by the Synfuel process was

US$ 605,6 [17]. To be comparable to imports the cost of crude oil would have had to

be US$ 557• The cost to the government was US$ 45. By 1996 the loan capital will

be repaid, reducing the cost per barrel of gasoline to US$ 27 and the government

burden to USS 18. However, in real terms the cost of gas would continue to decrease,

further reducing the gasoline cost per barrel to US$ 21 and the cost to the state to

US$ 14 by the year 2000.

In 1987 it was forecast that New Zealand would import 2,1 million tonnes of crude

oil, less than half of that imported in 1973/74. The advantages ot this increased

self-sufficiency could be significant, especially in the medium to long term [171.

Mobil Olefin to Gasoline and Mobil Olefin to Gasoline Distillate

Mobil has developed an alternate process to that employed at Motunui, which

also uses methanol as a feed and ZS\1-5 catalysts. This process combines Mobil's

methanol to olefin (MTO) and the Mobil olefin to gasoline and distillate (MOGD)

processes. Product flexibility, which allows the plant to adapt to market demands,

high yields and excellent product quality make this combined process an attractive

alternative for producing a wide range of hydrocarbon products from natural gas or

coal (18].

5The prices quoted are in 1987 DS Dollars where US$ 1 = NZ$ 1,85.

6It is assumed that the plant operates at design efficiency and capacity.

7To calculate the equivalent crude oil cost price, subtract US$ 7 from the price per barrel

of gasoline.
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Topsee Integrated Gasoline Synthesis

In the future synthetic fuel plants are most likely to be situated in areas where the

cost of natural gas is very low. For plants of this kind a low investment is essential,

since investment costs will constitute a high proportion of the production costs due

to the low energy price. Consequently, further development of the New Zealand

Synfuel process should aim at reducing the investment.

In contrast to the New Zealand Synfuel process, the 'Iopsee Integrated Gasoline Syn-

thesis (TRiAS) process integrates the methanol synthesis and MTG process steps

into a. single synthesis loop. In the integrated loop the :first step is a process devel-

oped by Halder Topsce A/S. It uses a multi-functional catalyst system to produce

a mixture of oxygenates, not just methanol. The second step is similar to Mobil's

MTG process. Using the integrated loop allows the process to operate at the same,

relatively low pressure, keeping the process as simple and cost effective as possible

[19].

1.3 Nat oral gas -- future potential

From the discussion in the previous section, it is evident that for the production of

organic compounds, processes using synthesis gas as a feedstock hold great potential.

These wen-established processes call flexibly produce a wide range of organic chemi-

cals of a high quality and at high yields. Since synthesis gas manufacture represents

the greatest capital and operational cost in such processes considerable effort has

been dedicated to improving this process, and to processes that would eliminate the

need for synthesis gas production.

14



The partial oxidation of methane to synthesis gas is concerned with the production

of synthesis gas under thermodynamically favourable conditions. The oxidative cou-

pling to e!;hene, partial oxidation of methane to oxygenates, and oxychloro routes

would eliminate synthesis gas as an intermediate.

1.3.1 Oxidative coupling

In table 1.3 the free energies and enthalpies of formation are given for various methane

conversion reactions at 25"C and l0000C 8.

Table 1.3: Free energies and enthalpies of formation.
Number Reaction AG250C t.1GlOOOoc AH250C .6.HlOoo'C

IkJ/mol] [kJ /molj [kJ/molJ [kJ/lnol)

Steam-reforming":

I(i) CH4 + H20:;;::: CO + 3II2 +142 -96 +206 +227
Partial Oxidation to Syngas:

(ii) CH4 + !02 :;;:::CO + 2H2 -86 -271 -36 -22
Coupling:

(iii) 2CH4 :;;:::C2H6 + H~ +69 +70 +32 +38
(iv) 2CH4 :;;:::C2H4 + 2H2 +170 +42 +101 +110
(v) 2CH4 :;;:::C2II2 + 3H2 +311 +58 +3'f5 +405

Oxidative Coupling:
(vi) 2CH4 + ~02 :;;:::CZH6 + H2O -160 -107 -177 -174
(vii) 2CH4 + O2 :;;:::C2H4 + 2IIzO -2C\7 -313 -282 -278
(viii) 2(:H4 + J02 :;;:::C2H2 + 3H'l0 -37.) -475 -349 -344

Partial Oxidation to Oxygenates:
(be) CH4 + ~02 :;;:::CH40 -111 -58 -126 -127
(x) CH4 + 02 ~ CH20 + H2O -290 -307 -285 -287

Full Oxidation:
(xi) CH4 + ~02 :;;:::CO + 2H20 -546 -628 -519 ·,521
(xii) CH4 + 202 :;;:::C02 + 2H20 -801 -910 -802 -803

a LiG =:: 0 at 620°C

8The values in table 1.3 were calculated using the software provided with G'ht~mical tmd

Engineering Thermodynamir.s (20).
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The industrial importance of ethene as a feedstock is illustrated in figure 1.1 (repro-

duced from Heteroqeneous Catalysis: Principles and Applications [1]).

Simple dehydrogenation to (predominantly) acetylene is possible by the electric arc

process and by thermal-cracking. The fractional conversion of methane to C2 hydro-

carbons is relatively low, 10-20%by volume in the exit gas. Carbon and hydrogen are

generated as byprcducts. In the electric arc process hydrogen is a valuable byprod-

uct, but in the thermal-cracking process the off gases are used for heat generation.

The economic viability of both processes is dependent on good heat recovery, with

the electric arc process strongly dependent on cheap electricity.

High-temperature gas-phase partial oxidation to acetylene is a flame process (1500.

1550°C) achieving 95%methane conversion, but only about 30% acetylene selectivity.

The remainder is converted to CO, CO2 and H2•

Due to the stability of the C-H bond (415,8 kJ/mo! [21])extremely high temperatures

are needed to activate methane. The bond energy of an 0-0 bond is o:cly 138kJfmo]

[21], and oxygen radicals are produced at lower temperatures than those needed for

C-H bond breaking. The oxygen radicals remove hydrogen from the methane to

produce water. The resulting radicals can then couple, or react to form CO and

CO2• The reaction is surface catalysed by 0- sites according to reaction 1.3:

The final step is not likely to be a surface reaction, but rather the result of gas-phase

dimerisation of the two desorbed methyl radicals. Ethane may undergo dehydrogena-

tion oxidatively on the surface via ethyl radicals. Non-selective oxidation is thought

to occur via methyl peroxy radicals formed from methyl radicals reacting with 02 or

through the gas-phase combustion. of the hydrocarbon products, especially ethylene

[22]. In the presence of oxygen, gas-phase ethane is converted to ethene and water

[23].
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Figure 1.1: Some industrially important reactions of ethene
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Using available technology, the cost of producing one gallon of f:.:asolineat a 10600

bpd plant via an oxidative coupling route is US$ 2,09 compared to US$ 1,l}4for a

similar syngas-methanol process. The two routes are similar in that most fixer! in-

vestment is in the methane conversion portion of the processes. The syngas-methanol

route does have a cost advantage due to higher selectivity to final products (nearly

100% to methanol versus '/7% to C2's for methane coupling). The comparison, how-

ever, is encouraging since the oxidative coupling route is still in its early stages of

development, while the syngas-methanol process has many years of development and

commercial practice behind it f22].

1.3.2 Partial oxidation to oxygenates

The versatility of methanol and.its industrial importance has already been discussed

ill section 1.2.3. The properties which make formaldehyde valuable are its chemical

reactivity, its colourless nature, its stability and the purity of its commercial forms

[24J. Formaldehyde Is used as a basic chemical building unit in a large range of

organic compounds, from amino and phenolic resins to slow-release fertilizers. It

is also used in the synthesis of chelating agents, textile finishes and acetyl resins.

Its significance is highlighted by the fact that, historically, almost half of all the

methanol produced globally has been to produce formaldehyde [25]. Formaldehyde

is easily reduced by hydrogen back to methanol over many metal and metal oxide

catalysts [2].

Methanol is known to cause blindness if ingested, and 25-100 ml of methanol by

mouth is reported to be fatal [25J. In spite of this methanol is dangerous to aquatic

life only in high concentrations, while formaldehyde solutions are harmful to aquatic

life ill very low concentrations [26]. This makes methanol preferable for bulk trans-

portation.
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The direct partial oxidation ofmethane to formaldehyde Ormethanol would eliminate

the need for synthesis gas as an intermediate for producing oxygenates. The par-

tial oxidation of methane to formaldehyde and methanol occurs over the same acid

based catalysts, but under different reaction conditions, with formaldehyde being the

favoured product at higher temperatures and lower pressures,

Synthesis of methanol or formaldehyde implicitly requires the formation of a carbon-

oxygen bond. As a result reactions ix to xii in table 1.3 form a sequence from the

activation of methane via methanol and formaldehyde to full combustion products.

The intermediate oxygenates are less stable and carbon oxide formation is favoured

[4]. However, there is a. redeeming advantage to these reactions, sil7!cegood selectivi-

ties are achievable, albeit at low conversions, the liquid products are easily separated

and the unreacted feed gases can be recycled [27].

Research by Foulds and Walker [28], suggests that the significance of gas-phase re-

actions has been largely underestimated. Results were obtained without a catalyst

which were comparable to those obtained with catalysts present. This raises ques-

tions concerning the role of the catalyst. It has been suggested that future research

be aimed at low-temperature catalytic radical initiation. A review of the mechanistic

features of these reactions is presented Pitchai and Klier [29].

Using a novel process, workers at Catalytica [301 have claimed to achieve yields of

43% at the relatively low temperature of 180aC. The reaction takes place in two

stages, the first a sulphuric acid bath in which the methane is converted to methyl

bisulphate in the presence ()f a mercury catalyst. 802 is evolved from the second stage

as the methyl bisulphate intermediate is dissolved ill water. The S02 is recove- ed

and used for sulphuric add production.
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1.3.3 Oxychloro routes

Methane can be selectively chlorinated by means of catalysts to methyl chloride

(equation 1.4):

(1.4)

Methyl chloride in turn can be converted into higher hydrocarbons over ZSM~5, via

reaction 1.5:

(1.5)

Where -(CH2)n- represents aromatics, olefins and paraffins. The HCl could then

be converted back to Ch and recycled (7J.

A process for the production of aromatic rich gasoline boiling range hydrocarbons

from methane is therefore possible [31J.

The oxidative coupling of methane to C2 products using chlorine as an oxidant is also

possible. In a flame reaction with CIldCh ::::1 at 1700°C, the reaction produces

mostly ethylene with chlorine emerging as HCI. Again this could be recycled as

chlorine after conversion by the Deacon process (7].

These processes, however, suffer from the presence of high concentrations of corrosive

He1, and the problem of converting Hel to Ch for recycle [23].
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1.4 Partial oxidation to synthesis gas

In general the oxidative conversion of methane to value-added products takes the

form:

(1.6)

The desired intermediate products can only be obtained at high methane conversions

if k2 < k1• Intermediate products are thermodynamically less stable than combustion

products, and are also more easily activated than methane. Catalysts which activate

methane usually activate the intermediate products, especially at high methane con-

versions. Thus as the methane conversion increases so the selectivity decreases, and

thus there is an upper limit to the attainable yield of the desirable product.

This phenomena is evident in oxidative coupling (section 1.3.1) and the partial oxi-

dation to oxygenates (section 1.3.2), but not in the partial oxidation of methane to

synthesis gas [27].

For the production of synthesis gas the partial oxidation reaction is thermodynami-

cally more favourable than the widely utilised steam-reforming route (table 1.3). The

steam-reforming reaction is highly endothermic and is only favourable at high tem-

peratures, which results in certain process disadvantages (section 1.2.1). The partial

oxidation reaction is mildly exothermic and favourable even at low temperatures.

1.4.1 Reaction mechanism

Prettre, Eichner and Perrin [32] noted that the gas products from the partial oxida-

tion of methane were not well represented by equation 1.7:

(1.7)
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They also observed that the temperature at the front of t1r,';t catalyst bed was

very high and decreased rapidly before stabilising. Other workers have subsequently

observed the same phenomena [33, 34]. This the authors proposed was consistent

with an exothermic reaction followed by an endothermic one. The temperature

observed at the front of the catalyst bed was too high to be caused by the partial

oxidation reaction (equation 1.7). This prompted Prettre and his co-workers to

propose a combustion and reforming mechanism.

J~was reasoned that the high temperatures were caused by the combustion of methane

in the relatively oxygen-rich feed as it first came into contact with the catalyst :'., ;1 c, ,

tions 1.8 to 1.I(J).

(1.8)

(1.9)

(1.10')

T·t· .would result in the complete combustion of the oxygen, but not all the methane.

~ he energy derived from these exothermic reactions would then drive the reforming

reactions (equations 1.11 and 1.12) and the water gas shift reaction (equation 1.13):

(i.n)

(1.12)

(1.13)

A model was devised based on this mechanism, which predicted the gas product-

from the partial oxidation of methane, this time with greater accuracy.
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Prettre ei al [32] also observed that decreasing the length of the catalyst bed resulted

in a greater yield of combustion products rather than reforming products. Further,

uncombusted CH4 was also more prevalent in the product stream. Similarly, other

workers noted that at larger space velocities [35, 33] or higher oxygen/methane ratios

[:35, 36] that C02 and h20 selectivities increased at the expense of CO and H2.

Using this mechanism the conversion of methane is thermodynamically predicted to

be 42%, with 21% selectivity to CO and a Hz/CO ratio of 4,7. This result is based

011 a methane to oxygen ratio of 2 : 1, at one atmosnhere and 500°C. At 750°C these

values change to 91% methane conversion, 96% selectivity to CO, an •.: a H2/CO ratio

of 2,0.

Schmidt and his co-workers were unable to explain some of their results hy means

of the combustion and reforming mechanism, but found that their results were more

consistent with a direct partial oxidation mechanism [equation 1.7) [37,38]. These re-

searchers developed a model uring a 19-step surface mechanism, which allowed them

to predict the behaviour of the partial oxidation reaction with reasonable accuracy

t!uder different conditions.

Schmidt's group studied pure metal surfaces, not supported metal catalysts. It is

possible that the reaction mechanism ill the presence of pure metals is different from

that in the presence of supp- ,rt~d metals.

Lapszewicz et al [13] carried out methane-deuterium exchange experiments over Rh,

Ru, Pt and Pd supported on MgO. By passing a mixture of D2 and CH4 over these

catalysts they found that the most active catalysts (Rh, Ru and Pt) favoured the

formation of CD4• The Rh catalyst showed very low conversions of methane and

produced only CH3D. This correlation between the most active catalysts and the

complete dissociation of methane indicated that surface carbon Is the precursor of

COx products. They have also suggested that C-H bond scission is the rate limiting

step.
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1.4.2 Coke formation

Carbon deposition processes which are thermodynamically favourable below 1200°C

are the Boudouard reaction, equation L14, and the catalytic decomposition ofmethane,

equation 1.15.

2CO ~ C+C02 ~1.14)

(1.15)

Claridge et at [39J passed pure ClI .. ld pure CO over supported nickel catalysts

at various temperatures and monitore« the formation of amorphous surface carbon.

They have shown that the Boudouard reaction dominates at lower temperatures,

while the methane decomposition reaction dominates above about 650°C. This was

supported by their observation that at high temperatures the carbon build up oc-

curred at the front of the bed, where the partial pressure ofmethane was the greatest.

Lapszewicz et al [13]observed that when a mixture of D2 and CH4 were nassed over

Pd on MgO only CH3D was produced. This suggests that the Pd surface is covered

with surface methyl groups not surface carbon species (section 1.4.1). It was also

noted that. at temperatures above 650°C the formation of coke caused Pd supported

on MgO to deactivate. Thus the authors have proposed that amorphous carbon is

formed from the products of partial dissociation ofmethane such as adsorbed methyl

groups.

1.4.3 Temperature measurement

Choudhary and co-workers [40] reported that high conversion and selectivity to CO

were possible over a variety of catalysts at low temperatures, even as low as 350°C.



In these experiments, the researchers used thermocouples, a conventional method,

for temperature measurement.

Heinemann and Chang [36] repeated these results, also using thermocouples, but

observed tbat the catalyst glowed, even at 'low' temperatures. Using an infra-red ra-

diation thermometer Heinemann and Chang measured the catalyst bed temperature

to be 127QoC,while the thermocouples at the front and rear of the bed measured

450°C. Even without heating the reaction was sustained, and with additional cool-

ing the reaction 'was eventually extinguished at 340°C (1150°C using the infrared

radiation thermometer).

This discrepancy C<."l be explained by the combustion and reforming mechanism.

The initial combustion reactions are highly exothermic (equations 1.8 to 1.10). The

energy from these reactions sustain the combustion reactions at low feed-gas tem-

peratures and provide the energy for the endothermic reforming reactions (equations

1.11 to 1.13)9. Since energy generated by the combustion stage is utilised in the

reforming stage, very little energy is retained by the gas. Thus neither the feed-gas

nor the exit-gas temperatures are representative of the temperature on the surface

of the catalyst.

Sophisticated temperature measurement is essential for the kinetic studies. Without

it measurement of the ignition and antothermal reactor temperatures in the differ-

ent reaction zones would be impossible. In reaction studies conducted to determine

the activity and selectivity of a particular catalyst, conventional techniques are ac-

ceptable, bearing in mind their limitations. Most workers have utilised conventional

techniques, and thus most of the results reported are with reference to the feed-

gas temperature rather than the catalyst temperature. An understanding of the

limitations of the method of temperature measurement used by different workers is

necessary before comparisons of their work can be made.

9The thermodynamic data for these reactions is found ill table 1.3.
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1.4.4 Catalysts

Since the first work done by Prettre and co-workers [32], supported nickel catalysts

have been studied in detail. Based on their observations Prettre et al proposed the

comb6.5tion and reforming mechanism (section 1.4.1), which predicted values in close

agreement with their observed exit gas compositions.

Lunsford and his co-workers [33} used XPS and XaD methods to study a 25 wt%

Nil Al203 catalyst after exposure to the methane partial oxidation reaction. It was

found that the composition of the catalyst bed varied with temperature. The workers

also found that sufficiently large decreases in contact time caused deviations from

equilibrium. At reaction temperatures above 450°C, complete combustion &[ O2

takes place in spite of decreased contact times. Thus the deviations from equilibrium

were explained as being due to incomplete reaction of CH4 with C02 and H20.

They also observed that no carbon formed below 700°C, where only CO2 and IhO

were produced. Above 750°C a monolayer of carbon was formed. The formation of

carbon was related to the methane-to-oxygen ratio. At ratios of CH4/02 ~ 2, the

reaction produced large amounts of carbon, while for CH,!/02 ~ 1,25 but less than

2, there were no significant deposits of carbon. The products at these low ratios were

principally C02 and H,~O.

Choudary ei al have described c. series of catalysts of the form NiO /MOx (M :;:

lanthanides, AI, and Mg, with Ni : M ~ 1 : 1). Carbon deposition was substantial in

the presence of the lanthanide catalysts, but had little or no effect on the catalytic

activity or selectivity [41]. Using the NijMgO catalyst the effect on the reaction of

temperature, reduction, Gas Hourly Space Velocity (GHSV) and the ratio of Ni to

Mg [42] was studied. With a feed of 67 IUol% CH4 and :3:3 lllol% O2 and a GHSV of

4.95 X 10-5 h-1 at 1 atm, and a 18,7 wt% Ni/Ah03 catalyst, 87,2% conversion and

98,0% selectivity to CO was claimed [43].



Hayakawa et at [44] prepared Cal-xSrxTi03 based mixed oxide catalysts contain-

ing chromium, iron, cobalt 01' nickel. Both the nickel and the cobalt catalysts

showed high activity and selectivity to synthesis gas. XRD studies of the nickel

and the cobalt catalysts showed that cobalt and nickel metal particles were sep-

arated fro III the perovskite structure, Cal-xSrx Ti03• Prior to pre-treatment the

Can,8Sro,zTio,aCoo,z03-S catalyst gave 30,6% methane conversion and 16)9% selec-

tivity to coupling products. After treatment in CH4 at 775°C for an hour, 70,9%

conversion of methane and 96,8% selectivity to CO was achieved. The pre-reduction

Can,sSro,2Tio,sCOO,203-5 yielded a material which had an XRD pattern very similar

to that of Ca'I'i03, while after reduction the pattern showed evidence of metallic

Co (JCPDS: 15-806, see section 2.3.4). These metallic sites were thought to be the

active catalytic species.

Green et al examined transition metal catalysts for the partial oxidation of methane.

A series of rare earth pyrochlores, LnzR.uz07, converted methane to synthesis gas

with yields and selectivities closely approaching those expected from thermodynamic

calculations. These catalysts showed that reduction had occurred resulting in ruth e··

nium metal particles [45]. They also showed that Ni, Ru, Rh, Pd, Pt and Ir, either

supported 011 Alz03 or present in mixed oxide precursors also catalysed partial oxi-

dation of methane. The Ni and Pd catalysts produced heavy carbon deposits. The

Ir and Rh catalysts showed no carbon deposition or deactivation [35].

Schmidt and his co-workers [38, 37, 46, 47] have studied the partial oxidation of

methane to synthesis gas over various metal-coated monoliths. The experiments

were conducted autothermally with residence times of as low as 10 ms, and gas flow

rates of about 4 standard litres pel' minute at around 1,4 atm. Table 1.4 shows a

summary of their results.

They have ale • ,,"own that CO and H:acan be produced from methane in a fluidised

bed reactor [48J. Conversions of greater than 90% and aelectivites of higher than

95% were achieved.
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Table 1.4: Comparison of metals for the partial oxidation reaction
Mel", and
Loading TRc3.ction Atfli4 SK2 Sca SI"bilily Ch,mgeB Coke

4,10
(iVl%) (OC) Formation

4% RIl -930 0,80 0,90 0,96 arable No
3% Ni -730-830 0,80 0,91 0,93 deacvlvates Volatilisation. No

slowly :formMion of
oxide & aluminate

2,5% Ir -920 0,73 0,85 0,94 atable No
4,1% PI -1130 0,67 0,78 0,94 ateble Some
3% Co -1000 0,20 O,H 0,66 deactivates formation of aluminate No

3,5% Pd-La20a ... 1200 0,56 0,51 0,83 dencrivates pore blechage Hea.vy
0,5/4% Re dMclival •• quickly due to \'olatili""Uon of th. metal No
5,5% Ru exflnguiehed in CH4 phase change No
6,5% Fe .xtinguislted in CH4 phase ch ..nge Seme

~epr"duced in p,,,t from [47].

A detailed comparison of supported ruthenium and nickel catalysts was conducted

by Poirier and his co-workers [49]. They found that as little as 0,015% Ru on Ah03

gave a.higher activity and selectivity than 5% Ni on Si02•

Kunimori et al [50] found that RhV04/Si02 reached a maximum conversion of 90%,

while the unpromoted Rh/Si02 reached almost 100% conversion, with very high

selectivity to synthesis gas for both catalysts.

Jones and co-workers [51]have shown that the pyrochlore structure of EU2Ir207was

destroyed during the initiation of the catalyst, giving an active catalyst that com-
o

prised particles of iridium metal of about 30 A in diameter supported on europium

oxide. A sudden increase in synthesis gas production corresponded to the onset of

the reduction.

ZSM-5 catalysts containing various metals have also been tested for the oxidation

of methane [52]. While methanol was the product of interest, and conversions were

low, moderate selectivity to synthesis gas was obtained.

The direct conversion of methane to synthesis gas over cerium oxide was demon-

strated by Otsuka and his co-workers [53}. The reaction takes place in the absence

of gnseous oxygen. Once the metal has been fully reduced it can be regenerated by

converting C02 to CO over it.



1.5 Aims of this work

The potential of natural gas as a feedstock for the production of chemicals tradition-

ally produced from petroleum crude, has been highlighted in the previous sections.

Most currently available technology uses synthesis gas as an intermediate. The cost

of producing synthesis gas is widely recognised as the stumbling block to low invest-

ment methane conversion processes. There are two options: either to find processes

that can produce synthesis gas cheaply, or to find direct conversion technologies

that bypass this intermediate. The technology available for the direct conversion of

methane to value-added products such as methanol is still far from viable, but in the

medium to long term these processes will mature.

In the short term, processes that could produce synthesis gas at lower capital and

operating costs could replace current conversion techniques without affecting down-

stream processes. Thermodynamically, the partial oxidation of h.:ethane to synthe-

sis gas has the potential to be operated autothermally, This has been successfully

demonstrated on a laboratory scale by Schmidt and his co-workers (47J. Thus, com-

pared to the endothermic steam-reforming reaction, energy consumption could be

dramatically reduced.

Their experiments were conducted at low contact times. The lower the contact time,

the smaller the reaction vessel needs to be, and the less the catalyst required. Both

result in cost savings.

A fluidised bed reactor has been successfully used for the same reaction [48]. The use

of simple reactor technology reduces the capital cost of the process. However, the

remaining obstacle to the process is the availability of a suitable catalyst. Most of

those catalysts which have shown potential use noble metals. From Schmidt's results

(table 1.4) the pick of the noble metals are rhodium and iridium. They are both

highly active and selective, and do not deactivate or coke. Not considering the cost

of these materials, it is unlikely that there will ever be sufficient production of these



metals for them to be widely implemented. In addition to this, the wide scale use

of a metal such as rhodium would cause shortages, resulting in price increases that

would negate any benefit derived from other cost savings.

As far as the ferrous metals are concerned, nickel, although active [43, 33], deactiva .._,

slowly [47] and is known to result in the formation of coke [33]. Cobalt, is both active

[44} and has not been observed to form coke. However, Schmidt and his co-workers

[47] reported cobalt deactivation due to phase change and volatilisation.

The aims of this project were twofold: firstly to find a catalyst which could be used

to produce synthesis gas actively and selectively. Not only this, but the catalyst

should be able to operate at low contact times, and not coke or deactivate. Above

all the catalyst must be affordable, robust and easy to produce in bulk.

The second objective was to understand the behaviour of the catalysts to be inves-

tigated and relate the behaviour to other published results.

The successful use of cobalt-ruthenium bimetallic catalysts for the Fischer- Tropsch

reaction [54] was the first source of inspiration. Although the reaction conditions

differ substantially, the F-T reaction is essentially the reverse reaction of the partial

oxidation reaction. By adding small amounts of ruthenium to cobalt catalysts, dra-

matic improvements in catalyst activity and selectivity were achieved for the F-T

reaction. It was hoped that the ruthenium and cobalt interaction would result in a

stable, active metallic species for the partial oxidation reaction.

Alumina was chosen as the support because of its known use as a support for the

activation of methane [55].



Chapter 2

Experimental methods and

apparatus

2.1 Reaction studies

To achieve the objectives laid out at the conclusion of the previous chapter, i.e. the

identification and characterisation of catalysts active and selective in converting nat-

ural gas to synthesis gas, required the use of a variety of experimental setups. Most

of the equipment needed for the characterisation studies had been constructed by

previous researchers in the group. It was however necessary to assemble an instal-

lation capable of analysing the product gases of the reaction between methane and

oxygen in the presence of a catalyst.

The equipment and techniques used in conducting these studies on the behaviour of

various catalysts, are explained in this section.



2.1.1 Installation

A schematic representation of the installation used is shown in figure 2.1.

A mixture of methane and air was fed, via a system of valves housed in the Thermal

Conductivity Detector (TCD) oven, A (figure 2.1), to the reactor, R. By switching

valve VR, the reaction mixture could bypass the reactor for analysis. The flow rates

of the two gases in the mixture were controlled with mass flow controllers. On/off

valves allowed each gas line to be preferentially selected.

The 3-way valve, V3, on the methane line allowed a third gas to be used, at the same

flow rate as the methane. This facility was used for in situ reduction of the catalysts

in hydrogen.

The product gases after being routed via two pneumatically operated sampling valves,

81 and 82, were vented to the atmosphere. The sampling valves were connected to

the same actuator to allow simultaneous sampling.

A 30 nil/min stream of hydrogen, controlled with a mass flow controller, was used

as the carrier :gas for the Flame Ionisation Detector (FID). During sample collection,

the product gas stream was routed through the sample loop, and the carrier was

bypassed. By switching the valve; the carrier was re-routed through the sample loop,

and the product gases in the sample loop at the time of switching were "captured"

in the carrier stream. The product gases were then separated in a 3,0 m Porapak QS

column at 60°C, B. After this, the products passed through a 0,8 m column packed

with a Ni02/ Al203 catalyst, heated to 350°C, C. The FID, fuelled by the hydrogen

carrier, operated at 2501.lC.An injection port, operated at 150°C, was available for

calibration or off-line analysis.

The inert feed was split and both streams were routed via pressure controllers. The

reference stream flow rate, 30 ml/min, was controlled with a needle valve. The

sample stream passed through the sampling valve and the Carbosieve SII column



prior to detection in the TeD. Both the sampling valves, Carbosieve S!I column and

the TCD were operated at an oven temperature of 85°C.

The amplified signals from the two detectors were collected and integrated on a

Varian 4290 integrator. The integrator also controlled the actuator used to control

the sampling valves.

Two variations of this installation configuration were used during the course of this

project. The original reactor, figure 2.2~ was of a ssandard design and enabled

temperature measurement of the gases above the catalyst bed. This reactor and

the corresponding TeD oven temperature (see section 2.1.4) were used during the

experiments on t!t<r bimetallic catalysts (section 3.1.2), and the screening experiments

(section 3.1.3). The large reactor volume of the original reactor was required to

accommodate the thermowell, but this resulted in a large; residence time of the feed

gas and consequently gas-phase reactions (tables 3.1).

The original reactor (figure 2.2) was replaced by one of lower volume (figure 2.3)

which reduced the outer diameter from 18 film to 6 rom. This reduced gas-phase

reactions to the extent that they had little influence on the results (table 3.2). The

disadvantage of this modification was that accurate measurement of the feed-gas

temperature was sacrificed. At the same time as these changes were introduced,

modifications in the TCD analysis were also introduced (section 2.1.4). Apart from

these adjustments the installation remained unchanged for the duration of the ex-

perimental work.

2.1.2 Temperature measurement and control

The reactor jacket and the oven housing the Porapak QS column were controlled with

multi-ramping temperature controllers. All thp other temperatures were controlled

with isothermal controllers.
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The reactor jacket temperature was measured by a thermocouple placed inside the

jacket, but outside the reaccor. This thermocouple was used to control the jacket

temperature. A second thermocouple was used to measure HIe temperatures reported

with the results. Using the original reactor (figure 2.2) this thermocouple was posi-

tioned Inside the thermowell, giving the feed-gas temperature. When the modified

reactor was (figure 2.3) installed, this thermocouple was strapped with NiCr wire to

the outside of the reactor. This gave the temperature; immediately adjacent to the

catalyst, outside the reactor, as opposed to the temperature adjacent to the heating

jacket.

Inside the heating jacket were different temperature zones, the hottest of which was

assumed to be at the centre TIle reactor was positioned such tha: the catalyst bed

coincided with the middle of the heating jacket.

2.1.3 Gas velocities and catalyst mass

The initial criteria for the choice of catalyst mass to be used was governed by the

geometry of the original reactor (see figure 2.2).. 'Io cover the frit with a layer of

catalyst, approximately 100 mg of catalyst was needed.

To minimise gas-phase reactions high gas 110wrates are desirable. This meant that

the contact time had to be small, and a varue of 0.01 s was achieved by setting the

mass flow controllers OIl the air and methane lines to give flow rates (at room tem-

perature and atmospheric pressure) of 428 cm3/min and 180 cm3/111ill respectively.

A catalyst density of 1 g/cm3 was measured for tue 'i'-A1203 support. The same

density was assumed for all the catalysts in order to be able to calculate flow rates

from the contact time and catalyst mass.

Assuming that oxygen makes 'up 21% of air, the ratio of methane/oxygen was two.

Over a period of a fortnight a variation of only ±2% in this ratio was observed. This



is well within the accuracy of the measurement technique used to measure the flow

rates. The overall flow rate was observed to be marginally lower than the sum of

the two individual flows. This may be due to the mixing properties of the gases, or

experimental errors.

2.1.4 Analysis

Two different detectors were used for the analysis of the products. Firstly, a Thermal

Conductivity Detector (TeD) was used to detect differences in the thermal conduc-

tivity between the product gas and a reference stream of the carrier gas. Secondly,

a Flame Ionisation Detector (FID), which in essence measures the heat of combus-

tion of the products in air, was used, As the product gas passes through one of

the detectors the composition and consequently the chemical properties of the gas

change. These changes, due to upstream separation, are translated into electronic

signals which are then amplified and recorded by the Varian 4290 integrator.

The shape of the peak recorded indicates a great deal about the product gas. For

example, a large sample of a light gas, which easily passes through the gas chromate-

graph will have low retention time, with a sharp, narrow peak. A sample of a gas of

a large or reactive molecule would be retarded by the column packing and thus have

a higher retention time and produce a broad, blunt peak. Since each product has

different chemical properties, to produce the same area on the integrator requites

different amounts of each product. Therefore, in order to compare the amounts of

gases produced, it is necessary to find the relative intensity of the signals produced

by each produce.

One of the features of the installation W(l.S the 0,8 m column packed with Ni02/-

Ah03 catalyst. Passage of the product stream over this catalyst wi~h an excess of

hydrogen (the carrier gas) resulted in all the carbon containing compounds (e,g. CO

and C02) being converted to methane. Since hydrogen was the carrier and water is
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not combustible in air at the detector temperature, the only compound ever detected

by the FID was methane. Thus, each carbon compound is detected with the same

sensitivity, and the integrated areas reported therefore give a carbon balance.

To test the efficiency of the methanator equal volumes of C02 and CH4 were injected

into the FID analysis system" The methanator temperature and the length of the

column were adjusted to ensure complete conversion of the C02. Since CO2 is the

most stable of the expected products it was assumed that all the other products

would be converted to methane.

The only disadvantage of the system is that by using hydrogen as the carrier gas,

the hydrogen produced in the reaction is not detected. Hence, hi order to determine

the hydrogen produced, a TCD was needed.

During the early stages of the project, while the original reactor was being utilised,

there appeared to be 110 need to use the Ten to detect any compounds other than

hydrogen. Thus, due to its low cost, nitrogen was used as the inert carrier. Sep-

aration of hydrogen from the other components was achievable at 150°C, at which

temperature water also remained a gas. However, the advantages of being able to

detect the nitrogen content of the air soon became apparent, and the nitrogen carrier

was replaced by argon. These changes were introduced at the same time as changes

to the reactor system were introduced (section 2.1.1).

The ability to detect nitrogen makes it possible to compensate for the changes in

stoicheiometry due to reaction. To illustrate the. point: in the feed stream there

is a particular amount of CR..\ available for conversion to other carbon containing

compounds. The amount of O2 ill the feed Is half that of CH4' The ratio of N2 to

O2 will thus correspond to the composition of air. Hence the gas ratios are: ~ 02, ~

CH4 and ~ N2'

If all the CH4 and 02 were converted to synthesis gas, then the methane and oxygen

would form 1 mol CO and 2 mol Ih for each mol CH4 and half mol 02. This means
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that) excluding the nitrogen, the product stream would have twice tho number of

moles found in the feed. If the nitrogen is included the product mixture would

contain: l CO, ~ Hz and ~ N2•

If constant volume samples were taken of the feed and product streams, it would

appear that there was less carbon in the product stream than in the feed. This needs

to be compensated for, and is easily achieved by using the nitrogen as a measure of

the "carbon shrinkage" due to the stoicheiometric expansion.

To achieve the best possible separation of hydrogen and nitrogen, the temperature

was reduced to 35°C. Water was condensed out after the reactor, as shown in fig-

ure 2.3.

2.1.5 Calibration

In the previous section it was proposed that the FID areas can be used to determi+-

the carbon balance. Since the sample size is arbitrary, and the units of area on the

integrator are also arbitrary, one unit area.was arbitrarily set to correspond to one

mole of CH4• Since all the carbon-based products are converted to and detected as

CH4, the ratio of areas reported by the integrator is consistent with the ratio of the

amounts of each product. Products such as C2H4,C2H2and C3H6are considered to

be present in appropriate fractions of their areas.

To relate the amount of hydrogen to that of the other products, it is necessary to

relate the area of hydrogen on the TCD to the area that ths same amount ofmethane

would produce on the FID.

The fraction, x of hydrogen in the TCD sample loop is given by:

(area of H2 in a TCD sample)
x= (1.reaof pure H2 sample in the TCD) (2.1)



For a sample in the FID containing the same fraction, x of methane:

(area of CH4 in a FID sample)
x= ~~--------~--------~~~~

(area, of pure CH4 sample in the FID) (2.2)

By equating and rearranging equations 2.1 and 2.2:

(area of pure CH4 in the FID)
JiH = aH ~ - .

2 2 (area of pure H2 in the TCD) (2.3)

Where nIh is the number of moles of hydrogen and aH2 is the area reported by the

TeD for a given hydrogen sample.

The area produced by a pure g,;.,Ssample was obtained by rell?"',cing the feed gas with

the pure gas, and recording the area of a sample, taken as if it were the product gas.

A problem was encountered during the calibration of methane in the FID. The ar-

eas recorded varied by as much as 20%. The experiments were conducted hourly

overnight, and the deviations appear to correspond to ambient temperature changes.

There is no apparent reason for this behaviour, which is evident in figure 3.L

To obtain a sensible value for the FID area produced by a pure methane stream

a catalyst which appeared to produce no water (10%/C/'Y-.Ah03) and which was

highly selective to CO, was used. Since no condensate was evident, 100% selectivity

to hydrogen was assumed. The hydrogen/ carbon monoxide ratio was assumed to

be two. The area required to give such itt result was calculated and used as the

calibration value. It needs to be pointed out that the value calculated fell within the

measure.l range of values.

41
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2.1.6 Experimental procedure

Due to the automation possible with the programmable integrator and multi. ramping

temperature controllers, the experimental procedure was relatively simple and ex-

tremely flexible. What is described in this section is a typical series of experiments

carried out on a catalyst.

After weighing out 0,1000 g ± 0,0005 g of catalyst, it was poured into the reactor,

such that it would either covel"" iartz frit (see figure 2.2) or be placed onto the

quartz bead support bed (see figure 2.3). The reactor was then secured inside the

heating jacket.

Hydrogen gas was directed through the reactor using the three-way valve (V3, fig-

ure 2.1), while the oxygen flow was shut off. The heating jacket temperature con-

troller was programmed to heat ( maintain 600°C for 30 minutes, and then

decrease the setpoint to 500°C. G..\"~.no reactor had reached the setpoint tempera-

ture the three-way valve was switched to replace the hydrogen with methane. After

a short delay the oxygen was introduced. The time delay depended on the volume of

the reactor and consequently on the time taken to flush the hydrogen from the reac-

tor. If the oxygen was introduced too quickly it would ignite the hydrogen, resulting

in a sudden increase in temperature, possibly affecting the catalyst,

The reaction system was then allowed to equilibrate at 5000e for about 30 minutes.

The sample valves were positioned sucl. that the product stream was routed through

the sample loops, i.e. "collecting" the sample. Thus, when the sample valves were

switched to "sample" the gas in the sample loops represented the steady state product

gas of the reactor at 500°C.

During this time the integrator was programmed and the reactor temperature con-

troller reprogrammed. The integrator was programmed to switch the sampling valves

from "collectins; :.,,,:":;<11' 1,;iHR-;' ;1,:; time zero. At the same time the s'gnals from both
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the FID and the TeD were recorded, The FID signal was plotted. Negative peak

integration and forced tailing were implemented (see section 2.1.7 for an explanation

of forced tailing).

Ten minutes after the start of the program, sufficient time to completely flush the

sampling valves, the sampling valves were switched back to the "collecting'? position.

After 28 minutes, sufficient time for all the products to :YiJ,i:S through both columns,

the integrator stopped collecting data and reported the integrated peak areas and

retention times. This sequence of events was programmed to be repeated every 30

minutes.

The reactor temperature controller was reprogrammed so that once reset it would

change the setpoint to 8QQoe for 30 minutes. After 30 minutes the setpoint would

again be reset to 1000°C, but for two hours.

After the system had equilibrated at 500°C for half an hour the integrator was

activated and the programmed integration sequence repeated itself every 30 minutes.

Immediately after the integrator program was implemented the new sequence of

reaction temperature setpoints on the temperature controller WaS started.

The result of these two programs operating in this manner was that while the sample

of 500°C product gas was being analysed and its composition recorded, the reactor

was heated up to 800°C, and the steady state sample collected. After half an hour at

800de the products were sampled and analysed while the reactor temperature was

increased to 1000°C. The next four samples were all taken at lOOer,C. When the last

lOOO°C sample had been collected and was being analysed, the reactor temperature

was reset to zero and the feed gas Wasmanually switched with valve VR, figure 2.1,

to bypass the reactor. Thus after the last 1000dC sample the feed gas was sampled.
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The reactor was removed once it had cooled and was cleaned. Deposits were removed

either by the glassblowers, or by treatment with strong acids or bases, depending on

the nature of the deposit. If there were LO deposits the reactor was rinsed with

acetone and dried with air.

2.1.7 Data manipulasion

Once all the data for a particular set of experiments had been collected, they were

translated into usable results. TIle values reported in the chapters which follow

were calculated using the equations listed below, based on the assumptions made in

previous discussions.

The factor 0': this was used to compensate for the stoicheiometry (section 2.1.4):

(!!.4)

where nNz and nNz refer to the amount of nitrogen in the feed and product streams

respectively.

The conversion of methane, X, is &iven by:

(2.5)

The selectivities Sj, are expressed as a fraction of the methane converted:

s·-~
1- '--. mL..il I

(2.6)
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The carbon balance, B, is given by:

(2.7)

The value of B should be unity if the carbon balance holds. However, these values

were consistently greater than one. It appeared that the deviation from unity was

related to the amount of hydrogen in the system. Although the hydrogen and ni-

trogen peaks were separated by over a minute at low concentrations of hydrogen,

the size of the hydrogen peak was large enough to overlap the substantially smaller

nitrogen peak at high concentrations.

By default, the integrator will integrate two overlapping peaks by dividing the areas

perpendicularly at the minimum between the two peaks, Forced tailing requires

the integrator to integrate the latter peak as if it were "riding" on the tail of the

former. This setting is most applicable if the first peak is larger than the second.

Forced tailing was implemented. However~ if the tail of the hydrogen peak was

poorly integrated the area of the nitrogen peak could be affected. With complete

conversion of methane to hydrogen, the nitrogen peak had an area approximately ten

times smaller than the hydrogen peak. A small addition to the area of the hydrogen

peak would have had a large effect on the size of the nitrogen peak area reported.

This would result in an exaggerated value ofo (equation 2.4) and consequently of B.

Due to the nature of the FID analysis, the assumption was made that all carbon

containing compounds were detected. This assumption was judged to be good since

the carbon balance, given by B, indicated that as much as twice the carbon going

in was exiting the reactor. Had the reverse been true, heavier products would hav«

condensed in the water trap, clogged up the valves, or been detected by the FID.

They would have been noticed.



Dividing the sum of the FID areas, by the average of these values for all the exper-

iments conducted under the same conditions, gave the normalised carbon value, B'.

This gave at least some idea of the consistency of the experimental conditions.

The normalised carbon count, B' is given by:

B' = nCH4 + 2:i ni
(uca, + 2.:i nl)AvERAGE (2.8)

2,,2 Catalyst preparation

2.2~1 Supports

Alpha alumina (Strem Chemicals) and gamma alumina (Engelhard 4504 T), heavy

magnesia (BDM), precipitated silica (Hopkin and Williams), titania (Degussa P25),

and a carbon-coated alumina [56] were used. The latter was used as supplied, while

the two alumina supports were crushed into particles of mesh size 300-500 J.Lm.The

other supports were supplied as powders and needed to be pelletised before bein~J

ground into similar-sized particles.

2.2.2 Monometallic catalysts

The incipient wetness technique was used tooprepare all the monometallic catalysts

used. The solvent and the cobalt salt used varied from support to support.

For the carbon-coated alumina (Cf'y-AI203)1 cobalt acetate! Was used. The acetate

was dissolved in sufficient nitric acid to prevent saturation. This solution was added

to the dry support, which absorbed the solution. Only just enough solution to

l(CH3C00)2Co.4H20, Mw = 249,08 gfrnol, Merck



o

o

completely wet the support was added. It was necessary to make a number of such

applications, drying the support at 150°C between each application. AftlS;' all the

solution had been applied, the catalyst was dried overnight.

The 14%CojCh-A1203 catalyst was prepared in a similar fashion but using cobal-

tous nitrate2 in ethanol. Two forms of this catalyst were prepared, one dried at

15(0"C overnight and the other -alcined at 800°C overnight.

The catalysts using MgO, Si02 and Ti02 supports were prepared in a similar way

except that water was used as the solvent for the acetate. All these catalysts were

calcined overnight a". 811 })G in an oven with no special atmosphere.

The alumina-supported catalysts were prepared from cobaltous nitrate using water.

Due to the porosity of these catalysts and the high solubility of the nitrate in water,

even a 10% metal loading could be applied with a single wetting of the solution. The

amount of water used was determined by the amount needed to ensure that there

was complete soaking but no excess solution, which would result in the ~leta1 in the

excess solution not being loaded onto the support. These catalysts were calcined

overnight at 800°C, with the exception o~ the catalysts reported in section 3.1.2,

which were uncalcined, but dried overnight at 200°C.

The monometallic ruthenium catalyst (section 3.1.2) was prepared in the same W(i,Y

as the uncalciaed Coh-Ah03. Ruthenium acetate 3 was used as the source of the

metal.

2Co(N03)z.6H20, l\1w = 291,03 gjmol, SAARCHEM

3Ru30[OCOCH3J6(GH(30H)3[OCOCH3], Mw == 828,65 gjmol,prepared according to [57]

and [58]



2.2.3 "Aged" catalysts

The "aged" catalysts were calcined at 1125°C for 50 It instead of using the usual

drying or calcination stage.

2.2.4 "Diluted" catalysts

Only one catalyst was diluted, 14%Co/C/J-A1203. Quartz beads of the same size

and with twice the mass of the ca.alyst were used as a. diluent. These were mixed

with the catalyst to observe the effect of a heat sink within the catalyst bed.

2.2.5 Bimetallic .utalysts

These were prepared in the same way as the monometallic ruthenium catalys (see

section 2.2.2), except ~:.J.d.tthe appropriate monometallic catalyst was used Thus

for 0,1% Ru on calcined i%Co/J-Ah03, the calcined 1%Co/'r-Ah03 catalyst wan

used as the "support." The uncalcined version used the uncalcined 1%Co/,),-Ah03

catalyst as the "support,"

2.3 Characterisation techniques

2.3.1 Surface area analysis

The method and apparatus [59] used were based on the consecutive adsorption and

desorption of nitrogen gas.



A known mass of catalyst was (lIied in situ at lljQoC for one hour. Then, with

nitrogen flowing over it, the catalyst was cooled to liquid nitrogen temperature to

effect the adsorption of the gas onto the catalyst. By rapidly heating the catalyst the

nitrogen was desorbed and detected. The surface areas were calculated according to

the Brunauer, Emmett, Tener (BET) surface area equation.

2.3.2 Determination of cobalt loading

Atomic absorbtlon spectroscopy was conducted, using a Spectravarian 410, to deter-

mine the cobalt loading on a number of different catalysts.

The calcined catalysts were found to be insoluble in most strong adds and bases

[60J. A method by Barros [61] for the analysis of cobalt containing ores was used to

dissolve the CoAh04.

The method involved mixing 0,2 f!; of the catalyst with 10 ml of boric acid (4 mol

%) and 10 nil of concentrated HF. The solution was heated at 60°C for 15 minutes.

Then 50 ml of c HN03 : 2HCI mixture was added and this solution was heated for a

further 30 minutes. After transference to a 100 ml volumetric flask, the solution was

made up to the mark to give a 30% by volume HCI solution. The sample solution

was then analysed WIthin a day to prevent cobalt adsorption onto the glass flask.

Calcined and uncalcined versions of the same catalyst were compared. The amounts

of cobalt detected in both catalysts were almost identical, confirming the applicability

of the technique,

2.3.3 Temperature programmed reduction

The equipment used to conduct these experiments was purpose built by a previous

researcher [62].
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A standard Temperature Programmed Reduction (TPR) consisted oftwo steps. The

first involved drying 100 mg of catalyst at 15\)l'C for one hour under flowing nitrogen.

After cooling the catalyst to below lOO"C, the second, analysis step was performed.

The catalyst was heated to 9l'50°C over a period of 90 minutes, under flowing hydro-

gen. Changes In the composition or flow rate of the gas flowing over the catalyst

would be reflected as changes in intensity by the TCD.

2.3.4 Identification of catalyst structure

Powder X-Ray Diffraction (XRD) techniques were used tc identify the dominant

chemical species present in a particular catalyst.

Samples were ground into a fine powder (mesh size less than 75 pm). If there was

sufficient sample, it was packed into a cell. If not, the sample was <: rated onto a

single Si02 crystal using vacuum grease (Dow Corning High Vacuum).

Air-sensitive samples were transported in a sealed reactor, to an air bag, where they

were prepai ed under nitrogen. After preparation they were sealeu with a "transpar-

ent" coating (Grumbacher Hyplar Gloss Varnish). Blank studies showed that the

crystal, grease and varnish have no effect on the diffraction pattern.

The measurements were performed us-ing an X-ray diffracto.aeter (Phlllipc PW1320j

with a graphite monochromator using Cu Ke radiation (40 kV, 20 mA). A gas-phase

scintillation detector was used.

Most samples were analysed over foul' hours between 2() = .')0 to 140°. For samples

where the amount of material available was small, the samples were analysed for 16

hours over the same 28 range.
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It needs to be noted that the lower the concentrations of a compound in the sample

the less likely it IS to be detected by this technique. In other words, these analyses

may not detect minor species in the sample.

The observed. diffraction patterns were matched, using Phillips PC-APD software,

against values in the JCPDS database (table 2.1).

The crystal structures of the unit cells of the 14 Bravais lattices are shown in 'Jlg-

ute 2.4, which was reproduced from Levine's Physical Chemi!~try [63).
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Table ~~.1:JCPDS database entries used for XRD patt(trn matching
Cal'd Number Compound Crystal Structure
Set Pattern

:'.

4 875 A1203 Not assigned
4 877 A}z03 Not assigned
4 878 A}z03 Not assigned.
4 880 Alz03 Cubic

10 173 Ah03 Rhombohedral
10 414 Ah03 Hexagonal
10 425 Al2D3 Cubic
11 517 Alz03 Monoclinic
12 539 Ah03 Not assigned
13 a73 Ah03 Hexagonal
16 ~l94 AhO~1 Tetragonal
21 10 A1203 Hexagonal
23 1009 AhOa Monoclinic
26 31 Ah03 Hexagonal

29 15;3 Al~03 Cuhic
35 l:H iU~,03 Monoclinic
5 727 Co Hexagonal [close packed)

15 S06 Co Cubic (face centred)
9 402 CoO Cubic
t) no C0203 Hexagonal~,

9 418 C0304 Cubk
:to 458 CoAl~\04 Cubic
11 692 CoCO.'3 Rhombohedral
::ri' 'i'l'O COC2()4 Monoclinic
4 829 :\,IgO Cubic

:30 704 MgO Cubic
19 Ti'1 JvIg02 Not assigned-
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Figure 2.4: Unit cells of the 14 Bravais lattices
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Chapter 3

Results

3.1 Reaction studies

In this chapter results! from the investigation of the role cobalt-supported catalysts

play in thi>.methane partial-oxidation reaction are presented.

3.1.1 Gas-phase reactions

Significant conversions of methane to various carbon-containing products, in the ab-

sence of a catalyst, were observed in the original reactor (figure 2.2) at temperatures

above 750°C (table :3.1). As the temperature increased, selectivity towards coupled

products (produced 1;j reactions vi to -viii, table 1.3) and water decreased, while

synthesis gas production increased.

1The results in this section have been edited for clarity. All the experimental data collected

is presented in Appendix B.
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Table 3.1: Gas-phase reactions in the original reactor
Catalyst Temp CH4 Selectivity (%) Ih/eo

(OC) conv. (%) CO COz ratio

Blank Reactor 760 0,8 43,5 1[3,7 1,88
860 5,3 54,4 5,5 1,27
961 14,5 92,3 ">2 1,81

Table 3.2: Gas-phase reactions in the modified reactor-----_--
Catalyst Temp CH4 Selectivity (%) Hz/CO

(OC) conv. (%) CO COz ratio
Blank Reactor 435 0,4

490 0,0
545 0,4
601 0,0
657 0,0
712 0,0
765 0,0
874 0,1
927 0,3
980 0,9

0,0 100,0

0,0 100,0
100,0 0,0 0,62

(l,0
18,9
24,6

0,0
0,0
0,0

0,77
0,86

The use of a reactor with a lower volume (figure 2.3) had the desired effect of reduc-

ing the gas-phase reactions, At about 960°C the gas-phase conversion of methane

dropped from 14,5%in the original reactor to just under one percent in the modified

reactor, table 3.2, Thus for experiments conducted in the modified reactor, gas-phase

reactions could be ignored.

It is important to note that there was no difference in the gas-phase activity on

addition of quartz beads to the modified reactor. Nor was there any change in

the gas-phase activity, when the modified reactor was retested at the end of the

experimental work.
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3.1.2 Partial oxidation over Co-Ru bimetallic catalysts

These experiments were conducted in the original reactor. Thus the effect of gas-

phase reactions was not negligible at high temperatures (table 3.1).

Although the temperature at which CH4 reacted to form products in the ~c.tctor

was lower in the presence of pure i-AhO;), than in the blank reactor, there was

only a marginal improvement in conversion. There was no real improvement in the

selectivity to CO and CO2 with the alumina (compare tables 3.3 and 3.1). The

reason alumina showed higher conversions than observed in the gas phase, especially

at lower temperatures, is thought to be related to the known activity of the support

for C-H bond breaking [55].

Calcined and uncalciued ~%Coh-f~lz03 catalysts Wereprepared (section 2.2.2) and

tested. The introduction of cobalt generally improved selectivity to the oxide prod-

ucts, particularly in the case of the uncalcined catalyst (table .;.3). Methane con-

version was also higher in the presence of the metal, with an increase in ;tctivity of

",20% as the feed gas temperature approached lOOO°C.

The calcined catalysts had a characteristic blue colour before testing. Interestingly,

after reaction, sections of the uncalcined catalysts had begun to change to the same

colour. Schmidt and co-workers (section 1.4.4) also observed that areas of the cobalt-

coated alumina monolith had changed to a blue colour after reaction. This was

attributed to a tetrahedral cobalt con.ptex, probably CoAh04. It was further noted

that this region did not appear to be lit, i.e. active in the methall€ conversion
t'reactions.
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The reaction of methane with oxygen in the presence of a monometallic 0,1%Ru/1-

A1z03 catalyst was also investigated. This catalyst showed higher activity and selec-

tivity than the l%Co/1-AlzO;~ catalysts (table 3.3). In addition to this the temper-

ature at which products were first observed was significantly lower in the presence

of ruthenium, than in the presence of cobalt.

Cobalt-ruthenium bimetallic catalysts r re prepared in calcined and uncalcined

forms (section 2.2.2), and tested in the same way as the monometallic catalysts.

The un calcined monometallic ruthenium catalyst showed greater activity than the

calcined cobalt-ruthenium bimetallic catalyst, which in turn showed greater activity

than the un calcined bimetallic catalyst. Although all thi- catalysts had similar

selectivities at high temperatures, the monometallic ruthenium catalyst showed the

greatest selectivity to syngas at temperatures below tOoGC. In comparison to their

monometallic counterparts, both the calcined and the uncalcined cobalt-ruthenium.

catalysts had higher conversions of methane and improved selectivity to CO, except

when the feed-gas temperature approached 1000°C. Neither of the bimetallic cata-

lysts showed the same dramatic change in activity at ",,960°C that had been observed

during testing of the two cobalt monometallic catalysts.

Interaction between the ruthenium and cobalt species on the bimetallic catalysts may

have resulted in the observed differences in the performance between the monometal-

lic and the bimetallic catalysts. The bimetallic interaction appears to retard the

catalytic effect of ruthenium at low temperatures, and that of cobalt at higher tem-

peratures, preventing the increase of activity observed in the monometallic cobalt

catalysts near 1000°C.

Reactions were observed in the presence of all three ruthenium-based catalysts at

temperatures as low as about 485°C. Poirier and Trudel [49] observed that reac-

tions were initiated at 425°C in the presence of a 0,1%Ru/1-A}z03 catalyst. They

attributed this to the reduction of RU02 to Ru metal at this temperature and pro-

posed that the metal is the active catalyst.
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Table 3.:3: Partial oxidation over Co and Ru mono- and hi-metallic catalysts
Catalyst Temp CH4 Selectivity (%) Hz/CO

(DC) eonv. (%) CO e02 ratio

,-A}z03 668 5,2 61,5 9,6 0,9
767 10,5 54,6 11,2 1,1
872 18,2 69~8 7,7 1,1
972 18,7 81,7 1,9 1,8

1%Co/!-Ah03it 664 9,5 59,7 20,5 1,1
769 19,6 55,5 21,5 0,9
842 22,8 81,3 7,2 0,9
972 41,9 99,3 0,2 1,8

1%Coh-A1203b 667 8,9 63,0 13,9 1,1
774 19,5 62,0 19,8 0,8
870 15,4 70,8 7,6 1,2
962 35~4 93,6 2,1 1,7

0,1%Ru!1'-Alz03' 485 13,9 69,0 31,0 2,4
572 19,6 88,7 1J ,3 2,0
664 23,7 96,5 3,5 1,8
763 27,6 98,5 0,5 1,8
8G2 29,4 98,6 0,1 1,8
954 30,9 9t,1 D,O 1,8

0,1%Ru-l %COh-Alz03<t 485 6,1 42,6 57,4 2,7
578 10.8 76,0 24,0 1,8
670 14,8 88,9 10,7 1,7
764 22,2 98,4 0,3 1,8
862 24,3 97,4 0,1 1,8
957 20,4 97,7 0,0 2,3

0,1%Ru-1 %Coh-A1z03b 484 8,8 53,9 46,1 3,0
573 19,7 88,1 11,9 1,4
666 20,1 95,9 3,7 1,7
761 23,7 97,6 0,6 1,8
860 24,] 97,3 0,0 1,8
956 25,9 98,5 0,0 1,8

it Uncalcined 1%CG/J-Ah03 - section 2.2.2.
b 1%CQ/t-Alz03 calcined at sooDe - section 2.2.2.
c Uncalcined 1%Ruh-Alz03 - section 2.2.2.
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3.1.3 Partial oxidation over Co on various supports

These experiments were also conducted in the original reactor. Hence the gas-phase

reactions reported in table 3.1 need to be considered.

'I'he activity and selectivity of cobalt was tested over five different supports, each

with .<1, metal loading of 3±O,2%, table 3.4.

Cobalt supported on MgO proved to be unstable, and metal was observed on cooler

downstream sections of the reactor. As a result this catalyst had a lower activity

at rv950°C (marginally greater than that of the gas phase) compared to the ,.ther

catalysts tested.

The cobalt on titania catalyst was exceptional in that it was the only catalyst which

showed a gradual improvement in both activity and selectivity with temperature.

Nevertheless, it showed the greatest activity and very high selectivity at the maxi-

mum temperature. It was however observed that, at the end of the reaction, the

catalyst had fused in places? with the quartz frit.

The silica-based catalyst, while not as active as the titania-support ~ catalyst at

lower temperatures, was only slightly less active near lOOO°C.Selectivity to synthesis

gas was comparable.

The 'Y~Ah03 and Ch-A1z03 catalysts both showed moderate conversions at lower

temperatures with sudden increases in activity and selectivity at about 950°C. The

selectivities achieved were marginally poorer than those of the titania and silica-based

catalysts. The Ch-A120a-based catalyst appeared black prior to reaction, but after

reaction had changed to the same blue colour as the 'Y-A1203-based catalyst,
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Table 3,4: Partial oxidation of methane over various catalysts
Catalyst Temp CH4 Selectivity (%) Hz/CO

(OC) % conv. CO CO2 ratio

3%Co/i-AhOs 476 0,00 0,0 0,0
575 0,25 0,0 100,0
670 5,83 56,4 28,3 1,59
769 8,M 56,0 21,6 0,93
869 13,S:; 64); 9,5 1,05
959 26,05 98,5 0,1 1,82

3%Co/C/i-Alz03 473 0,1.6 0,0 100,0
564 o ., 0,0 100)0,<
666 ;~,R!f 17,9 20,7 1,42
764 3,97 61,6 20,0 1 fit
863 8,61 62,3 10,9 1,07
956 26,33 98,2 0,0 1,72

3%Co/MgO 472 0,00 0,0 O~O
566 0,11 0,0 100,0
663 2,02 21,3 48,0 1,44
760 1,08 17,6 35-7 1,51
860 6,54 14,4 35,6 3,11
953 17,78 92,8 0,0 1,85

3%CojSiOz 4'i'5 0,58 0)0 100,0
569 0,53 0,0 100,0
661 1,87 0,0 85,3
762 7,95 16,4 47,9 1,53
859 5,36 ~l3,7 25,4 2,04
949 28,80 99,1 0,0 1,79

3%Co/TiOz 474 0,06 0,0 100,0
569 0,23 0,0 100,0
664 1,62 29,5 24,7 0,95
764 11~35 40,5 15,7 0,79
867 20,00 81,9 4,9 1,48
955 31,4] 99,0 0,2 1,82
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3.1.4 Partial oxidation over Si02-based catalysts

As a result of the screening tests conducted, MgO and Ti02 were eliminated as

possible supports for further studies. Si02 and AhOa supported catalysts were

further investigated in the modified reactor.

The results collected from the origintJ reactor showed that Co on silica was active

and selective. However, tests performed in the modified reactor gave results cor-

responding to half the selectivity and hardly any activity. It isl dear from these

results (table 3.5) that the gas-pis-sa reactions contributed extensively to methane

conversion and CO selectivity.

The results shown in table 3.5 for the tests conducted at ",1000"C in the modified

reactor are those collected after tONO hours. Results were also collected every half an

hour prior to this time (see the data collection procedures outlined in section 2.1.6).

In the first two hours of reaction, conversions-for Si02, 3%CojSi02 and lO%Co/SiOz

dropped from 6,0% to 4,2%, 6,9% to 4r8% an,' from 5,5% to 3,5% respectively. The

selectivity to CO decreased from 53,7% to 49,4%,49,2% to 45,7% and from 48A%
to 42,2% respectively, over the same period (tables B.9 and B.ll).

As a result of the decline in the activity and selectivity of t:J.esecatalysts, as well as

there being little evidence that the cobalt on SiOz has any substantial effect on the

reaction, DO further tests were carried out on silica-based catalysts.
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Table 3.5: Comparison of silica-supported catalysts in the original and modified

reactors
Catalyst Temp CH4 Selectivity (%) Hz/CO

(OC) conv. (%) CO CO2 ratio

Original reactor:
Si02 473 0,00 0,0 0,0

566 1,26 76,3 11,6 O,4G;
666 15,53 61,7 8,1 0,28
764 24,77 73,3 4,3 0,35
856 24,54 73,8 6,0 0,48
953 46,49 81,8 10,4 0,5?

3%Co/Si02 475 0,58 0,0 lCO,D
569 0,53 0,0 100,0
664 1,87 0,0 85,3
762 7,95 16,4 47,9 1,53
859 5,36 23,7 25,4 2,04
949 28,80 99,1 0,0 1,79

Modified reactor:
Si02 444 0,1 0,0 100,0

772 0,4 77,6 22,4 G,G
990 4,2 49,4 4,8 0,7

3%Co/Si02 462 0,5 13,0 87,0 0,5
789 0,7 40,5 59,E 0,4
1005 4,8 45,7 5,8 0,7

10%Co/Si02 468 0,6 :~,1 96,9 0,,1
796 2,2 31,5 59,3 0,2
1006 3,5 42,2 9,4 O,~
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3.1.5 Partial oxidation over A1203-based catalysts

Tests on both a-AhOa and 1-AhOa were conducted in the modified reactor.

In the presence of both supports, as temperature increased, so did activity, while

selectivity to CO decreased (table 3.6). At the maximum testing temperature activity

was low, 23,2% and 20,4% for a-Ah03 and 1~Ah03 respectively, and selectivity to

CO POOl', 66,6% and 49,0% respectively.

An addition of 3% cobalt to 1'".Ah03 reversed the trend, with both activity and

selectivity increasing with temperature. Addition of 10% metal to "his support re-

sulted in almost complete conversion and dose to 100% selectivity at I'VIOOODC.The

10%Co!o:-Ab03 catalyst showed similar activity and selectivity to lO%Co/1-AlzOa

above 100DDC.

The thermal stability of the lO%Colr~A1203 catalyst was tester. by calcining it at

1125DC for about 50 hours, ill a so called "ageing" process. Only marginal decreases

in the activity were observed.

3.1.6 Partial oxidation over C/r-Alz03-based catalysts

The results from various C/1-Ah03-based cobalt catalvsts are reported in table 3.8.

A comparison (If tables 3.6 and 3.8, show that the results obtained from the C/1-

Ah03 support are similar to those of the two pure alumina supports. It was observed

that activity increased with increasing temperature. while selectivity decreased. At

l012DC activity was still low «30%) and selectivity to CO poor «45%).

The support .dtially appeared black in colour, due to the carbon coating, but after

reaction the colour of the support was white. This implies that the carbon coating

was removed at high temperatures. If this is true of the supported catalysts then the
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Table 3.6; Partial oxidation over A}z03-based catalysts
Catalyst Temp CH4 Selectivity_ (%) Ih/CO

(OC) cony. (%) CO CO2 ratio

a-AhOa 476 0,2 100,0 0,0 9,6
800 6,5 83,0 17,0 1,6
1023 23,2 66,6 4,6 0,9

10%Co/o.,-Ah03 485 0,0 0,0 0,0
831 .'51,2 89,0 0,0 1,7
925 89,0 98,2 1,fl 1,7
1024 97,0 99,9 0,1 1,7

'Y-Ah03 440 0,1 100,0 0,0 1,0
772 3,3 77,0 2:3,0 2,2
995 20,4 49,0 7,0 1,3

3%Co/'Y··A1203 490 1,0 95,2 4,8 0,0
801 54,6 87,6 11,5 1,7
998 77,7 95,6 3,9 1,7

10%Co/'Y-A}z03 486 0,1 78,5 21,5 5,8
845 64,4 94,2 5,8 1,5
925 81,8 96,0 3,9 1,7
1042 97,8 100,0 0,0 1,6

10%Co/J-A1203a 464 0,1 100,0 0;0 7,2
813 57,1 90,3 8,4 1,7
1010 96,0 100,0 0,0 1,7

a Calcined at 1125°C - section 2.2.2.
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results of these studies should resemble those conducted on catalysts using the same

~120:::phase as a support.

Comparison of lO%Co/C/J-A}z03 at abov€: 1000&O,to those over lO%Coia-AhOa

and lO%Co/r-Ah03, showed that the activity of the C/'Y-AlzO;j·based catalyst was

slightly lower but the selectivity comparable to the non-carbon-containing cata-

lysts. The variations in the reaction temperature (lOlOoC, 1023°C and l042°C for

1O%Co/C/'Y-Al203, a-Alz03 and ,-Ah03 respectively) may explain the variations

in the conversions.

Comparison of the three alumina-based catalysts at 925°C, table 3.7 shows that

the carbon-coated catalyst appears to be more active. This may be due to random

experimental error or the presence of the carbon coating.

Calcination at 800°C and 1125°C appear to have little effect on the activity of the

14%Ca/C/i-Ah03 a' '110%Co/C/i-A}z03 catalysts respectively.

The standard 14%Co/C/r~Ah03 catalyst, and the diluted 14%Co/C/i-Al203 cat-

alyst (section 2.?A) both took an unusually long period to reach steady state; 4

hours and 10 hours respectively. The 14%Co/C/'Y-A}z03 catalyst calcined at 800°C,

however, reached steady state as rapidly as the lO%Co/C/J-Alz03 catalyst. The

14%Co catalysts were prepared using cobaltous nitrate in ethanol while the J 0%00
catalysts were prepared from cobalt acetate in nitric acid (section 2.2.2). It appears

that exposure to high temperatures is needed to activate the catalyst. In the case of

the diluted catalyst the heat lost in maintaining the temperature of the quartz beads

slows this heat treatment.

3.1.7 Partial oxidation over A~

As a result of the work above and the characterisation studies reported below, a

catalyst, labelled AiL was prepared. The results presented in table 3.9 were obtained
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Table 3.7: Comparison of AhO~~ba.sed catalysts at 9!a5°C
Catalyst Temp CH4 Selectivity (%) H2/CO

(Oe) conv. (%) CO CO2 ratio

10%Co/a-A1203 925 89,0 98~2 1,8 1.,7
1O%Co/J-A1203 925 81,8 96,0 3,9 1,7
10%Co/C/J-Ah03 925 95,9 99,3 0~7 1,2

Table 3.8: Partial oxidation over C/'Y-Ah03-hased catalysts
Catalyst Temp CH4 Selectivity (%) Hz/CO

caC) conv, (%) CO CO:,. ratio

C/J-Ah03 4;:')5 0,1 31,8 68,2 0,7
757 4,6 75,1 24,9 1,8
1012 28,9 43,5 14,5 ).,3 -- -

3%Co/C/J-Ah03 448 0,1 64,1 35,9 0,5
790 9,9 52,3 44,9 2,4
1010 83,2 96,7 2,6 1,6

10%Co/C/J-Al2 03 472 1,0 37,5 62,f> 0,7
820 46,0 90,9 9,1 1,9
925 95,9 99,3 0'" 1,2"101O 92,0 99,6 0,4 1,8

10%Co/C/J-Ah03(l 420 0,1 100,0 0,0 4,1
763 1,4 55,4 44,6 3,7
994 94~0 100,0 0,0 1,8

14%Co/C/J-Ah03 497 0,4 0,0 100,0
833 lS,2 46,0 44,7 2,7
1027 83,4 97,0 2,0 1,7

(after 16 hours) 1027 96,3 98,9 1,1 2,0

14%Co/C/J-Ah03b
'-"

507 0,8 0,0 100,0
R35 8,6 46,5 53,5 3,4
1028 39,6 67,4 21,9 2,0

(after 20 hours) 1028 89,7 97,9 2,0 1,5
14%Co/C/J-Al203c 368 0.4 100,0 0,0 0,3

730 8.4 54,4 45,6 2,6
953 87,4 98,5 1,5 1,6

a Calcined at 1125°C - section 2.2.2.
b Diluted with quartz beads, Quartz: Catalysts = 2 : 1 - section 2.2.4.
C Calcined at 800°C - section 2.2.2.



Table 3.9: Partial oxidation over A~
Temp CH4 Selectivity (%) H2/CO
e)C) conv. (%) CO CO2 ratio

535 71,3 88,0 12,0 1,9
636 77,4 93,8 6,2 1,8
735 85,6 97,3 2,7 1,9
837 94,0 98,4 1,6 1,8
935 98,4 99,8 0,2 1,8

using this catalyst. It is clear from the table that these results are the best presented

in this work for the partial oxidation of methane synthesis gas. The activity and

selectivity, at all temperatures, "...~ consistently higher than for any other catalyst

tested. The catalyst formulatio, ·m be revealed after patents have been taken out

on the catalyst.

3.1.8 Stability studies

The stability of 10%Co/C/1-Ah03 was tested by collecting data at a reaction tem-

perature of 1068°C Over a period of 150 hours. This study revealed an almost com-

plete conversion of methane and selectivity to CO over this time period (figure 3.1).

The periodic fluctuations in conversion are discussed in section 2.1.5.

The stability of the A~ catalyst is demonstrated in figure 3.2. This catalyst was

maintained at a reactor setpoint temperature of !}OooC for 180 hours. Then the set-

point was decreased to 800°C, and the reaction maintained under these conditions

for a further 70 hours. Less extreme conditions were used for this experiment than

for tl1(,~stability test conducted on lO%Co/Cf-y-Al20a (figure 3.1). A lower reaction

temperature was introduced since similar results were observed at lower tempera-

tures.
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Figure 3.3: Comparison of two different A~ experiments

3.2 Reproducibility

It is necessary in any research work to be satisfied that the results reported are ac-

curate, and most importantly reproducible. In order to ascertain the reproducibility

of the reactor studies and analysis, two different experiments were conducted on the

same catalyst (AID under the same conditions.

In figure 3.3 the results from the two experiments conducted are plotted. The graph

clearly shows that the results from the. two experiments show the same trends, and

data points at comparable temperatures are within a couple of percent. While it is

difficult to perfectly reproduce results, it is clear that a comparison of data. from the

same catalyst collected at different times is valid.

The reproducibility of the catalyst preparation technique is discussed in sections 4.5.1

and 4.6.1.
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Table 3.10: Cobalt loadings of various catalysts.
Catalyst Calculated [% mass] Measured {%mass]

a~Alr03 support 0,0
3%Co/a-Ah03 3~O
lO%Co/ a-A1203 10,0

I'-AlZ03 support 0,0
3%Co/l'-Ah03 3,0
10%Co/l'-Ab03a 10,0
10%Go/l'-A12oi 10,0

C/I'-A1203 support 0,0
3%Go/C/I'-Al203 3,0
10%Co/C/I'-Ah03a 10,0
10%CojC/I'-AhOi 10,0
14%CojC/I'-Al203 14,0

0,0
2,9
9,6

0,0
2,9
9,5
9,3

0,0
2,8
9,6
9,5
13,7

a Calcined at 800°C - section 2.~l.2
b Calcined at 1125"C - section 2.3.2

3.3 Characterisation studies

3.3.1 Determination of cobalt loading

Due to the techniques used in loading metals on support materials and subsequent

treatment, it is possible that the actual metal content of a catalyst could be lower

than that calculated. For example, in table 3.10, the catalysts calcined at 800°C

and 1125°C, although prepared from the same initial material, show small «0,5%)

differences in their metal loadings.

The same preparation techniques and pre-treatment should produce catalysts with

similar loadings, for example, all those catalysts calculated to contain 10% cobalt

ended up with approximately 9,5% cobalt content. From table 3.10 it would appear

that there is consistently 5-10% less cobalt in the catalyst than calculated.
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Table 3.11: Surface areas of various catalysts.
Calcination Surface Area

Catalyst Ternperature [tn2/gJ
10%Co/ a-A1203 800aC 36,6
1O%Coh~Ah03 8000e 30,0
10%Co/'Y-Ah03 1125°C 4,5
lO%Co/C/'Y-A}z03 none 96,5
10%Co/Ch-Ah03 1125°C 6,6
The technique used to obtain these results is described in section 2.3.1

3.3.2 Surface-area analysis

The results of surface-area analyses conducted on various fresh catalysts are reported

in table 3.11.

The effect of heat pre-treatment on the catalysts is evident from the results. 10%Co/Ch-

Ah03, that underwent no heat treatment, gave the highest surface area, 96,5 m2/g.

10%Co supported on 7-Ah03 and a-Al203, both treated at 800°C, had similar sur-

face areas (30,0 m2/g and 36,6 m2/g respectively). The two catalysts calcined at

1125°C also had similar surface areas. The data clearly reflects the loss of surface

area expected on heating alumina supports to high temperatures.

3.3.3 Identification of catalyst structure

A summary of the results obtained from the XRD studies conducted are shown in

table 3.12.

The structures of a-Al203 and 'Y-Ah03 are obviously different (figure 3.4), but it is

clear that the structure of Ch-A1203 is very similar to that of 'Y-Ah03' It is worth

noting that the a-Alz03 structure observed was not confidently matched with any

species in the database. The species found to be most closely related was rhombohe-
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Table 3.12: Structures identified using powder diffraction techniques.
Temperature (OCI A1203 I Metallic Co

Catalyst Calc. RXll Rlwm. a 'Y Cubic Hex. COA1Z04 C0304

Co/o-AhO:; 800 fresh 2

!
1

Cola-AhO:; 800 :1000 1 3 2

Coh-A1203 80G fresh 1 2
Con-Ah03 800 1000 ! 3 2
Col,-Ab03 ("ag~d") 1125 fresh 1 :2
Co/7-Alz03 (""sed") 1125 1000 1 2 3

CoICh-AlzO.3 (10%) dried fresh 1
Co/Ch·Ah03 (U%) dried Ireah 1
CoICh-AhO:,) (in shu) dried 500 2 1
Co/C/7-AhO:; (ill situ} dried 1000 1 2
Co/Ch-Alz03 (blue) dried 1000 ! 3 2
CojC/'Y-A120a (grey) dried 11]00 1 2
Co/Ch-A1203 800 flesh 3 2 1
Go/Ch-AhOa 800 1000 1 3 2
Co/C/7-A1203 (""ged") 1125 fresh 1 2 3
Go/Ch-AhO:; (""g.,I") 1125 1000 1 3 2

Go/CI-r-Ah03 (deacrivated} dried 1000 1 2.The technique used to obtain these results rs described ill section 2.3.4
A compound marked as being present by a '1' was more confidently matched with a database compound
than those with a '2' or '3'.

dral in structure. Tills was investigated further and it was found that the material

supplied by Strem and listed as a-Ah03 was in fact crystalline boehmite,

Crystalline boehmite, after calcination above 1100°C becomes a-Ah03' During cal-

cination, this material transforms to 1'-.4.1203 at 600°C. Thus the calcined catalysts

on this support should be identical to those supported on 'Y-Ah03 when calcined

at 800°C (figure 3.5). The uncalcined CojCh-A1203 catalyst has a less crystalline

structure than the calcined version of the same catalysts. Co/C/'Y-Ah03 calcined

at 800"C also closely resembles the structure of the other two calcined catalysts at

800°C. However, the confidence with which various compounds were matched varied

on the three supports.

The initial calcination appears to cause structural changes to the catalysts. The exact

proportions of C0304 and CoAb04 formed may differ according to the support used,

but otherwise the support has little effect on the resulting catalyst structure.
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ColJ-Ah03 catalysts calcined at 800°C and 1125°C, both before and after reaction,

are shown in figure 3.6. The fresh catalyst calcined at 800°C is the least crystalline

and is composed predominantly of CoAh04' After reaction this catalyst is sub-

stantially more crystalline and has changed its composition to rhombohedral Ah03,

CoAb04 and cobalt metal in a cubic structure.

The Coh-Ah03 catalyst calcined at 1125°C after reaction is the most crystalline

of the catalysts (figure 3.6). Its composition resembles that of the post-reaction

Co/r-A}z03 catalyst calcined at 800°C. Both of these catalysts only show evidence

of cobalt metal after reaction.

Figure 3.7 shows the progression ofCo/C/r-Al203 through various stages of pre para-

tion and reaction. The C/r-Ab,03 and fresh CojCh-Ah03 show little crystallinity.

After reduction at 600GC and exposure to the feed gases at 500°C, the CojC/r-A}z03

is still poorly crystalline. Under these conditions the ;-Al203 begins to transform

into rhombohedral A}z03 and C0304. After exposure to the feed gases at lOOO°C

the structure changes to cobalt metal and rhombohedral AlzOa.

After the catalysts had been tested in the modified reactor, two distinct zones were

observed (the deactivated catalysts (section 4.6.5) did not show this). The zone cor-

responding to the upper part of the bed, i.e. that part exposed to the fresh feed gas,

was characteristically blue. TIns colour was assoriater! with CoAh04 (section 3.1.2).

The lower zone had a grey metallic appearance.

After XRn analysis, the composition of the two zones was found to be similar (ta-

ble 3.12), with both showing cobalt present in the cubic metallic phase. However,

while the grey zone showed alumina present in the rhombohedral form, the blue zone

exhibited both rhombohedral alumina and CoAh04. The presence of CoAb04 was

visually confirmed by the characteristic colour of the zone. After halving a catalyst

pellet from the blue zone a white centre and blue concentric "skin" was observed.

This suggests that the CoAlz04 exists as a surface species.



In contrast to the two catalyst bed zones t~bserved for the active (;ctalysts, the deac-

tivated (labelled Co/C/'Y-Ah03 deactivrited) catalyst showed no (;vitit'nce of metallic

cobalt. The analysis found rhombohedral alumina and COAjz04. TIn" ra.talyst had

the same characteristic blue colouring as the blue zone. A comparison of the two

post reaction zones (frou' " ,;'C/'Y-Ab.03) and the deactivated catalyst is presented

in figure 3.S.

In addition to those species listed in table 2.1, a database search for carbon species

was made. Since XaD analyses are sensitive only to crystalline structures in fairly

large quantities, amorphous carbon species would not be detected. No amorphous

carbon species were ever observed.
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Chapter 4

Discussion

4.1 Reactor conditions

4.1.1 Oxygen vs air

Air, rather than oxygen, was used exclusively as the reactant in the experiments

conducted in this project. There were two reasons for this, both concerning safety.

The first is that without nitrogen as a diluent the methane-oxygen feed gas would

very closely approach the explosion limit. Thus a slight fluctuation in the feed

composition, resulting in an increase in the oxygen to methane ratio, may have

caused explosive combustion. The second is that, since the reaction is exothermic, the

nitrogen acts as a heat sink, damping any temperature increases - and consequently

preventing any possibility of runaway reactions.

On an industrial scale there are advantages and disadvantages to using air rather

than oxygen. In order to achieve the same contact time, the amount of catalyst and

consequently the reactor volume needed is greater when using air. In addition to this

Q(l



it may be advantageous not to have nitrogen present ill some downstream processes,

and thus using air in the feed would necessitate separation of the nitrogen at some

stage of the proces s, However, these disadvantages of using air need to be considered

in the light of the safety and control advantages discussed above.

4.1.2 Reactor design

In the early experiments performed in this project the design of the reactor was found

to result in significant gas-phase reactions under the high temperature conditions

needed. The objective of modifying the reactor design (section 2.1.1) to minimise gas-

phase reactions was successfully achieved (compare tables 3.1 and 3.2). In redesigning

the reactor, its diameter decreased and consequently the catalyst bed depth increased

from a monolayer of catalyst on the frit to a ",,10mm deep bed. Since both the flow

rates through the reactor and the mass of catalyst used remained unchanged, both

beds had the same contact time with reactants. However, the change in geometry

would favour CO rather than C02 as a product (section 4.6.4).

4.1.3 Temperature measurement

The measurement of temperature has been discussed elsewhere (sections 1.4.3 and

2.1.2) and there is very little that needs to be added here. Apart from an internal

comparison on the basis of temperature, deductions based on temperature dependent

data have been avoided. This has been possible because this research has not involved

equilibrium or kinetic studies. To do these, more costly, non-intrusive temperature

measurement techniques 'would be required.
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For industrial application, the optimal operating temperature would need to be de-

termined using more sophisticated techniques. However, since the reaction is mildly

exothermic overall (table 1.3), energy input would be limited to that lost due to

non-adiabatic conditions.

4.2 Contact time experiments with A~

The effect of contact time was investigated using the A~ catalyst. Various masses

of this catalyst, 10 mg and from 20 mg to 100 mg (in 20 mg increments), were

teste-l at a temperature of 821°C (figure 4.1). Since the feed gas flow rates were held

constant, as the catalyst mass was varied so the bed height and contact time varied

proportionally.

The conversion and product selection remained constant for catalyst masses above

40 mg. Below this, activity and selection to CO dropped as the catalyst mass de-

creased. The cause of this change in activity and selectivity is probably due to

the corresponding decrease in the conta time. Thus, the amount of catalyst used

(100 mg) was more than the mass needed to reach equilibrium".

It is also possible that since the depth of the bed decreases with decreasing catalyst

mass, there is insufficient catalyst to generate both the combustion and reforming

zones. If this is the case, then contact times may be reduced further by decreasing

the bed dianreter and maintaining the bed height.

1Equilibrium values are cited in section 1.4.1, page 23
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Figure 4.1: Effect of varying A~ catalyst mass (821°0)

4.3 Coking

Carbon deposition on a catalyst during the partial oxidation of methane to synthesis

gas is undesirable. It is, therefore, one of the important issues to be addressed

before this process can be used on an industrial scale. The formation of carbon on

metal-supported catalysts for this reaction has been studied in some depth and was

discussed briefly in section 1.4.2.

Kinetically, both the Boudouard and methane decomposition reactions, which give

undesirable carbon deposition, are known to be eXI'eptionally slow in the absence of

a catalyst. However, in the presence of many transition metals both reactions can be

readily catalysed. Audier et al [64] clearly demonstrated that a significant amount

of carbon can be deposited over catalysts containing iron or nickel. In order to avoid

carbon deposition on the iron-containing reactor walls, reactions must, therefore, be

carried out in a non-ferrous reactor.
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Lapszewicz and co-workers [13] observed a relationship between the ability of a cata-

lyst to completely dissociate methane and produce synthesis gas. That is, it appears

that there is a relationship between surface carbon and the CO;I: products (sec-

tion 1.4.1). These workers also proposed that amorphous carbon is formed from

the products of partial dissociation of methane such as adsorbed methyl groups (sec-

tion 1.4.2). Thus, there exists a relationship between the coking activity of a catalyst

and its inability to cleave C-H bonds.

Lapszewicz ei al recorded the products of deuterium exchange experiments over var-

ious supported transition metal catalysts. Palladium was observed to be most easily

deactivated by carbon deposition, and of the less than 2% of the methane feed con-

verted in the deuterium exchange experiments, all was converted to CHaD. Platinum

converted 8,2% of the methane in the feed to 43,9% CH3D and 56~1% CD4• Ruthe-

nium was more active, converting 29,3% of the feed; 81,9% to CD4, 11,9% to CHD3

and 6,1% to ClhD2• Rhodium was the most active of the catalysts tested, showing

a 92,3% conversion, but the catalyst exchanged only 71,5% to CD4. Of the balance

22,1% was changed to eHD3 and 6,4% to CH:~D.

Claridge et at [391 determined the rate of formation of carbon over group VIII B

transition metal-supported catalysts. Three different nickel-based preparations all

demonstrated greater than 20 mgjh rates of carbon deposition. Rates of 7,48 mg/h,

0,06 mgjh and O,Ollllgjh were recorded for 5% Pd, Rh and Ru supported on Ah03

respectively. No carbon deposition was observed on 1% iridium or platinum sup-

ported on Ah03'

Thus within the group VIII B transition elements there appears to be decreasing

coking potential from right to left and top to bottom. The difference ill characteristics

appears to be more marked between groups than between periods.

In the ex~'eriments conducted for this research there Was never any evidence of coking

on the catalysts. Although carbon is amorphous and would not be detected in XRD

studies, the catalysts subjected to stability studies showed no evidence of decreasing



activity (section 3.1.8). This does not mean that coking did not occur on these cobalt

catalysts, but if it did it showed no ill effects. It is thought that while cobalt is at the

top of its group, and thus probably has the greatest coking potential in its group, it

ought to show a substantially lower coking abilit;r than nickel, However, if there is a

decreasing coking potential trend from right to le.~t,the high coking pt:. .",1ltial of iron

is not explained.

Schmidt and co-workers (47) also reported no evidence of coking on the 3% supporte-l

eobalt catalyst that they tested.

4.4 Support materials

The interaction between the metal and the support of a catalyst has great bearing

on the activity and stability of the catalyst. Catalysts containing 3% (mass) cobalt

were prepared with MgO, Ti02, Si02, 'Y-1\,h03 and Ch-Al.e -:'3, and tested in the

original reactor. The results from these experiments are shown in section 3.1.3. All

the catalysts screened were prepared in the same fashion, with the exception of the

Ch-Al203-based catalysts (section 2.2.2).

Metallic deposits were observed on the cooler downstream sections of the reactor

while using MgO as the support. In addition to this, the remaining MgO had fused

with the quartz frit of the reactor. The 3%CojTi02 catalyst also fused with the

quartz frit, although there was no evidence of metal voiat'Iity, The other three

supports with various metal loadings were tested under the same conditions, but in

the modified reactor.

The performance of the silica-based catalysts was significantly poorer in the modi-

ned reactor. Table B.ll in appendix B shows the deterioration of the performance

of the Si02-supported catalysts with time at high temperatures in the modified re-

actor. a-Ah03 (boehmite}, 'Y-A1203 and Ch-Ah03-supported catalysts showed

or:
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exceptionally high conversions and selectivity to syngas in the modified reactor (ta-

bles B.12, B.l;' and B.14 respectively). Thus it appears that for the partial oxidation

of methane to synthesis gas alumina supports provide the greatest stability and po-

tential activity.

4.5.1 Preparation

A number of catalysts were prepared using 'Y-AlZ03 as a support. They were pre-

pared with the same starting materials, using the incipient wetness technique (sec-

tion 2.2.2). One catalyst was prepared with a-Alz03 as the support. Although the

XRn patterns of the a-Ah03 and ,,(-A1203 supports differed, the pattern of the a-

Al203-supported catalyst was remarkably similar to those of the "(-AlzOs-supported

catalysts (section 3.3.3). This prompted an investigation into the nature of the

a-A1203 support. It was found that the material supplied by Strem was crystalline

boehmite, which after calcination above llOO°C becomes a-Ah03. Calcination above

600°C transforms the boehmite into 1'-A1z03' Thus the lO%Coja-Alz03 catalyst,

calcined at 800°C, is more properly described as lO%Cc/'Y-Ah03'

Two batches of lO%Co/J-A1203 were prepared (from 1'-A1203) to test the ability

to reproduce results from different batches. Since the same starting materials were

used this gives a measure of the reproducibility of the preparation technique. The

results are shown ill table 4.1.

Although there were differences in the performance of the two catalysts these are

well within the reproducibility of the experimental procedures (section 3.2).
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Table 4.1: Comparison of different 10%CO/1-~!'103J.,_la~t_c_h_es _
Catalyst Temp CH4 Selectivity (%) if2/CO

(0C) conv. (%) CO CO2 ratio

1O%Co/'Y-Ah03 486 0,0 0,0 0,0
(original batch) 849 48,7 86,6 12.0 1,8

1041 94,9 98,5 1,5 2,1
lO%Co/'Y-Al20a 486 0,1 78,5 21,5 5,8
(new batch) 845 64,4 94,2 5,8 1,5

1042 97,8 100,u 0,0 1:6

4.5-2 Pre-treatment

TPR and XRD tecnii!:'!ll.eSwere used by Arnoldy and Moulijn [65] to stlldy the

properties of a reduced cobalt catalyst which had undergone precalcination at various

temperatures, A 9,1%CoO /"I-Al203 (i.e. 7,2% Co metal) material was prepared from

cobaltous nitrate and calcined at temperatures from 107°C to 1007°C. The catalyst

was heated from room temperature at a rate of lOoC per minute to the desired

temperature, and then held at that temperature for a period of 30 minutes.

Catalysts calcined between lOO°C and 350C.C showed a reduction peak around :?25°C,

which was attributed to the decomposition of the nitrate. The nitrates Were com-

pletely removed by calcination above :W5°C.

Arnoldy and Moulijn, distinguished from their TPR study, cobalt in four different

chemical environments. They observed cobalt as C0304, a Co3+ phase on the surface,

a Co2+ phase on the surface, and a CoAJ'304 spinel structure. Th-e relative amounts

of these four species depended on the calcination temperature.
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Table 4.2: The assignment of TPR reduction temperatures for cobalt species

011 GO/AJ.~03catalysts
Cobalt species ___ •.TPR reduction temr,~rature (OC)

Arnoldy and Moulijn Tung, Yell and Hong

Bulk C0304

Overlayei Coa t
Overlayer Co2+
Spinel

277-357a 227
467 357
602 597

831-957 >577
a increased with calcination temperature.
Reproduced from [66].===============_.-======

An investigation into the effect of metal loading 011 thr four cobalt oxide species pro-

posed by Arnoldy and Moulijn was conducted by Tung, Yeh and Hong [66]. In their

study the calcination temperature was held const-at at 500°C while the cobalt metal

loading was varied from 0,1 to 16%. Table 4.2 shows the different TPR reduction

temperatures proposed by the two groups.

While the constant loading experiment ~~av€.detailed information on the diffusion

of cobalt oxides into the support, the variable loading tests gave insight into the

layer structures of cobalt oxide deposited on the support. Both groups agreed on the

structures formed, but there was a disagreement over the position of the bull 00304

peak in the TPR spectra.

The amount "~f .ohalt oxides migrating into the top layers of the alumina to form

the spinel depended on the calcination temperature. With higher calcination tem-

perature a larger fraction of cobalt oxides converted into the spinel structure, and a

smaller fraction remained on the overlayer to form bulk C0304 structure.

In this research project the cobalt catalysts supported on ,),-Ah03 were calcined at

80QoC(section 2.2.2). From the work by Arnoldy and Moulijn [65}these catalysts

should consist of diffused Co2+ ions in a diluted Co2+-AP+ spinel. As expected,

TPR studies of these catalysts calcined at 80QoCshowed only a single reduction

peak above 825°C. 1,ia peak was barely distinguishable on an otherwise fiat TPR



spectra, indicating that almost ,,1 of the cobalt had diffused into the spinel structure.

Therefore, during in situ reduct.on at 600°C no changes in the structure of these

catalysts would have been anticipated. Any further reduction of Co2+ to cobalt metal

would take place in the feed gas at temperatures above the calcination temperature

ol800°C.

4.6.1 Preparation

Cobalt acetate and nl acid were used to prepare the 3% and 10% cobalt on Ch·
A1203 catalysts (section 2.2.2). It proved difficult to achieve higher loadings using

these starting materials. Thus cobaltous nitrate and ethanol were used to prepare a

14% loading of cobalt on the same support. It appears from the reactor results that

the heat pre-treatment of the nitrate-ethanol catalyst was inappropriate. As a result

it took much longer to reach steady state than in the presence of the acetate-nitric

acid prepared catalysts (table 3.8).

Two hatches of lO%Co/Ch·A1203 were prepared to test the reproducibility of the

preparation technique used for this catalyst. The results are shown ill table 4.~t

The differences in the performance of the two catalysts tested are well within the

reproducibility of the experimental procedures (section :3.2).



Table 4.3: Comparison of different lO%Co/C/'Y-Alz03 hatches
Catalyst Temp CH4 Selectivity (%) Hz/CO

(OC) conv. (%) CO COz ratio

10%Co/Ch-Alz03 482 0,6 5,6 94,4 9,0
(original batch) 802 32,4 81,0 17,6 1,8

1001 97,0 99,9 0,1 2,0
1O%CojC/i-Alz03 472 1,0 37,5 62,5 0,7
(new batch) 820 46,0 90,9 9,1 1,9

1010 92,0 99,6 0,4 1,8

4.6~2 Loading

The ('4'ect of cobalt loading on the activity and selectivity of Ch-Alz03 based cat-

alysts, at a reaction temperature of ",lOOO°C, is shown in figure 4.2. The trends es-

tablished here are also observed over the pure alumina-based supports: at constant

temperature, as the cobalt loading increases, so the activity increases. Selectivity

also improves dramatically with the introduction of the metal, but shows little im-

provement as the metal content is increased above 3%. Thus there seems to be little

advantage in cobalt metal loadings in excess of 10%.

4.6.3 Pre-treatment

The cobalt supported on carbon-coated alumina catalysts were only calcined at 200°C

(section 2.2.2). Since there are no published studies of the temperature programmed

reduction of these catalysts, a study was conducted to assess the effect that a carbon

coating would have on the cobalt TPR spectra. Figure 4.3 shows the TPR spectra.

obtaine-l from the C/,y.Ah03 support and the 10%CojCh~Ah(h material.

In spite of the carbon coating on the alumina the TPR obtained for lO%Co/C/!-

Ah03 was similar to that found for Coh-Ah03 (section 4.5.2). The peaks observed

around 250(lC, 450°(; and 600°C are attributable to the decomposition of the nitrate,
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reduction to C0304 and a surface Co3+ species, respectively [651. These are all

reported to be surface species. The last peak observed, around 750oC, falls between

the regions which Arnoldy and Moulijn described as corresponding to reduction to

the surface C02+ species and the spinel structure respectively (section 4.5.2). It is

likely, due to the carbon layer, that this corresponds to reduction to the Co2+ surface

specks, rather than diffusion into the alumina. and reduction to the spinel.

Under reaction conditions the carbon layer burned off the pure C/1-A1203 support

material (section 3.1.6). From the XRD study conducted and the presence of the

blue zone ill the post reaction catalyst CoAh04 must be present. This implies that

the carbon layer is not necessarily stable under the reaction conditions. It is likely

that the carbon layer burns off in the reactor, resulting in a. pure gamma alumina

support. This would explain the similarity between the XRD patterns found for the

C/l-A1'].03 and. pure alumina-supported catalysts (figure 3.5).

Thus, during the in situ reduction of 10%Co/C/1-Ah03 (calcined at 200°C) at

600°C, it would be expected that the nitrate would decompose, and that C0304

would reduce to surface Co3+ and perhaps even surface Co2+. At high temperatures

in the reaction mixture, after the combustion of the carbon layer, further reduction

to cobalt metal supported on a spinel layer takes place.

4.6.4 The blue zone

Lunsford et al [33] found that the composition of their Nil Ah03 catalyst bed varied

with reaction temperature. After precalcination at 600°C, the nickel in the neal'

surface region was predominantly NiAh 04• This material exhibited a moderate 6%

conversion of methane to CO2 and H20 at 550°C. This increased to 16% at 700°C.

With further increases in temperature and consequently oxygen consumption in the

.r.ethane oxidation reaction, the oxygen concentration decreased. Eventually, at

750°C, the layer of NiAh04 near the inlet had decomposed thermally, regenerating



o:-AhO.'3 and a surface NiO phase. Since the NiO phase is a better catalyst for the

reaction than NLt\h04, complete consumption of the feed oxygen occurred over the

NiO phase, resulting in higher methane conversion to CO2 and H20. The highly

exothermic complete combustion of methane resulted in a 50°C rise in temperature

over the narrow NiO zone.

The resulting CH4/C02/H20 mixture quickly reduced the remainder of the bed to

metallic Ni supported 011 a-Ah03. The metal then catalysed the reforming of the

remaining methane. This sequence of reactions is the same as that proposed by

Prettre [32] and his co-workers (see section 1.4.1).

After the initial formation of metallic nickel at 750°C, the composition of the reac-

tion mixture was found to conform to that expected at thermodynamic equilibrium

corresponding to the catalyst bed temperature. This occurred throughout the range

450 - 900"C. Within this temperature range, as the temperature decreased from

9000G to 450°C, the NiO zone broadened and moved downward. This effect was

found 10 be completely reversible, within this temperature range. However, at reac-

tion temperatures below 450°C, or at exceptionally low contact times, unreacted O2

breaks through the NiO zone causing the reoxidation of Ni to NiA1204. After this

all reaction ceased.

Two distinct zones in the catalyst bed were observed after reaction for all the

alumina-based catalysts tested ill this work, in the modified reactor (section 3.3.3).

The upper zone had a characteristic: blue colour, which was attributed to the pres-

ence of CoAh04 [47} and confirmed by XRn analysis (figure 3.8). Rhombohedral

alumina and cobalt metal in a, cubic structure (table 3.12) were also found in the

blue zone. The second zone was grey in appearance and was found to consist of cubic

metallic cobalt and rhombohedral alumina.

Bai and co-workers [67] found no appreciable reduction of bulle CoAl204 in an Ar/H2

(85/15) atmosphere at 320oC. Increasing the temperature to 950°C for 4 hours re-

sulted in an 8,37% weight loss, which corresponded to a reduction of 92,5% of the



Tahle 4.4: Partial oxidation over the b111e Z01.1~e _
CR.1 Selectivity (%) H2/CO

conv. (%) CO CO2 ratio

479
818
1016

0,3 100,0 0,0 0,2
20,2 81,8 16,3 2,5
47,5 78,8 5,6 1,6

reducible cobalt present. In a pure hydrogen atmosphere at the same temperature, a

reduction of 98,'i'% of the reducible cobalt was achieved. X-ray analysis showed this

existed as cubic cobalt. In other words, the authors reported a reduction of C0304

to surface cubic cobalt. Hence it is entirely possible that the diffusion of cobalt metal

into alumina (cection 4.5.2) is reversible, especially at higher loadings. The catalysts

tested by Bai and co-workers contained 11129% cobalt on 7-Ah03.

Approximately 20 mg of the blue zone of a catalyst was separated from the grey zone

after reaction and tested in the same manuel' as a regular catalyst. The results are

shown in table 4.4. Considering the effect of the increased contact time (section 4.2)

and comparing the results to those of the deactivated catalyst (table 4.5) it is clear

that this zone was active. Further, after this catalyst was removed from the reactor

it too exhibited the characteristic blue and grey zones.

Schmidt and his co-workers also described the formation of two zones on a 3% cobalt

supported on an alumina monolith catalyst that they studied [47]. The formation of

CoA1204 was noted and it was assumed that this zone was inactive for the partial

oxidation of methane to synthesis gas. The reaction mechanism proposed by these

workers (section 1.4.1) would have led them to believe that this zone played no part

in the catalytic reaction, and that the spinel would grow from the leading edge of

the monolith ultimately deactivating the entire catalyst. Since the loading used by

Schmidt et al was only 3% it is possible that all the metal diffuser! into the alumina,

and was ill too low a concentration to be reduced back to surface metal. Further

studies by Schmidt, either confirming the growth of the "deactivated" zone or the

absence of cobalt metal, would have confirmed or denied this hypothesis.



Table 4.5: Partial oxidation over the deactivated 1O%Co/Clr-A}z03 at 938°C
Time CH4 Selectivity (%) H2/CO
(hours) conv. (%) CO CO2 ratio

1

4
10

8,2 67,1 21,4 0,8
6,0 54,5 37,2 1,3
9,7 63,0 26,5 0,7
6,0 62,8 29,3 1,015

It is therefore proposed that the cobalt supported on alumina catalysts tested in this

research behaved in a similar fashion to the nickel on alumina. catalysts studied by

Lunsford and his co-workers. The formation of the zones observed are consistent

with the sequential combustion and reforming mechanism proposed by Prettre [32J

and his co-workers.

4.6.5 Deactivation

In this work, during one of the reactions, a regulator controlling the methane flow

malfunctioned (table B.2l). This resulted in a dramatic decrease in the flow of

methane, and a corresponding increase in oxygen to the reactor in the presence of

a 10%Coh-AhOa catalyst (labelled lO%Co/Ch-Ah03 deactivated, table 3.12). It

was noted that after this reaction that the catalyst consisted of a single blue zone,

rather than the blue and grey zones usually observed.

Unlike the typical blue zone formed in other reactions (section 4.6.4) this catalyst

showed no restoration of activity 01' selectivity upon retesting, even after 15 hours

011 line (table 4.5).

Under normal C01,_ "ions CH4 in the feed reacts with all the O2 to 'form C02. The

remaining CH4 is then reformed to CO and H2. During the combustion stage large

amounts of energy are evolved, but these are consumed by the subsequent endother-

mic reforming reactions (section 1.4.1).



In the presence of excess O2, as wa the case during the regulator malfunction,

methane is completely converted to CO2, but since there was no methane it could

not be reformed. In addition, the energy generated by the reaction is not consumed

by subsequent reactions, resulting in high catalyst-surface temperatures. The result

is a high-temp oxidising environment.

XRD studies (section 3.3.3, table 3.12 and figure 3.8) of the deactivated catalyst

showed that it differed from the active catalysts in one respect: there was no ev-

idence of cobalt as metal in the catalyst. Thus, the active phase must be the cu-

bic metallic cobalt. H~ -akawa et al f44J reached the same conclusion for reduced

Cao,8Sro,2Tio,sCoo,203-s (section 1.4.4).

Since no metal was observed on the cooler downstream regions of the reactor after

retesting of the deactivated catalyst, it is unlikely that metallic cobalt or a cobalt

oxide volatilised. Under the oxidising conditions caused by the regulator malfunction,

it is likely that most of the metal diffused into the support, forming CoAl204. This

is the same process that occurs during calcination (section 4.5.2). Under the extreme

conditions in the reactor at that time, the metal may have diffused into the core of

the catalyst, leaving a thin surface layer of alumina surrounding the CoAl204 core.

This outer layer, exposed to heat and oxidising conditions, might then have been

transformed into low surface area o:-Ah03, thus trapping the metal in the core, not

allowing re-reduction to the active metal phase. This would explain why no metal

was observed downstream, the blue colour of the catalyst and the loss of activity.
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Conclusions

10%Co/1'-AJ203 and lO%Co/C/'r-Al203 were found to convert a 2:1, methane:

oxygen feed, with a contact time of 0,01 s, to greater than 90% synthesis gas at

»iooo-c.

Based on the study of the above catalysts it was proposed that the reaction of

partial oxidation to synthesis gas takes place via a two-stage reaction in the presence

of cobalt metal, The first step involves combustion of CH4 to CO2, which consumes

all the feed 02, while the second involves reforming of the excess CH4 and CO2. The

overall reaction is the partial oxidation of methane to syngas, a mildly exothermic

reaction.

The catalyst thus performs two distinct roles in two distinct zones of 'i,l." catalyst

bed. The blue zone, which first -omes into contact with the feed and involves the

highly-exothermic combustion reactions, is subject to high temperatures and oxygen

concentrations. TIllS zone is blue in appearance and contains cobalt as CoAl204 and

cubic metal. The CoA1204 arises from the diffusion of the metal into the support

under the reaction conditions. Thus this zone consists of an alumina core with c,

layer of CoAh04 and surface metallic cobalt.
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The second zone forms at that point where there is no longer any oxygen in the

gas phase and therefore is associated with the reforming reactions. These reactions

utilise the energy from the combustion reactions to drive the endothermic reforming

reactions. In this region cobalt predominantly exists as metallic cobalt, while the

alumina exists in the rhombohedral phase. The structure of the catalyst pellets in

this zone is the same as for those in the blue zone, except that ~:'leconcentration of

metallic cobalt on the surface is higher giving this zone its grey metallic colour.

It is thus proposed that the active phase for both reactions is metallic cobalt, Volatil-

isation of the metal is prevented by the ability of the metal to diffuse into the alumina

support under combustion conditions. Activity for reduction of C02 is regained in

th..second zone by the re-reduction of the CoAb04 back to metallic cobalt. How-

ever, when exposed to extreme temperatures and high oxygen concentrations, the

catalyst '5 structure collapses, and this no longer allows the diffusion of cobalt, and

hence results in catalyst deactivation.

Not only are these catalysts easily prepared by the incipient wetness technique, from a

relatively inexpensive metal acd widely available support materials, but the catalyst

shows no evidence of coking.

In o.der to validate this understanding of the catalyst's behaviour, a catalyst was

designed to embody the characteristics outlin=t above as being necessary for stable,

active and selective conversion of methane to synthesis gas. A catalyst, called AJj was

synthesised, which proved to be more active, selective and stable than the catalysts

mentioned above. The materials required for this catalyst are as inexpensive and

as readily available as those required for the cobalt catalysts discussed in this work,

prepared by the incipient wetness technique. However, the preparation procedures

for the AJj catalyst are more complex.

In section 1.5 the aims of this project were presented in two parts. These aims were

firstly to find a cheap, robust and easily manufactured catalyst capable of active

and selective syngas productk.,.. The catalyst was to operate at low contact times,
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and not coke or deactivate. The second aim was to gain an understanding of the

behaviour of this catalyst using the available literature and the studies conducted

in the project. TIle investigation of the cobalt on I'~Ah03 catalysts met the stated

aims and provided the background know'<dge to be able to design a catalyst capable

of improved performance, the A~ catalys

00



Appendix A

'Phe crystal structure of

alumina

Many oxides, including AhOs show dose packing of their oxygen atoms. There are

two types, hexagonal and cubic, Consider a single layer of oxygen anions, considered

to behave as hard spheres, as shown in figure A.I. The layer has a trigonal symmetry,

with each oxygen "touching" 6 other anions in the layer. A second layer, similar to

the first, 15 positioned such that each anion is positioned above a hole in the first.

o First 02- b..JJ!

• Second 02- layer

Figure A.I: Single and double layers of close packed spheres



o Oxygen

• Aluminium

Figure A.2: Structure of a-Ab03 showing AP+ positions

In hexagonal close-packed the third layer is placed in the same position as the

first. o:-Alz03 has this type of packing, where in place of the second oxygen anion

layer, there is a layer of Al3+. Since there are equal numbers of sites in both layers,

to maintain electrical neutrality one of every thvee sites must remain vacant in the

metal oxide, figure A.2.

III cubic close-packed or face- centred cubic ',he third layer is placed above another

set of holes. The fourth layer follows the trend, which is the same position as the

first layer. This type of packing applies to 7-Ab03' There are two types of holes

in this type of packing, octahedral and tetrahedral", Figure A.3 shows a model of

'y-A.1203 with both sites. The two Iayer.s are packed ABABABAB ... [69].

----------------------.-----
1A f!;oodexplanation of the differences between the two can be found in Inot'gaaic Chem-

ish"!} [68].



,.--------------. ---'-----------,

• Tetrahedral AJ.3+

o Octahedral Al3+

B lay'}'

A layer~------------------.--------------------~----.
Figure ,\.:3: Structure of I'~Ab03 showing tetrahedral al:d octahedral A.l3+
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Appendix n

Reactor st udies -- all data

In this appendix all the results obtained from the reactor studies are presented in their

entirety. All catalysts or supports were reduced in situ, for 30 minutes, at 600"C, in

",180 nrl/min of H2• In a feed mixture of 180 ml/min CH4 and 426 nil/min air, the

experimental procedures detailed in section 2.1.6 were carried out. Explanations of

the calculations performed. to obtain the results reported are given in section 2.1.7.

After the title of each table in this appen dix, the number of the dependant main-body

table is given ill parenthesis.

Original reactor

These experiments were conducted ill the original reactor ( section 2.1.1) and used

nitrogen as the carrier gas ill the TeD (section 2.1.4).

1no
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Table BJ' Partial o_xidation in the gas-phase - original reactor (Table 3.1)
Temp Time CH4 Selectivity (%)
(OC) (h) conv. (%) CO CO2 C2H4 C2H2 C3R6 Hz/CO
756 0,5 0,5 50,0 19,5 0,0 0,0 30,5 2,1
760 1,0 0,8 43,5 13,7 7,0 0,0 35,7 1,9
859 1,5 3 t:: 58,3 6,7 23,5 0,0 11,5 1,3,v
860 2,0 5,3 54,4 5,5 27,4 0,0 12,8 1,3
959 2,5 8,1 73,9 1,1 21,4 0,0 3,5
959 3,0 10,2 86,0 0,8 11,5 0,0 1,7 2,0
9fj9 3,5 3,2 72,1 0,0 24,4 0,0 3,7 2,7
959 4,0 11,6 89,1 0,4 9,6 0,0 0,9 1,9
960 4,5 13,1 87,8 0,(5 8,3 0,0 3,4 1,9
961 5,0 14,5 92,3 0,2 7,5 0,0 o,n 1,8

Table B.2: Partial oxidation over monometallic Co on 'Y-Ah03 (Table 3.3)
Metal Temp CH4 Selectivity (%)

Loading (OC) cony. (%) CO CO2 H2/CO

none 668 5,2 61,f1 9,6 0,9
767 10,5 54,15 11,2 1,1
872 18,2 69.,8 7,7 1,1
972 18,7 81,7 1,9 1,8

l%Co<t 664 9,5 59,7 20,5 1,1
7G9 19,6 55,5 21,5 0,9
842 22,8 81,3 7,2 0,9
972 41,9 99,3 0,2 1,8

l%Cob 667 8,9 63,0 13,9 1,1

774 19,5 62,0 19,8 0.8
870 15,4 70,8 7,6 1,2
962 :l5,4 93,6 2,1 1,7

a Uncalcined 1%Cof'y-A1203 - section 2.2.2.
b 1%Cof'y-AlzOa calcined at 800°C - section 2.2.2,



Table B.3: Partial oxidation over monometallic Ru on '1'-Ab03 (Table 3.3)
Metal Temp C1I4 Selectivity (%)

Loading (OC) conv. (%) CO C02 H2/CO

O,l%Rua 485 13,9 691 31,0 2,4
572 19,6 88,7 11,3 2,0
664 23,7 96,5 3,5 1,8
763 27,6 98,5 0,5 1,8
862 29,4 98,6 0,1 1,8
954 30,9 98,7 0,0 1,8

a Un calcined 1%Ruh-Ah03 - section 2.2.2.

Table B.4: Partial oxidation over bimetallic Ce-Rn on '1'-Ah03 (Table 3.:3)
Metal Temp CH4 Selectivity (%)

Loading (oG) cony. (%) CO CO2 H2/CO

0,1%Ru-l %Coft 485 6,1 42,6 57,4 2,7
578 10,8 76,0 24,0 1,8
670 14,8 88,9 10,7 1,7
764 22,2 98,4 0,3 1,8
862 24,3 97,4 0,1 1,8
957 20,4 97,7 0,0 2,3

O,l%Ru-l%Cob 484 8,8 53,9 46,1 3,0
573 19,7 88,1 11,9 1,4
666 20,1 95,9 (\ '" 1,7tl, •

761 23,7 97,6 0,6 1,8
860 24,1 97,3 0,0 1,8
956 25,9 98,5 0,0 1,8

a Uncakined 1%Coh-Ah03 - section 2.2.2.
b 1%Co;'-A1203 calcined at SOGoC- section 2.2.2.



Table B.5: Screening ~- partial oxidation over 3%Co/y-A120a (Table 3.4)
Metal Temp Time CH4 Selectivity (%)

Loading (GC) (11) conv. (%) CO CO2 C2H4 C21I2 Ca1I6 lIz/CO
3%Co 476 Ot!' 0,0 0,0 0,0 0,0 0,0 0,0,0

476 1,0 0,0 0,0 0,0 0,0 0,0 0,0
575 1,5 0,4 0,0 100,0 0,0 0,0 0,0
575 2,0 0,3 0,0 100.0 0,0 0,0 0,0
669 2,5 5,5 56,0 29,4 3,4 0,0 11,2
670 3,0 5,8 56,4 .~8,3 :,7 0,0 10,6 1,6
768 3 r 8,3 54,6 23,9 12,5 0,0 9,0,D

769 4,0 8,0 56,0 21,6 12,9 0,0 9,6 0,9
868 4,5 11,9 61,6 11,7 24,4 0,0 2,4
869 5,0 13,5 64,5 9,5 24,6 0,0 1,3 1,0
958 5,5 24,3 98,5 0,0 1,5 0,0 0,0
959 6,0 25,0 98,9 0,1 1,0 0,0 0,0
959 6,5 25,4 98,9 0,0 1,1 0,0 0,0
959 7,0 26,1 P8,5 0,1 1,4 0,0 0,0 1,J

Table B.6: Screening - partial oxidation over 3%Co/C/,-A1203 (Table 3.4)
l'1etal Temp Time CU4 Selectivity (%) ---Loading (Oe) (11) conv. (%) CO CO2 C2H'1 C21Iz CaR6 11I2/CO_
3%Co 473 0,5 0,35 0,0 100,0 0,0 0,0 0,0

473 1,0 O,W 0,0 100,0 0,0 0,0 0,0
568 1,5 0,13 1),0 100,0 0,0 0,0 0,0
564 2,0 0,13 0,0 100,0 0,0 0,0 0,0
665 2,5 2,7'9 64,3 26,7 0,7 0,0 8,2
666 3,0 2,81) 67,9 20,7 1,9 0,0 P,4 1.4
761 3,5 4,96 60,4 22,8 6,9 0,0 9,9
754 4,0 3,97 61,6 20,0 10,6 ;),0 8,8 1,0
862 4,5 7,48 63,8 10,9 21,2 0,0 4,1
863 5,0 8,61 62,3 10,9 2~',5 0,0 4,3 1,1
95.5 .~~~ 15,58 96,6 0,0 2,8 0,0 0,6
955 6,0 20,30 97,8 0,0 2,2 0,0 0,0
955 6,5 24,31 98,2 0,0 r.e 0,0 0,2
056 7,0 26,33 98,2 0,0 1,7 0,0 0,2 1,7



Table B,7: Screening - partial oxidation over 3%Co/MgO (Table 3.4)
Metal Temp Time CH4 Selectivity (%)

Loading (0e) (h) conv. (%) CO CO2 C2H4 C2H2 CaR6 H2/CO
3%Co 473 0.5 0,1 0,0 100,0 0,0 0,0 0,0

472 1,0 0,0 0,0 0,0 0,0 0,0 0,0
565 1,5 0,2 0,0 84,6 0,0 0,0 15,4
566 2,0 0,1 0,0 100,0 0,0 0,0 0,0
662 2,5 2,5 29,9 43,9 0,0 0,0 26,2
663 3,0 2,0 21,3 48,0 6,1 0,0 24,0 1,4
760 3,5 7,1 14,6 38". ia 0,0 20,7
760 4,0 7,1 17,6 35,1 25,1 0,0 21,6 1,5
859 4,5 6,5 12,0 39,1 41,!l 0,0 7,0
860 5,0 6,5 14,4 35,6 42,5 0,0 7,5 3,1
951 5,5 16,2 95,5 0,0 4,2 0,0 0,3
952 6,0 16,8 97,2 0,0 2,2 0,0 0,7
952 6,5 16,7 93,1 0,0 2,6 0,0 4,4
953 7,0 17,8 92,8 0,0 5,2 0,0 2,0 1,9

Table B,8: Screening - partial oxidation over 3%Co/Ti02 (Table 3.4)
Metal Temp Time CH4 Selectivity (%)

Loading COC) (h) conv. (%) CO CO2 C2H4 C2H2 CaHa H2/CO
3%Co 475 0,5 0,1 0,0 100,0 0,0 0,0 0,0

474 1,0 0,1 0,0 100,0 0,0 0,0 0,0
568 1,5 0,2 0,0 100,0 0,0 0,0 0,0
569 2,0 0,2 0,0 100,0 0,0 0,0 0,0
663 2,5 1,4 33,3 27,9 8,3 0,0 30,5
664 3,0 i.e 29,5 24,7 12,4 0,0 33,4 1,0
763 3,5 10,7 38,2 18,0 26,8 0,0 17,1
764 4,0 11,4 40,5 15,7 28,4 0,0 15,5 0,8
867 4,5 18,0 77,4 13,9 7,9 0,0 1,1
867 5,0 20,0 81,9 12,1 4,9 0,0 1,1 1,5
9/)4 5,5 32,1 98,9 0,5 0,7 0,0 0,0
955 6,0 32,8 9~ ': 0,4 0,8 0,0 0,0
955 6,5 33,4 g9,1 0,2 0,7 0,0 0,0
955 7,0 31,4 99,0 0,2 0,8 0,0 0,0 1,8

....._.,

1(\'7



Table B.9: Screening - partial oxidation over 3%CojSi02 (Tables 3.4 and 3.5)

Metal Temp Time CH4 Selectivity (%)
Loading (DC) (h) cony. (%) CO CO2 C2H4 C21h C3H6 n~/co
none 474 0,5 0,0 0,0 0,0 0,0 0,0 0,0

473 1,0 0,0 0,0 0,0 0,0 0,0 0,0
565 1,5 1,4 77,8 10,8 0,0 0,0 11,4
566 2,0 1,3 76,3 11.6 0,0 0,0 12,2 0,5
664 2,5 16,1 61,2 8,1 19,0 0,0 11,7
66{; iI,O 15,5 61,7 8,1 18,4 0,0 11,8 0,3
762 3,5 15,7 66,0 5,0 22,4 0,0 6,6
76t! 4,0 24,8 73,3 4,3 17,8 0,0 4,7 0,4
851; 4,5 22,9 72,5 6,3 20,1 0,0 1,1
856 5,,0 24,5 73,8 6,6 18,5 0,0 1,1 0,5
953 5,ll 54,2 79,5 13,3 7,1 0,0 0,1
953 6,0 41,8 79,6 12,0 8,4 0,0 0,0
952 6,5 27,8 79,2 7,4 13,4 0,0 0,0
95~ 7,0 46,5 81,8 10,4 8,0 0,0 0,0 0,5

3%Co 477 0,5 0,5 0,0 100,0 0,0 0,0 0,0
475 I,D 0,6 0,0 100,0 0,0 0,0 0,0
568 1,5 1,0 0,0 100,0 0,0 0,0 0,0
569 2,0 0,5 0,0 100,0 0,0 0,0 0,0
663 2,5 2,1 0,0 84,9 0,0 0,0 15,1
664 3,0 1,9 0,0 85,3 0,0 0.,0 14,7
762 3,5 7,9 16,5 50,5 18,3 0)0 14,7
762 4,0 8,0 16,4 47,9 20,7 n,o 15,0 1,3
864 4,5 14,5 42,1 23,9 30,2 Cl,(J 3,8
81)9 5,0 5,4 23,7 25,4 41,6 0,0 9,3 2,0
948 5,5 26,6 V8,9 0,0 1,1 0,0 0,0
949 6,0 26,9 flS,9 0,0 1,1 0,0 O,G
949 6,5 27,5 99,0 0,0 1,0 0,0 0,0
949 7,0 28,8 99,1 0,0 0.9 0,0 0,0 1,8 ,_

1 flO



Modified reactor

These experiments were conducted in the modified reactor ( section 2.1.1). At the

same time argon was introduced as the carrier gas for the TeD (section 2.1.4), which

allowed an independent method of evaluating the carbon balance (sections 2.1.4, 2.1.5

and 2.1.7).

Table B.IO: Partial oxidation in the gas-phase - modified reactor (Table 3.2)
Temp Time CH4 Selectivity (%)
(Oe) (h) conv. (%) CO CO2 C2H4 C2H2 Clill6H2/CO B'
435 0,5 1,36 0,0 IOO,O 0,0 0,0 O,D 1,03
490 1,0 0,00 0,0 O,l) 0,0 0,0 0,0 0,98
545 1,5 0,35 0,0 100,0 0,0 0,0 0,0 0,93
601 2,0 0,02 100,0 0,0 0,0 0,0 0,0 0,62 0,93
657 2,5 0,05 0,0 0,0 0,0 0,0 100,0 0,99
712 3,0 0,00 0,0 0,0 0,0 0,0 0,0 0,99
765 3,5 0,00 0,0 0,0 0,0 0,0 0,0 OJ9~
874 4,0 0,06 0,0 0,0 0,0 0,0 100,0 1,01
927 4,5 0,28 18,9 0,0 0,0 0,0 81,1 0,77 1,07
980 5,0 0,88 4,6 0,0 4,2 0,0 71,2 0,86 1,08

i no



Table B.ll: Partial oxidation over cobalt on Si02 (Table 3.5)
Metal Temp Time CH4 Selectivity (%)
Loading (OC) (11) conv. (%) CO C02 C2H~ C2H2 C3He H2/CO B'

llone 444 0,5 0,1 0,0 100,0 0,0
772 1,0 0,4 77,6 22,4 0,0
090 1,5 6,0 53,7 3,5 13,4
090 2,0 5,0 51,2 3,5 13,2
990 2,5 3,8 54,1 2,6 11,0

_____ 9_9_0 3,'-° 4..;..,2 ,1_9.;...,4__ 4,8 11,6
3%Co 462 0,5 0,5 13,0 87,0 0,0

789 1,0 0,7 40,5 59,5 0,0
1005 1,5 6,9 49,2 5,4 16,2
100r, 2,0 6,5 51,9 6,2 13,5
10G5 2,5 5,3 40,3 4,4 13,0
1005 3,0 4,8 45,7 5,8 13,9
468 0,,5 U,6 3,1 96,9 0,0
796 1,0 2,2 31,5 59,3 0,0
1006 1,5 5,5 48,4 8,9 12,9
1006 2,0 4,4 48,0 7,6 12,7
1006 2,5 3,8 45,8 8,2 12,0
1006 3,0 3,5 42,2 9,4 13,7

lO%Co

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0
0,0
29,4
32,1
32,3
34,2
0,0
0,0
29,2
28,4
32,4
34,7
0,0
9,2
29,8
31,7
34,0
34,7

1,01
0,6 1.04
0,6 1,02
0,7 0,99
0,8 0,97
0,7 0,97
0,5 1,01
0,4 1,01
0,7 0,94
0,6 1,01
0,7 1,00
0,7 1,03___:__--

0,4 0,99
0,2 1,01
0,7 0,99
0,7 1,00
0,8 0,96
0,8 1,05

Table B.12: Partial oxidation over cobalt on a-Ah03 (Table 3.6)
Metal Temp Time CH4 Selectivity (%) .
Loading (OC) (It) cony. (%) CO C02 C2H4 C2H2 CaH6 H2/CO B'

none 476
800
1023
1023
1023
1023

0,2
6,5
21,5
22,9
27,1
23,2

100,0 0,0 0,0
83,0 17,0 0,0
64.5 6,0 28,4
64.8 5,7 26,9
66,1 5,3 25,5
ee.e 4,6 26,8

0,5
1,0
1.5
2,0
2,5
3,0

0,0
0,0
0,0
0,0
0,0
0,0

0,0
0,0
1.2
2,6
3,1
2,1

1,03
0,95
1,02
1,06
0,93
1,02

9,6
1,6
1,1
1,0
1,0
0,9

10%Co 485
831
925
1023
1023
1023
1024

0,0
51,2
89,0
81,3
96,7
96,8
97,0

0,0 0,0 0,0
89,0 0,0 10,:!
98,2 1,8 0,0
99,6 0,0 0,4
100,0 0,0 0,0
100,0 0,0 0,0
100,0 0,0 0,0

0,5
1,0
1,5
2,0
2,5
3,0
3,!)

0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0
0,8
0,0
0,0
0,0
0,0
0,0

1,7
1,7
1,8
1,7
1,7
1,7

1,28

1.04
0,93
0,99
0,93
0,93
0,90
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Table B.13: Partial oxidation over cobalt on ,),-Ah03 (Table 3.6).~-
Metal Ten,' ... Time CH!, Selecti v.ity (%)

Loading (0(,) (ll) conv, {%} CO CO2 C2H.{ Cl)H2 CsH& H2!CO B'
11011e 440 0,5 0,1 100,0 0,0 0,0 (I,~ 0,0 1,0 0,93

772 1,0 3,3 77,0 23,0 0,0 0,0 0,0 2,2 0,98
99S 1,5 20,0 49,4 6,9 2G,4 0,3 17,0 1,::: 1,03
995 2,0 20,1 49.5 6,5 26,0 0,0 13,1 1,1 1,00
995 2,5 21,9 51,3 8,5 24,0 0,0 16,2 1,3 1,03
995 3,0 20,6 49,4 6,4 27,7 0,0 16,5 1,3 1,00
995 3,5 20,4 49,0 ~ P 27,3 0,0 16,7 1,3 0,99

3%Co 490 0,5 I,D !)5,2 4,8 0,0 0,0 0,0 0,0 1,06
807 I,D 54,6 87,6 11,5 0,1 0,0 0,7 1,7 0,99
998 1,5 78,6 95.0 4,4 O,Ii 0,0 0,2 1,5 1,04
998 2,0 77,0 f'8 3,6 0,3 0,0 0,3 1,7 0,95
998 2,5 78,0 95,3 4,4 0,3 0,0 0,2 1,6 0,99
998 3,0 77,7 95" 3,9 0,3 0,0 0,2 1,7 0,96

10%Co 486 0,5 0,0 0,0 0,0 0,0 0,0 0,0 1,24
849 1,0 48,7 86,6 12,0 0,8 0,0 0,6 1,8 1,13
1041 1,5 88,5 98,8 1,1 0,2 0,0 0,0 .2,1 0,91
1041 2,0 93,0 98,8 1,2 0,0 0,0 0,0 2,3 0,83
10<11 2,5 94,3 99,0 i.o G,O 0,0 0,0 2,1 0,93
1041 3,0 95,0 98,5 1,5 0,0 0,0 0,0 2,1 0,96

10%Co" 486 0,5 0,1 78,0 21,5 0,0 0,0 0,0 5,8 1,33
845 1,0 64,4 9'1,2 5,8 0,0 0,0 0,0 1,5 1,07
925 81,8 96.0 3,9 0,0 0,0 0,0 1,7 0,91
1042 1,5 97,2 99,9 0,1 0,0 0,0 0,0 1,7 0,88
1042 2,1; 98,3 100,0 0,0 0,0 (1,0 0,0 1,6 0,92
1042 2,,5 98,0 100,0 0,0 0,0 0,0 0,0 1,6 0,96
1042 3,1) 97,8 100,0 0,0 0,0 0,0 0,0 1,6 0,93

10%Cob 464 0,5 0,1 100,0 0,0 0,0 0,0 0,0 1,2 1,32
813 I,D 57,1 90,3 8,4 0,4 0,0 0,0 1,1 1,03
1010 1,5 82,6 99,8 0,2 0,0 0,0 0,0 1,8 0,95
1010 2,0 97,2 100,0 0,0 0,0 0,0 0,0 1,6 0,93
1010 2/; se.s 100,0 0,0 0,0 0,0 0,0 1,8 0,95
1010 3,0 96,0 1.)0,0 0,0 0,0 0,0 0,0 1,7 0,93

a A second batch prepared in the same way.
b From the second batch, calcined at 1125°C- section 2.2.2.
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Table B.14: Partial oxidation over cobalt on C/'Y-Ah03 (Table 3.8)
Metal Temp Thne CH4 -Selec,ivity (%)

Loading ("C) (".) COllY. (%) CO CO2 G~.Ht C2H2 C3H~ H2/CO B'
none 455 O,G 0,1 31,8 6&,3 0,0 0,0 1),0 0,7 0,99

~:57 I,D 4,6 75,1 24,9 0,0 0,0 0,0 1,8 0,96
1012 1,5 29,4 47,6 20,8 23,1 3,5 4,9 1,3 0,99
1012 2,0 32,9 50,8 17,5 20,4 5,0 6,3 1,2 1,03
1012 2,5 33,:1 ·;7,:3 16,3 27,2 2,3 7,0 1,2 1,01
1012 3,0 2B.:! ~._5_ ~1,5 30,8 1,2 10,1 1,3 1,02

3%Co 448 0,5 0,1 6.\,1 35,9 0,0 0,0 0,0 0,5 1,09
790 I,D 9,9 52jS 41,9 2:,1 0,0 3,8 2,4 1,12
1,1)10 1.5 76,2 ~',4 3,9 lIS' 0,0 0,3 1,6 0,97
lGIO 2,0 80,0 9~,,0 1,6 5,1 0,0 0,3 1,6 0,95
1010 2,5 81,5 (15,8 2,3 1,6 0,0 0,2 1,6 0,93
1010 3,0 83,2 96,7 :1,6 0,5 0,0 0,2 1,6 0,94 __

10%Co {82 O,S 0,6 5,6 94,4 0,0 0,1) 0,0 9,0 1,18
30~ 1,0 32,4 81,1 17,6 0,3 0,0 1,1 1,8 1,13
1001 ~45 93.~ 99,8 0,2 0,0 0,0 0,0 2,0 0,91
1001 2,0 96,1 9.::),8 0,2 0,0 0,0 0,0 '2,0 0,93
1001 2,5 96,7 99,9 0,1 0,0 0,0 0,0 2,0 0,1;)1
1001 3,0 97,0 99,9 0,1 0,0 0,0 0,0 2,0 0,93

10%Co" 472 0,5 1,0 37,5 62,5 0,0 0,0 0,0 0,7 1,27
820 1,0 46,1 90,9 9,1 0,0 0,0 0,0 1,9 0,97
925 95,6 99,3 O,e 0,0 0,0 0,0 1,2 1,19
1010 1,5 89,3 99,6 0,4 (J,O 0,0 0,0 1,7 0,91
1010 2,0 91,6 99,8 0,2 0,0 0,0 0,0 1,7 0,91
1010 2.5 92,2 99,8 Ot2 0,0 0,0 0,0 1,7 0,90
1010 3,0 92,0 99,6 0,4 0,0 0,0 0,0 1,8 0,85

10%<Jou 420 0,5 0,1 100,0 0,0 0,0 0,0 0,0 4,1 1,26
763 I,D 1,4 55,4 4'1,6 0,0 0,0 0,0 3,7 123
9H4 1,5 80,,, 99,8 0,2 0,0 0,0 0,0 ',9 0,95
994 2,0 93,9 100,0 0.0 0,0 0,1) 0,0 ""0' 'l,78
994 2,5 93,9 99,9 0,1 0,0 0,0 0,0 l,l {l,90
994 3,0 94,0 100,0 0,0 0,0 ,0,0 0,0 1,8 0,89

a A second batch prenared in ehe same wt/.y.
b From the second batch, calcined at 1125"C- section 2.2.2.
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Table B.15: Partial oxidation over cobalt on C/'Y~A}z03- alternative prepa-

ration (Table 3.8)
Metal

Lop-ding
Selectivity (%)

--c~o----c~_r-,';~;~~C~2-H-2---C-3-H-6--Temp Time CH4
(OC) (h) cony. (%) B'

14%Co 497 0,5 0,4
833 1,0 16,2
1027 1,5 83,4

0,0 100,0 0,0 0,0 0.13. 1,16
46,0 44,1 3,3 0,0 6,0 2,1 1,14
97,0 2,0 0,9 0,0 0,1 1,7 1,09

62,8 95,3 4,5 0,2 0,0 0,0 2,8 0,95
90,3 99,2 0,8 0,0 0,0 0,0 2,2 0,85
92,5 99,7 0,3 0,0 0,0 0,0 'J,l 0,91
94,1 99,8 0,2 0,0 0,0 0,0 2,1 0,91
95,: 99,3 0,1 0,0 0,0 0,0 2,2 0,86
95,5 99,3 0,7 0,0 0,0 0,0 1,9 1,00
95,8 99,7 0,3 0,0 0,0 0,0 1,8 1,02
95,9 99,3 0,7 0,0 0,0 0,0 1,8 1,06
96,0 9~,2 0,8 0,( 0,0 0,0 1,7 1,1~
96,3 98,9 1,1 0,0 0,0 0,0 2,0 0,94

1027 2,0
1027 3,0
1027 4,0
1027 5,0
1;)27 6,0
1027 7,0
10Z7 8,0
1027 9,&
1027 10,0
1027 11,0

14%Co" 368 0,5 0,4 100,0 0,0 0,0 0,0 0,0 0,3 1,21
730 1,0 8,5 54,4 45,6 0,0 0,0 0,0 2,6 1,11
953 1,Q ;6,7 96,2 3,0 0,8 0,0 0,0 1,5 0,97
953 '2,0 82,2 £;,4 2, 0,4 0,0 0,0 1,7 0,86
953 2,5 85,1 :)7,8 1,tI 0,2 1),0 0,0 1,6 0,93

______ ~---9-5-3----~3,~0.------8-7~,4-.-----9-8~,5-----1~,5----0~,~O 0~,0 0~,~0 1.6 0~,9_3 _
14%COb 507 0,5 (1,8 0,0 100,0 0,0 0,0 0,0 1,24

835 1,0 8,6 46,5 53,5 0,0 0,0 0,0 3,4 1,10
1028 1,5 39,6 67,4 21,9 7,9 0,0 2,8 2,0 0,99
1028 2,0 57,8 8C1,:' 9,6 4,4 0,0 2,8 1,9 1,02
1028 2,5 61,3 87,9 7,1 4,2 0,0 o.s 1,9 0,99
1028 3,0 61;,3 89,7 s.s 4,2 0,0 0,3 1,9 0,9',
1028 3,5 61,9 93,2 5,0 1,9 0,0 0,0 1,8 0,97
1028 4,0 12,6 93.6 5,7 0,7 0,0 0,0 1,7 1,01
1028 8,0 84,8 97,2 2,4 0,4 0,0 0,0 1,7 1,03
1028 12,1) 88,5 98,0 i.c 0.1 0,0 0,0 1,6 1,04
1028 16,0 89,9 98,3 1,7 0,0 0,0 0,0 1,7 1,00
1028 20,0 89,7 97,9 2,0 0,2 0,0 0,0 1,5 1,10
1028 24,0 90,1 98,2 1,9 0,0 0,0 0,0 1,6 1,03
1028 28,0 00,2 98,4 I,S 0,1 0,0 0,0 2,0 0,87
1028 32,0 00,4 !J8,4 1,4 0,1 0,0 0,0 2,0 0,84
10:28 313,0 89,6 9$,3 1, l;'l 0,0 0,0 1,8 0,95
1028 40,0 89,3 98,1 1,8 0,2 0,0 :1,0 1,7 1,03
1028 44,0 88,7 !l7,9 1,0 0,2 0,0 0,0 1,6 1,06
10:28 48,0 88,8 97,8 2,1 0,1 0,0 0,0 1,7 1,02
102J 52,0 88,6 98,1 1,7 0,2 0,0 o,c 1,7 Or9~·
1028 56,0 88,5 98,6 1,3 0,1 0,0 0,0 2,0 0,85

98,2 1,0 0,2 0,0 ".,0 1,7 U,08
98,0 1,8 o.r 0,:) O,C 1,6 1,04
08,1 1,6 0,3 0,0 0,0 1,7 1,1::4
98,1 1,6 0,3 0,0 0,0 2,0 O,~J.1

1028 60,0 87,7
1028 64,0 87,1
1028 68.0 87,0
1028 72,0 87,9

" Calcined at 800oC- seedon 2.2.2,
b Diluted with 200mg of quartz beads,
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Table B.lO: Partial oxidation over the "hhl{,~ z.~.l]~~J.Table4.4)
Temp Time CH4 Selectivity (%)
(OC) (h) conv, (%) CO CO2 02li4 C:>.Rz C';Ha 1:12/00 B'
479 0,5 0,3 100,0 0,0 0,0 0,0 0,0 0,2 l,OT
818 1,0 20,2 81,8 16,3 0,0 0,0 1,9 2,5 0,97
1016 1,5 40,8 32,7 4,6 8,9 O,V 3,9 2,0 0,93
1016 2,0 43,3 '{8,7 3,8 13,8 0,0 3,8 2,0 1,00
1016 2,5 43,9 78,4 4,3 13,9 0,0 3,5 2,1 0,92
1016 3,0 47,1} 78,8 5,6 12,5 0,0 3,2 1,6 1,11

Table B.17: Partial oxidation over deactivated lO%CojC/'r-A1203 (Table 4.5)
Temp Time CH4 Sf lectivity (%)
(OC) (ll) conv. (%) CO CO2 CZli4 C2li2 Calis Ih/CO B'
958 0,5 5,2 50,4 30,5 19,1 0,0 0,0 1,7 0,94
958 1,0 8.2 67,1 21,4 11,1 0,0 0,0 0,8 0,118
958 1,5 5,7 46,5 ",",8 18,7 0,0 0,0 1,7 0,97
958 4,5 6,0 M,5 ; 7,2 8,4 0,0 0,0 1,3 0,95
958 7,5 8,7 61,1 25,9 13,0 0,0 0,0 0,7 1,09
958 10,5 9,7 63,0 26,5 10,5 0,0 0,0 0,7 O,gg

958 1:3,5 8,2 62,9 27,8 10,3 0,0 0,0 0,8 1,05
958 16,5 6,0 62,8 29,3 7,9 0,0 0,0 1,0 1,01

Table B.l8: Partial oxidation studies ove! A~ (Figure 3.3)
Temp Time CH.l Selectivity (%)
(OC) (h) COIIV. \,/0) CO CO2 C.lli4 C2li2 C3HG H2/CO B'
496 0,5 67,3 87,7 12,3 0,0 0,0 0,0 1,9 1,10
'/92 1,0 92,3 99,1 0,9 0,0 0,0 0,0 1,7 1,00
993 1,5 97,2 100,0 0,0 \),0 0,0 0,0 1,7 1,01

"

993 2,0 96,0 100,0 0,0 0,0 0,0 0,0 1,7 1,02
993 2,5 95,5 100,0 0,0 0,0 0,0 0,0 t,7 1,00

\1 993 3,0 95,2 100,0 0,0 0,0 0,0 0,0 1,7 1,00
993 6,0 97,6 100,0 0,0 0,0 0,0 0,0 1,9 0,8'7
993 9,0 98,R 100,0 0,0 0,0 0,0 0,0 1,6 1,03
993 12,0 99,0 99,8 0,2 0,0 0,0 0,0 1,6 1,06
993 15,0 9S,9 99,8 0,2 0,0 0,0 0,0 1,3 0,96
993 18,0 99,5 100,0 0,0 0,0 0,0 0,0 1,8 0,95
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Table B.19: GHSV tests using A~ (Figure 4.1)
Telrnp Mass CII4 Selectivity (%)
(°0) (rug) cony. (%) CO CO2 C2II4 C2H2 GaII6 II2/CO B'-~821 80,0 08,5 97,7 2,3 0,0 0,0 0,0 1,7 1,00
821 60,0 97,5 98,6 1,4 0,0 0,0 0,0 1,5 1,00
821 41),0 96,0 97,8 2,2 0,0 0,0 0,0 1,5 1,00
825 20,0 87,8 98,6 1,4 0,0 0,0 0,0 1,1 1,00
825 10,0 42,5 95,4 4,6 0,0 0,0 0,0 2,0 1,00

115



Table B.20: lO%CojCh-Ah03 stability - 0 to 150 hours (Figure 3.1)
Temp Time CH4
(Oe) (h) com'. (%)

Selectivity (%)

563
889
1068
1068
1068
leGS
1068
1068
1068
1068
1068
1068
1068
10G8
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1068
1182
1064
1064
1064
1064
1064
1064
1064
1064

0,5
1,0
1,5
2,0
2,5
3,0
3,5
7,5
11,5
15,5
19,5
n.li

.5
1.,5

35,5
:39,5
43,5
47,5
51,5
55,5
59,5
63,5
67,5
71,5
75,5
79,5
83,5
87,5
91,5
95,5
99,5
103,5
107,5
111,5
115,5
119,5
123,5
127,5
131,5
,'15,5
139,5
143,5
147,5
101,5

0,6
41:i,l

94,1
93,7
93,8
93,8
94,1
96,3
98,6
98,1
98,0
95,8
94,9
97,3
V8,6
98,4
98,8
97,4
98,4
98,9
99,2
99,3
98,7
97,1
95,5
97,1
97,7
98,1
98,3
95,3
94,5
96,2
98,1
98,5
98,0
9H,0
99,2
98,7
09,6
99,0
99,3
98,5
97,5
99,1

83,3
90,2
100,0
100,0
100,0
100,0
100,0
1(jO,O
lGO,O
10D,O
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0
100,0

co B'
16,7
8,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,"
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,&
0,6
0,0
0,0
0,0
0,0
0,0
0,0
0,0
u,O
0,0
0,0
OJ)

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
\),0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

lle

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
O,(J
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0
1,2
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

1,6
1,9
2,2
1,9
2,2
2,1
1,9
2,1
1,8
1,7
1,9
1,9
1,8
1,9
1,9
1.5
1,7
1,8
1,7
1,7
1,8
1,7
1,7
1,8
1,8
1,8
1,8
1,7
1.8
1,8
1,9
2,1
1,9
I,S
1,7
1,9
1,8
1,9
1,7
1,7
1,7
2,1
1,9
2,1

1,32
1,18
0,93
1,05
0,93
0,97
1,0'7
0,95
1,08
1,17
1,06
1,09
1,09
1,07
1,07
1,33
1,23
1,14
1,16
1,21
1,12
1,17
1,21
1,12
!.l4
1,10
1,11
1,14
1,10
1,11
1,07
0,92
1,06
1,09
1,14
1,07
1,05
1,01
1,10
1,11
1,10
~,91
1,00
0,90



Table B.21: 10%Co/C/"Y-AbO,1 stability - deactivation
Temp Time CHi Selectivity (%)
(OC) (ll) cony. (%) CO CO2 C2H4 C2H2 C3H6 H2/CO B'~-
10M 151,~ 99,1 100,0 0,0 0,0 0,0 0,0 2,1 0,90
1064 155,5 99,1 100,0 0,0 0,0 0,0 c.o 2,1 0,95
1064 159,5 99,1 99,8 0,2 0,0 0,0 0,0 1,8 1,06
1064 163,5 99,2 99.9 0,1 0,0 0,0 0,0 1,2 1,66
1064 167,5 98,3 100,0 0,0 0,0 0,0 0,0 2,0 0,97
1064 171,5 98,8 100,0 0,0 0,0 0,0 0,0 1,8 1,01
1064 175,5 97," 100,0 0,0 0,0 0,0 0,0 1,1 1,16
106i 179,5 98,0 99,1 0,9 0,0 0,0 0,0 1,5 1,31
1064 183,5 97,8 96,1 3,9 0,0 0,0 0,0 1,5 1,08
1064 181,5 97,0 95,1 4,9 0,0 0,0 0,0 1,4 1,07
1064 191,5 94,7 93,0 1,0 0,0 0,0 0,0 1,5 0,90
1064 1£15,5 89,9 6$,0 18,8 3,2 0,0 10,1 0,9 0,62
1064 199,5 99,8 33,6 66,4 0,0 0,0 0,0 0,5 0,48
1064 203,5 100,0 4,8 95,2 0,0 0,0 0,0 12,4 0,07
106·1 207,5 9$,8 5,2 94,8 0,0 0,0 0,0 1,0 0,05
1064 211,5 100,0 11,0 89,0 0,0 0,0 0,0 0,7 0,03
1064 215,5 100,0 1.4 98,6 0,0 0,0 0,0 1,2 0,13
1064 219,5 15,1 51 .o 14,8 33,2 0,0 1,1 1,5 1,34
1064 223,5 14,6 51,2 18,2 29,4 0,0 1,1 1,4 1,42
1(164 221,5 22,1 53,6 17,9 27,9 1),0 0,1 I,D 1,02
1064 231,5 100,0 17,8 82,2 0,0 0,0 0,0 0,7 0,41
1064 235,5 100,0 0,8 99,2 0,0 0,0 0,0 0,8 0,23
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Temp Time
(OC) (11)

Table B.22: A~ stability (Table 3.9, figures 3.2 and 3.3)

535 0,5
636 1,0
735 1,5
837 2,0
935 2,5
935 3,0
.g35 9,0
93;) 15,0
93.5 21,0
9:>5 27,0
935 33,0
935 39,0
935 45,0
935 51,0
935 57,0
935 63,0
935 69,0
935 75,0
935 81,0
935 87,0
935 93,0
935 99,0
935 123,0
935 129,0
935 165,0
935 171,0
935 177,0
935 183,0
837 189,0
837 195,0
837 201,0
837 207,0
837 213,0
837 219,0
837 225,0
837 2:31,0
837 237,0
837 243,0
837 249,0
837 255,0

CH4
cony. (%)

71,3
77,4
85,6
94,1
98,4
98,4
99,1
99,0
98,4
98,7
98,6
98,4
97,7
98.0
98,1
97,8
97,3
97,2
97,7
97,6
97,1
98,1
lJ9,0
99,3
98,6
99,1
99,1
98,~
93,4
94,4
94,4
93,8
93,2
94,0
94,1
93,4
92,4
93,4
93,6
93,0

Selectivity (%)
co
8S,1 11,9
93,8 6,2
97,3 2,7
98,,1 1,6
99,D 0,2
99,6 0,4
99,6 0,4
99,5 0,5
99,7 0,3
99,6 0,4
99,6 0,4
99,6 0,4
99,6 0,4
99,7 0,3
S9,6 0,4
99,8 0,2
99,3 0,7
99,4 0,6
99,5 0,5
100,0 0,0
99,4 0,6
99,7 0,3
99,8 0,2
99,6 0,4
99,7 0,3
99,6 0,4
99,S 0,5
99,7 0,3
98,1} 1,2
98,4 1,6
98,3 1,7
98,6 1.4
98,8 1,2
98,3 1,7
98,'1 1,6
98,8 1,2
98,2 1,8
98,4 1,6
98,6 1,4
98,7 1,3

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,(..'

0,0
0,0
0,0
0,0
0,0
0,0
0,0
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C3Hs

0,0
0,0
0,0
0,0
9,0
0,0
0.0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,1)
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

B'
1,9
1,8
1,9
1,8
1,8
1,8
1,7

1,08
1,03
G,95
0,98
0,97
0,96
1,01
1,06
1,01
0,93
1,09
1,05
0,88
0,94
0,9,
0,99
1,00
0,94
0,92
0,93
1,00
0,94
0,88
1,00
0,87
1,13
1,04
1,06
0,89
0,98
1,06
0,99
0,97
0,99
1,03
0,93
0,88
0.95
1,01
0,98

1,7
1,8
1,5
1,6
1,9
1,8

1,7
1,7
1,8
1,8
1,8
1,7
1,8
1,9
1,7
1,9
1,5
1,6
1,6
1,9
1,7
1,6
1,7
1,8
1,7
1,6
1,8
2,0
1,8
1.7
1,7
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