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Abstract

The partial oxidation of methane by air to synthesis gas over supported cobalt
catalysts wes 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 10%Co/C/y-Ala0s). In the presence of this catalyst 96% of tie
feed was completely converted to synthesis gas (CO : 2H,) at 1000°C. This
cdtaiyst showed no evidence of coking or loss of activity at 1060°C over a
period of 180 hours, The reé.ction mechanism is thought te ccrur in two stages
over two disti:_lct zones of the catalyst. Complete reaction of O with CHy to
form CO; and H0 is followed, in the second stage, by reforming and tk » water

gas shift reaction to produce synthesis gas.
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Do youn not know?

Have yoe 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 40%8-%1

To my Lord and Saviour, Christ Jesus.
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Chapter 1

Introduction

1.1 - World energy resources

The global I_léed 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 eﬁel'gy ~~ and lots of it, This energy is provided in three ways: by large fixed
insta]latibns (power stations) wherz 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 iransportation,
man is almost completely dependent on the combustion of fossil fusls for his energy

R



1.1.1 Fossil fuels

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 Is more cosily to extract from the ground and transport
than petro'leum. 1t also has a lower calorific value than petrolewm, is more hazardous,
and importantly, more costly to process due to the often high levels of sulphur, ni-
trogen and minerals [1}.

——Table 1.1: World conventjonal fossil fuel reserves and resources

_ Reserves . Resources
o - 108 E] Percent of &l 10° EJ ~ Percent of Total
" coal METX; 59,4 314,0 T a4,0
peat 8,7 204
ol 4,0 12,1 8,2-11,9 3,0
natural gas 2,7 8,1 10,0-10,3 3,0
. Total 93,1 100,0 392,0-336,2 100,0

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 petrclenm, 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-utiiized and consequently resources have not been thoroughly

surveyed.

IReserves consist only of those minerals which are economically extractable with current
extraction technology.
?Resources are the total amounts of minerals, including reserves, that could passibly be

exploited.



Resources of heavy oil have also not yet heen estimated beeause they are unviable

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

Bituminous tar sands and ol shale are other unconventional fossil fuels that have
not yet.‘l:neen exploited on & large scale. Oil shales have a widespread geographic dis-
ribution, and are estimated to he 500-2000 times the estimated total recoverable
regources of petroleum. Ah well as being economically unviable to exploit, the po-
tential environmentzl problems, especially the disposal of the solid wastes from the

procéss,. canvot be addressed with current technology.

Due to the massive amounts of fossil fuels that are produced, ﬁra,nsported and con-
sumed, dificult environmentél problems have evolved. Emissions from the com-.
bustion of fossil fuels contain sulphur and sitrogen oxides, particulates, urburned
itydrocarbons, frace metals a.nd carbon monaxide. 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 wlso because toxins can find thelr way into
the water table after being leached from coal ash dumps., Natural gas is the most

benign of the fossil {uels, creating a minimum of air pollutants.

Methods for reducing these emissions involve swifching 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 anclear power plants pose



a major threat to human health and the environment. However, using conventional
reactor technology, western urantum 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 Hmitless fuel supply; the top 5 cn of Lake Erie
. bas enough deuterium and tritium in it to produce energy equivalent to the world’s
petrolenm reserves. However, while progress has been made, this technology appears

to be decades away from commereial exploitation {3].

Renewable energy

Due to growiugh concern over the depletion of easily utilisable fossil fueis and the
dangers associated with nuclear energy, interest in alternate sources of energy is
growing. Wind, water, geothermal and solar energy aie 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 carbonacecus 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, Pofiler, Sanger
and Smith [4] reiaorted that reserves of natural gas, representing some 4127 EJ would
only last until 2029 (allowing for a 2% anunual inerease in consumption). Petroleum
(4749 EJ) would last until 2008. These anthors 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



new reserves and the potential of improved technology® every non-renewable resuurce
“will eventually be depleted.

It appears as if—ﬁm will again have to ;-"uange 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 {he increasing energy demands of
a growing world population without large-scale envh‘anmentél impack. 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 matural gas is vsed In chemical industries. This is
largely due to natural gas and petroleum occurring together. N atural gag, as a by-
product of petroleum extraction, is burned as afuél ft;r heating and power genera.tibn
[4]. Due to the high cost of transporting natural gas, if there is no population of
significance located economically close to the ofl field, the natural gas is oftes flared
[5]. Receptly 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 [6].

A large shift to the use of natural gos 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 rednced since
less wounld be flared and it would replace less benign fossil fuels. The price advantage

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

31f the amount of oil recovered from oil wells was to be increased from 25-30% to 45-50%,

the estimate of recoverable oil reserves would increase dramatically.



Natural gas is located in most areas of the world, with the most important reserves
located in the north and east of the former U.5.8.R. and in the Middle-East. Discov-
erable reserves will mainly be located in remote areas, where exploitation is presently

uneconomiz [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
tra.ﬁslaort costs, which depend on the distance between the source and the consumer.

Iz Eiurope 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 source 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 HCl and HF to produce halocarbons, with ammonia to produce hydrocyanic
acid, and with sulphur %o 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, ar 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



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

many organic chemicals. {1]

Among the options for generating syngas from natural gas are partial oxidalion,
autathermal reforming, steam-reforming in tubular reactors, and a number of spe-
ciality .processes [8]. In most cases the productiocn of synthesis gas is achieved by

sieam-reforming methane, eqnation 1.1:
CH; + H;G = CO + 3H, (AR = 206 kJ/mol) (1.1)

Thermodynamically this reaction is only favoured at high temperatures (sec 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 caraful catalyst selection. Nickel-
based .t:atalysts 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 fo 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 of a methane
conversion plant involves gas cleaning and desulphusisation, and generation and com-

pression of syngas [8].

The laxgest 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

2A review of the processes and reactors used for methane conversion, and in particular

steam-reforming, is presented in Technology and Manufacture of Ammonia, [10].



steam-reforming process {equation 1.1} produces a hydrogen to carbon monoxide

ratio of three as opposed to two for the partial oxidation process, equa.tioh 1.2:
CHy+ 505 = CO+2H;  (AHgg = ~36 k/mol) (12)

The higher hydrogen content of synthesis gas produced by steam-reforming may
favour ammonia synthesis, but if is often too high for other downstream processes.
The ratio of hydrogen to carbon moncxide pmduced by the partial oxidation may

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

In this work t;he. purtial cxidatior »f methane is presented as a competifive 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 [1] and Strelzhoff
[10] have given detailed overviews of those technologies which are concerned with the

hydrogen content of syngas.

1.2.2 Fischer-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, liguid and solid
aliphatic hydrocarbons. This reaction became known as the Fischer-Tropach 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,



SASOL

Synthesis gas is produced from coai for the SASOL process. The coa* is gasified
and the gas purified before F-T reactior. A diverse range of products are recovered
by processes which include . _genic separation of the light ends and stvam/oxygen

reforming of methane back to syngas.

In 1980 and 1982, when the SASOL 2 and 3 plauts 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 miilion BTU, a grassroots F-T syncruds plant would be
viable at US$ 23/bbl (15% return on capital) [12].

SASOL manufactures straight-run F-T diesel which has lowser sulphur, nitrogen and
aromatics content and higher linear hydrocarbon levels compared to petroleum de-
rived diesel. This makes it a high-gnality product. However, for the same reason
i.e. low aromaftics and high Uneur hydrocarbe levels, F-T gasoline has a low ectane

mumber and requires upgrading,

The greatest adira.ntage 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 temperatire F-T processes over 50% of the hydrocarbon
product counsists of highly-linear paraffinic waxes, with molecslar weights between
300 and about 1700. The fractionated and refined waxes can earn four times as much
as diesel or gasoline fuels. |



The largest potential for chemical production lies in the high content of linear al-
pha olefins produced in high temperature iron catalyst based F-T processes. Cs
to C4 olefins are conventionally produaced from efhane or petroleum naphtha crack-
ing, which at Jow petroleum crude prices are more competitive than via F-T. Higher
molecular mass olefins are conventionally produced by oligomerisation to a wide spec-
trum of olefins, and then only to evea carbon-numbered prodﬁcts. The ¥-T route
can produce olefins selectively with both odd and even carbon-numbered olefins.
Cy to Cgy olefins can be converted to the corresponding alcohols and used in the
manufasiure of plasticisers for PVC. They can also be converted, nsing metathesis
processes, to more valuabde higher-mass linear olefins. Cg to Cjp olefina are used
in the manufacture of synthetic hubricating oils. These, as well as linear alcohols

produced by hydroformylation of Cyz to Cys olefins, fetch high prices [12].

Shell Middle Distillate Symthesis

T+ ghjective of this process is to make kerosine and gas oil {rom natural gas. The
production of saturated hydrocarbons requires synthesis ga.s with a hydrogen/ car-
bon monoxide ratio of two, and is produced by non-catalytic, autothermal partial
oxidation, The syathesis step is a highly modernised version of F-T chemistry, em-
phasising high vislds and favourable catalyst performance. The waxy product from
the gynthesis step is hydroisomerised and hydineracked to give the appropriate yields
of distillate peoducts. These products are free from sulphur and nitrogea 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, can be foreseen. In addition to this, a variety of chemicals which today

are produced from petroleum or vy other routes, can be based on methanol. Thus
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the hydrogenation of carbon monoxide to methanol is of the greatest economical and

technological importance [15].

The first industrial catalylic methancl 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 tem;ierature and pressure could be decreased from 350°C to
around 250°C and from 20-30 MPa 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-Za 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 sieam-
reforining 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 fable 1.2, the efficiency with which
synvhesis gas is converted fo 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 ontlets. The largast
postion of methanol is enrrently used in formaldehyde manufacture. The best way
of producing aceti~ acid is carbonylation of methanol. Methanol can be reacted with
- GO 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],



T e L

Table 1.2: The efficiency of producing various products from syngas®,

_ Reaction ___ Syngas Eifficiency® L
“2H, + CO = CH;0H 100% T

2Hs 4 200 = CHO000H 100%

3H,; + 2C0 = (CH,0H); _ 100%

4Hy 4+ 2C0 = CoH;0H + HO 72%

8Hy 4 4C0O = C4HOH + 2H20 58%

4H; + 2C0 = CgHy + 3H,0 43.8%

17Hz 4+ 8CO = C3H;s 4- 8Ha0 44.2%

¢ mass percent of syngas converted to the desired product
b Reproduced from [12]

1.2.4 Methanol to gasoline

Methanol can be used as an automobile fuel, although this applcation 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 C,; to Cyo, 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 1973 and 1979 severely weakened the economy of New 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 Syafuel 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 methasol to
gasoline (MTQG). The GTM stage uses the ICI low-pressure methanol process, with
synthesis gas as an inlermediatory. The MTG stage uses a fixed-bed catalytic process
with Mobil’s nroprietary 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$ 6056 [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 US$ 18. However, in real terms the cost of gas would éantinue to deerease, -
further reducing the gasclice 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 advaniages of this in-reased
self-sufficiency could be significant, especially in the mediam to long term [17].

Mbbil 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 Z8M-5 catalysts, This process combines Mobil’s
methanol to olefin (MTO) and the Mobil olefin to gasoline and distillate (MOGD)
processes. Praduct flexibility, which allows the plant to adapt to market demands,
high yields and excellent product quality make this combined process an attractive
alternative for producitg a wide range of hydrocarbon products from natural gas or
coal {18]. |

¥The prices quoted are in 1987 US Dollars where US$ 1 = NZ$ 1,85.
®1t is assumed that the plant operates at design efficiency and capacity.
TTo caleulate the equivalent crude oil cost price, subtract US$ 7 from the price per barrel

of gasoline,
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Topsge Integrated Gasoline Synthesis

In the future synthetic fuel plants are most likely to be situated in areas wiere the
cost of natural gas is very low, Fﬁr 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 reduxﬁ:ng the investment.

In contrast to the New Zealand Synfuel process, the Topspe Integrated Gasoline Syn-
thesis (TIGAS) process integrates the methanol syethesis and MTG process steps
into a single synthesis loop. In the integrated Joop the first step is a process devel-
oped by Haldor Topsﬁé A/JS. It uses a mmlti-functional catalyst system to produce
a mixture of oxygenates, not just methancl. 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 Natmral gas — future potential

From the discussion in the previous section, it is evident that for the production of
organic compounds, processes using synthesis gas ag a feedstock hold great potential.
These well-established processes can flexibly produce a wide range of organic chemi-
cals of a Iigh quality and at high yields. Since synthesie 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 preduction.
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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 ethene, 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 1000°C 8,

Table 1.3: Free energies and enthalpies of formation

' Humber Reaction

AGzsoc  Alggnoec

AHgzee  AHiogeec

Steam-reforming®:
® CH; + H»0 = CO + 3H;
Pariial Oxidation to Syngas:
ii) CH4 + $02 = CO 4 2H,
Coupling: '
(iii) QCH4 - Csz + Hy
{iv) 2CH, = UsHyg + 2H;
(v) 2CH, = (Calla ++ 3Hy
Oxidative Coupling:
(vi}  2CH; + 10; = Colig + Ha0
(Vii) 20H; + Op = CoH, + 2H0
(viii} 2CHs 4+ %Og = CaHy + 3H,0
Partial Oxidation to Oxygenates:
(ix) CHy + 302 = CH4O
(x) CHy4 -+ Oz = CH0 4 H20
Full Oxidation:
(xi)  CHy 4 30z = CO + 2H0
(xii)  CHa 4 202 = CO2 + 2H20

fkd/mol]  [k3/mol] | [k3/mol] [k /mol]
+142 -96 4206 4297

.86 274 -36 22
+69 +70 +32 +38
+170 +42 +101 +110
+311 458 4376 4405
-160 -107 177 174
947 813 | -282 -278
-375 475 -349 -344
111 -58 -126 -127
290 -307 -285 -287
546 628 -518 -521
-801 ~910 802 -803

& AG = at 620°C

8The values in table 1.3 were caleulated using the software provided with Chemical and

Engineering Thermodynamics {20,



The industrial importance of ethene as a feedstock is illustrated in figure 1.1 {repro-

dnced from Heterogeneous Catalysis: Principles and Applications [1]).

Simple dehydrogenation to (predominantly} acetylene is possible by the elecizic are
process and by thermal-cracking. The fractional conversion of methane to C; hydro-
carbons is relatively low, 10-20% by volume in the exit gas. Carbon and hydrogen are
generated as byproducts. In the electric are 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;tenlperature gas-phase partial oxidation to acetylene is a flame process (1600-
1550°C) achieving 95% methane conversion, but only about 30% acetylene selectivity.

The remainder is converted to CO, CQOy and Hs.

Due to the stability of the C-H bond (415,8 kJ/mol [21]}) extremely high temperatures
are needed to activate methane. The bond energy of an 0-0 bond is oxly 138 kJ/mol
[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

COgz. The reaction is surface catalysed by O~ sites according to reaction 1.3:

2CH4 + 4[0_] — 2[CH3—0_] + 2IH - 0_] — CoHg + Hy 4+ 4[0“] (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 Og 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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polymers and

copolymers

ethylene uxide

CH;CH,OH
ethanol

[ H,C=CHOH]
| vinyl alcobol

H,C=CH~0-CO~—CH,
vinyl acetate

+CH;CQ:H

CHCHO |
© jacetaldehyde ]

CHJCH,

ethyl benzene

H;C=CHC(CI]
| vinyl chloride

- Figure 1.1: Some industrially important reactions of ethene
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Using available technology, the cost of ptoducing one gallon of gasoline at a 10600
. bpd plant via an oxidative coupling route is USE 2,09 compared to USE 1,94 for a
similar syngas-methanol process. The two routes are similar in that most fixed in-
vestment is in the methane conversion portion of the processes. The syngas-methanol
route does have a c¢ost advantage due to higher selectivity to final products (nearly -
180% to metkanol veisus 7% to Cs's for methane coupling). The comparison, how-
ever, is encouraging sinve the oxidative coupling route is still in is early stages of
development, while the syngas-methanol process has many years of devdopﬁent and

commercial practice behind it {22).

1.3.2 Partial oxidation {o oxygenates

The versﬁtility of methanol and its industrial importance has already been discussed
in section 1.2.3. The properties which make formaldehyde valuable are its chemnical
reactiviiy, its colonrless nature, its stability and the purity of its commercial forms
[24]. Formaldehyde is used as a basic chemical Luilding wnit in a large range of
organic compounds, from amino and phenolic resius to slow-release fertilizers. It
is also used in the synthesis of chelating agents, textile finishes and acetyl resina.
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.ma.ny 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 [25]. In spite of this methanol is dangerous to aquatic
life only in high concentrations, while formaldehyde solutions are harmful to aquatic
life in very low concentrations [26]. This makes methanc] preferable for bulk trans-

portation.
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The direct partial oxidation of methane to formaldehyde or methanol would eliminate
the need for synthesis gas as an intermediate for producing oxygenates. The par-
tial oxidation of methane to formal&ehyde and methanol occurs over the same acid
based ca.talysts,_ but nnder different reaction conditions, with formaldehyde being the

favoured product at higher temperatures and Jower pressures,

Synthesis of methanol or formaldehyde implicitly requires the formation of a carbon-
oxygen bord. As a result reactions iz to zii in table 1.3 form a sequence from the
activation of methane via methanl and formaldehyde to full combustion products.
The interinediate oxygenates are less stable and carbon oxide formatiosn is favoured
[4). However, there is a redeeming advantage to these reactions, sivri:e good selectivi-
ties are achievable, albeit ai low conversions, the lguid products are eﬁéﬂy separated

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

Research by Foulds and Walker [28), suggests that the significance of gés-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 concer.ning the role of the catalyst. It hias 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 [20].

Using a novel process, workers at Catalytica [30] have claimed to achieve yields of
43% at the relatively low temperature of 180°C. 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 of a mercury catalyst, SOz is evolved from the second stage
as the methyl bisulphate intermediate is .d.issolved in water. The S0y is recove: od

and used for sulphuric acid 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): o

CH, + Cl; — CHsCl+ KCl | (1.4)

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

1reaction 1.5:
nCHaCl — —~(CHa)n — + nHCI ' (1.5)
Where —(CHz)y— represents aromatics, olefins and paraffins. The I-ICl could then

be converted back to Cly and recycled [7].

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

from methane is therefore possible [31].

The oxidative coupling of methane to C, products using chlorine as an oxidant is also
possible. In a flame reaction with CHa/Cly = 1 at 1700°C, the reaction produces
mostly ethylene with chlorine emerging as HCl. Again this could be recycled as

chlorine after conversion by the Deacon process {T].

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

HC! and the problem of converting HCI to Cl; 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

forn:

CHy 2% Product -2 COx+H;0  (x=1,2) (1.6)
The desired intermediate products can only be obtained at high methane conversions
if ky < ky. Intermediate products are thermodynamically less stable than combustion
products, and are also more easily activated than methane. Catalyats 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 partjal oxidation of methane to

synthesis gas [27].

For the production of synthesis gas the partial oxidation reaction is thermodynami-
cally inore 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 exothermijc and favourable even at low temperatures.

1.4.1 Reaction mechanism

Prettre, Eichner and Perrin [32] noted ihat the gas products from the partizl vxida-

tion of methane were not well represented by equation 1.7:

CHy + —;-02 = (O + 2H, (1.7)



They also observed that the temperature at the front of #h=it catalyst bed was
very high and decreased rapidly before stabilising. Other workers have subsequently
observed the same phenomena {33, 34]. This the anthors propused was consisteni
with an exothermic reaction followed by an ondothermic one. The temperature
observed at the front of the catalyst bed was too high to be caused by the i)artial
oridation reaction {equation 1.7). This prompted Prettre and his co-workers fo

propose a combustion and reforming mechanism,

J* was reasoned that the high temperatures were caused by the comabustion of methane
in the relatively oxygen-rich feed as it first came into contact with the ca.taiyst LIALE
tions 1.8 to 1.10}. . .

CHy + 202 = COq + 2H,0 . (3.8)
CHe + goz = (0 + 2H,0 : | : (1.9)
CH; + 02 = CO2 + 2Hy (1.19)

T would result in the complete corabustiun of the oxygen, but not all the methane.
The energy detived 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):

CH,y 4+ HyO = CO + 3Hs _ (1.11)
CHy 4+ COy = 2C0 4 2H; (1.12)
CO 4 Hz0 = COz 4 2H, _ (1.13)

A model was devised based on this mechanism, whick predicted the gas product:

from the partial oxidation of methane, this thne with greater accuracy.
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Pretire 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,
ucombusted CHy was also more prevalent in the product siream. Similarly, other
workers noted that at larger space velacities [36, 33] or higher oxygen/methane ratios

[35, 36] that CO2 and haO selectivities increased at the expense of CQ and Hj.

Using this mecha.nism the conversion of methane is thermodynamically predicted to
be 42%, with 21% selectivity to CO and a Ha/CO ratio of 4,7. This resvlt is based
on a methane to oxygen ratio of 2 ; 1, at one atmosohere and 500°C. At 750°C these
values change to 91% methane conversion, 96% selectivity to CO, ans. a Hy/CO ratio
of 2,0.

Schmidt and his co-workers were unable to explain some of their results by means
of f.he combustion and reforming mechanism, but found that their results were more
consistent with a direct partial oxidation mechanism (equation 1.7) [37, 38]. Thesere-
searchers developed a model using a 18-step surface mechanism, which allowed them
to predict the behaviour of the partial oxidation reaction with reasonable accuracy

wnder different conditions.

Schmidt’s group studied pure metal surfaces, nut supported metal catalysts. It is
possible that the reaction mechanism in the presence of pure metals is different from

that in the presence of supp..ried metals.

Lapszewicz et al [13] carried out niethane-deuterium exché.nge experiments aver Rh,
Ru, Pt and Pd supported on MgO. By passing a mixture of Dy and CHy 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
(0, products. They have also suggested that C-H bond scission is the rate limiting

step,



1.4.2 Coke formation

Carbon deposition processes which are thermodynamically favourable below 1200°C
are the Boudouard reé.ction, equation 1.14, and the catalytic decomposition of methane,

equation 1.15,
200=C+COz 1.14)
CHy »= C 4 2H, {1,15)

Claridge ef el [39] passed pure CH - .d pure CO over supported nickel catalysts
af various temperatures and monitoreu the formation of amorphous surface carbon.
They have shown that the Boudouard reaction dominates at lower {emperatures,
while the methane decomposition reaction doininates above about 850°C. This wag
supported by their observation that at high temperatures the carbon build up oc-

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

Lapszewicz et al [13] observed that when a mixture of Dy and CHy were passed over
Pd on MgO only CH3D was produced. This suggests that the Pd sutface I5 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 aunthors have proposed that amorphous carbon is
formed from the products of partial dissociation of methane such as adsorbed methyl

groups.

1.4.3 Temperature measurement

Choudbary 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.
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Tn these experiments, the researchers used thermocouples, a conventional method,

for temperature measurement.

Heinemann and Chang [36] repeated these results, also wsing thermocouples, but
observed that the catalyst glowed, even at ‘low’ temperatures. Using an infra-red ra-
diation thermometer Heinemann and Chang measured the catalyst bed temperature
10 be 1270°C, while the thermocouples at the front and rear of the bed measured
450°C. Even withouf 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 discrepﬁncy cem 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)° Siuce 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 autothermal reactor temperatures in the differ-
ent reaction zones would be impessible. In reaction studies conducted to determine
the activity and selectivity of a particular catalyst, conventional techniques are ac-
ceptable, bearing in mind their imitations. Most workers have ntilised couventional
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 ¢an be made.

5The thermodynamic data for these reactions is found in table 1.3.



1.4.4 Catalysts

Since the first work done by Prettre and co-workérs [32}, supported nickel catalysts
have been studied ia detail. Based on their observations Prettre ef al proposed the
comhffstion and reforming mechanism (section 1.4.1), which predicted values in close

agreement with their observed exit gas conpositions.

. 1umsford and his co-workers {33] used XPS and XRD methods to study a 25 wt%

- Ni/AlzO3 :hatalyst after exposure to the methane partial oxidation reaction. It was

found that the composition of the catalyst bed varied with temaperature, The workers

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

equilibrium. At reaction temperatures above 450°C, compiete combustion of Op
takes place in spite of decreased contact times. Thus the deviations from equilibrinm

were explained as being due to incomplete reaction of CH4 with COz and Hz0.

They also observed that no carbon formed below 790°C, where anly COg and H,0
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 CHy/02 > 2, the
reaction produced large amounts of carbon, while for CH,4/0, > 1,25 but less than
2, there were no significant deposits of carbon. The products at these low ratios were

principally COz and Hp0.

Choudary et al have described a series of catalysts of the form NiO/MO, (M ="
lanthanides, Al, 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 Ni/MgO 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 mol% CH4 and 33 mol% O3 and a GHSV of
4.95 % 10~% h~1 at 1 atwm, and a 18,7 wt% Ni/Al; Qg catalyst, 87,2% conversion and

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



Hayakawa. et al [44] prepared Cay..Sr,TiOs based mixed oxide catalysts contain-
ing chromium, iron, cobalt or 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 from the perovskite structure, Ca;_8r,TiOs. Prior to pre-treatment the
Cag 58102 Tip sCo0,90a-5 catalyst gave 30,6% methatne conversion and 16,8% selee-
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
Cro3570.2Ti0,6C00,203_s yielded a material which had an XRD pastern very similar
to that of CaTiO3, 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, LnaRusQy, converted methane to synthesis gas
with ylelds and selectivities closely approaching those expected from thermodynamic
calculations, These catalysts showed that reduction had occurred resulting in ruthe-
rium metal particles [45]. They also showed that Ni, Ru, Rk, Pd, Pt and Ir, either
supported on AlyQ3 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 depasition or deactivation {35},

Schmidt and his co-workers {38, 37, 46, 47] have studied the partial oxidation of
methane to synthesis gas over various inetal-coated monoliths, The experiments
were conducted autothermally with residence times of as low ag 10 ms, and gas flow
rates of abont 4 standard litres per minute at around 1,4 atm. Table 1.4 shows a

summary of their resuits.

They have als » »own that €O and H; can be produced from methane in a fluidised
bed reactor [48]. Conversions of greater than 90% and selectivites of higher than

95% were achieved.



Table 1.4: Comparison of metals for the partial oxidation reaction

Meted and
Leading Theaction @é’*—ﬁ% g, Sco  Swbility Changes Coke
(wi5%) (°c) ) Formatlion
4% Rb ~330 0,860 0,90 086 stable Na
a% Mi ~730-830 6,80 681 0,82  deactlvaies volatilisatlon, No
slowly formatfon of
. ogide £ alominzte
2,60 It ~9320 0,73 0,85 0,94 stable Ho
- 4,7% Pt ~1120 0,87 0,78 0,94 stable . : Some
3% Ca 200D Q30 0,14 B8  deactivates {formation of aluminate No
8,5% Pd-Lagg ~1200 0,58 mEY 0,83  denctivates © pore bloehage Heoavy
0,5/4% Re deactivates quickly due to volatilisation of tha metal Ko
AT R extinguished in CHy phase changy Na
6,55 Fo extinguished iy CHy phose chaaga Srune

Reproduced in part from [473.

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 Al O3
gave a higher activity and selectivity than 5% Ni on Si0,.

Kunimori ¢t al [50] found that RhV0,4/Si0; reached a maximum conversion of 90%,
while the wnpromoted Rh/5i0; 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 Euglra 07 was
destroyed during the initiatiou of the catalyst, giving an active catalyst that com-
prised particles of iridium metal of about 30 A in diameter supported on europinm
oxide. A sudden increase in synthesis ga.s'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 gaseous axygen. Once the metal has been fully reduced it can be regenersted by

converting COy to CO over it.



1.5  Aims of this work

The potential of natural gas as a feedstock for the productior of chemicals ﬁaditim-
ally produced from. petroleam crude, has been highlighted in the previous sections.
Most currently available technology uses synthesis gas as an intermediate. The cost
of producing syrthesis 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 pmdﬁce 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 1.: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 [47]. Thus, com-
pared to the endotherndc 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 l¢ss the catalyst required. Both

result in cost savings.

A flnidised 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 thodiuin would cause shortages, resulting in price increases that

. would negate any henefit derived from other cost savings.

As far as the ferrous metals are concerned, nickel, although active [43, 33], deactivai..
slowly {47] and is known to result in the formation of coke [33). Cobalt, iz 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 seclectively. Not omly this, bui the catalyst
should be able to operate at low contact times, and not coke or deactivate. Above

all the catalyst must be affordable, robust &ﬁd 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 resulis.

The successfid use of cobalt-ruthenium bimetailic 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 apd 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 eupport for the

activation of methane [55].
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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 characterization of catalysts aciive 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 preseance of a catalyat.

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

various catalysis, are explained in this section.



2.1.1 Installation

A schematie representation <f the installation used is shown in fignre 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 Vg, the reaction mixture could bypass the reactor for analysis. The flow rates
of the two gases in the mixiure 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 ronted via two pneumatically operated sampling valves,
S; and 83, were vented to the atmosphere. The sampling valves were connected to

the same actuator te allow simultaneous sampling,

A 30 ml/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 ronted through the sample Joop, 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 Ni0y/Al,03 catalyst, heated to 350°C, C. The FID, fuelled by the hydrogen
carrier, operated at 250°C. An injection purt, operated at 150°C, was available for

calibration or ofi-line analysis,

The inert feed was split and both streams were routed via pressure controllers. The
teference stream flow rate, 30 ml/min, was controlled with a reedle valve. The

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



prior to detection in the TCD. Both the sampling valves, Carbosieve SII column and

the TCD were operated at an oven temperature of 357C.

The amplified signals from the two detectors were collected and integrated of a
Varian 4290 integrator. The integrator also controlied 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 & siandard design and enabled
temperature measurement of the gases above the catalysi bed. This reactor and
the corresponding TCD oven temperature (see section 2.1.4) were used during the
experiments on ¢ biinetallic catalysts (section 3.1.2), and the screening experiments
(section 2.1.3). The large reactor velume of the original reactor was required to
accominodate the thermowell, but this resulted in a large residence time of the feed

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

The original reactor (figure 2.2) was replaced by one of lower volame (figure 2.3)
which reduced the outer diameier from 18 mm to 6 mm. This reduced gas-phase
reactions to the extent that they had little influence on the resuits (table 3.2). The
disadvantage of this modification was that accurate measurement of the feed-gas
temperature was sacrificed. At the same time ag these changes were introduced,
modifications in the TCD analysis were also introduced (section 2.1.4). Apart {rom
these adjustments the installation remained unchanged for the duration of the ex-

perimental work.

2.1.2 Terflperature measurement and control

The reactor jacket and ihe oven housing the Porapak QS column were contyolie¢ with
multi-ramping temperature controllers. All the ntlier temperatures were controlled

with isothermal controllers.
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Figure 2,1; The installation used for conducting the reactor studies
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The reactor jacket temperature was measured by a thermocouple placed inside the
jacket, but cutside the reacvor. This thermocouple was used to control the Jjacket
femperature. A secend thermocouple was used to measure the temperatures reported
with the results. Using the original zeactor (figure 2.2) this thermocouple was posi-
tioned inside the thermiowell, giving the feed-gas temperatﬁ;e. 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
caialyst 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
asstuned to be at the centre The reactor was positioned such tha? the catalyst bed

coincided with the middle of the heating jacket.

Fy

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). To cover the frit with a layer of
catalyst, approximately 100 mg of catalyst was needed.

To minimise gas-phase reactions high gas flow rates are desirable. This meant that
the contact time had to be small, and a vamne of 0.01 s was achieved by setting the
mass flow controllers on the air and methane lines to give flow rates (at room tem-
perature and atmosplheric pressure) of 428 cm®/min and 180 cm3/min respectively.
A catalyst density of 1 g/em® was measured for tue y-Al03 support. The same
density was assumed for all the catalysts in order to be able to calculate flow rates

fromn the contact time and catalyst mass.

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

Over a period of a fortnight a variation of only £2% in this ratio was observed. This
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is well within the accuracy of the measurement technigne used $o measure the flow
rates. The overall flow rate was observed to be marginally lower than the sum of
she two individual flows. 'This may be due to the mixing properties of the gases, or

experimental errors.

2.1.4 Analysis

Twao different detectors were used for the analysis of the products. Firstly, a Thermal
Conductivity Detector (TCD) was nsed to detect differences in the thermal conduc-
tivity between the product gas and a reference stream of the carrier gas, Secondly,
a Flame Ienisation 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 detlectors the composition and consequently the chemical properties of the gag
change. These changes, due to upstream separation, are translated into electronic

signals which are then a,mpliﬁ_ed 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 chromaxo-

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

a large or reactive molecule would be cetarded 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 requires
different amounts of each product. Theréfore, in order to compare the amounts of
gases produced, it is necessary to find the relative intensity of the signals produced

by each producc.

One of the features of the installation was the 0,8 m column packed with NiOg/-
Al O3 catalyst. Passage of the product stream over this catalyst with an excess of
hydrogen (the carrier gas) resulted in all the carbon containing compounds (e.g. CO

and GQg) being converted to methane. Since hydrogen was the carrier and water is



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 CQy and CHy were injected
isto the FID analysis system. The methanator temperature and the length of the
'célumn sbére adjusted to ensure complete conversion of the C0O,. Sinee CO; is the
‘most gtable of the expected products it was assumed that all the other products

" wonld be converted to methane,

The only disadvantage of the system is that by using hydrogen as the cartier gas,
the hydrogen produced in the reaction is not detected. Hence, in 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 no need to use the TCI to detect any compounds other than
hydrogen. Thus, due to its low cost, m'trogeh was used as the inert carrier. Sep-
aration of hydrogen from the other components was achievable at 150°C, at which
‘temperature watér 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

‘;:'f- 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
stoichelometry due to reaction. To illustrate the point: in the feed stream there
is a particular amount of CE, available for conversion to other carbon containing
compounds. The amount of Oy in the feed is half that of CH4. The ratio of N» to
Qg will thus correspond to the camposition of air. Hence the gas ratios are: % 02,-%

CH4 and % Ng.

If all the CH4 and O were converted to synthesis gas, then the methane and oxygen
would form 1 mol CO and 2 mol Hy for each mol CH4 and half mol Op. This means



that, excluding the nitrogen, the product stream would have twice the number of
moles found in the feed. If the nitrogen is included the product mixiure would

contain: 3 CO, 2 Hy and £ N,

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 shows in fig-

ure 2.3,

2.1.5 Calibration

In the previous section it was proposed that the FID areas can he used to detexmi=~
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
mmole of CHy. Since all the carbon-baged products are converted to and detected as
CHy, the ratio of areas reported by the integrator is consistent with ﬁhe ratio of the
amounts of each product. Products such as C;Hy, C2Hy and CaHy are 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 the same amount of methane
would produce on the FID. '

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

__ (area of H, in a TCD sample) | 1)
¥ = Tatea of pure H, sample in the TCD) '




For a sample in the FID containing the same fraction, = of methane;

(area of CH, in a FID sample)

w= (area of pure CH, sample in the FID) (2.2)
By equating and rearranging equations 2.1 and 2.2:
(area of pure CH, in the FID) @.3)

nm = a‘“ﬂ (a’rea, Of ptl:!'e Hz in the TCD)

Where ng, is the nwnber of moles of hydrogen and ag, is the area reported by the
TCD for a given hydrogen sample,

The area produced by a pure gas sample was obtained by reriseing the feed gas with

the pure gas, and recording the area of & 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 ambijent temperature changes.

There is no apparent reason for this behaviour, which is evident in figure 3.1.

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/~v-Aly03) and which was
highly selective o CO, was used. .Since o condensﬁ,te was evident, 100% selectivity
to hwdrogen was assumed, The hydrogen/carbon monoxide ratio was assumed to
be two, The area required to give such « result was calculated and used as the
calibratiop value. It needs to be pointed out that the value caleulated fell within the

measured range of valnes.

41
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2.1.6 Experimental procedure

Due to the automation possible with the programmable integrator and multi ramping
tempzrature controllers, the experimental procedure wns 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 cover :, - 1arfz frit (see figure 2.2) or be placed cnto 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 (Vs, fig-
ure 2.1}, while the oxygen flow was shuf off. The heating jacket temperatuse con-
troller was programmed to heat - 1 maintain 600°C for 30 minutes, and then
decrease the setpoint to 500°C, Gu.. she reactor had reached the seipoint tempera-
ture the thi*vs&wé.y valve was switched ¢o 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 thme faken 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 affeciing the catalyst.

The reaction system was then allowed to equilibrate at 500°C for about 30 minutes.
The sample valves were positioned sucl that the product stream was routed through
the sample loops, i.e. “ecollecting” 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 irtegrator was prograntmed and the reactor termperature con-
troller reprogrammed. The integrator was programmed to switch the sampling valves

from “coilecting’ i “sar vrisg” ob time zero, At the same time the signals from both
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the FID and the TCD 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 gass through both columns,
the integrator stopped collecting data and reported the integrated peak areas and
retention times. This sequence of events wns programmed o be repeated every 30

minntes.

The reactor temperature controllar was reprogrammed so that once veset it would.
change the setpoint to 800°C 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 balf an hour the integrator was
activated and the programmed integration sequence repeated jtgelf every 30 minutes.
Immediately afier the integrator program was implemented the mew 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 800°C product gas was being analysed and its composition recorded, the reactor
was heated up to 800°C, aud the steady state sample collected. After half an hour at

800°C the products were sampled and analysed while the reactoy temperature was

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

10006°C sample had been collected and was being analysed, the reactor temperature
vras resef to zero and the feed gas was manually switched with valve Vg, figure 2.1,
to bypass the reactor. Thus after the last 1000°C 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. ¥ there were no deposits the reactor was rinsed with

acetone and dried with air.

2.1.7 Data manipulation

Once all the data for 2 particular set of experiments had been collected, they were
translated into usable results. The values reporied in the chapters which follow
were calcnlated using the equations listed below, based on the assumptions made in

previous discussions.

The factor o: this was used to compensate for the stoicheiometry (section 2,1.4):

it
o= N (2.4)
N, .

where nf;, and ny, refer to the amount of nitrogen in the feed and product sireams

respectively.

The conversion of methane, ¥, is given by:

— z:i i . (2.5)

T onem, +um
where i = CO, CO3, CoHy, CoHy and C3Hg.

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

BT _
8 = = (2.6}




The carbon balance, B, is given by:

B - (B0H T Xym)a | (@7
AcH,

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. Althongh 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 péaks by dividing the areas
perpendicularly at the minimum between the twe peuks. Forced tailing requires
the integraior to integrate the laiter peak as if it were “riding” on the tail of the
former. This setﬁing 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 ihe 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 resﬂt‘. in an exaggerated value of @ (equation 2.4) and consequently of B.

Due to the nature of the FID analysis, the assumption was made that all carbon
vontaining 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 producis would have
condensed in the water trap, clogged up the valves, or been detected by the FID.
They would have been noticed.
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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 consisiency of the experimental conditions,

‘The normalised carbon count, B is given by:

B = Bom, +DaM
(ngH, + 2.1 0i)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), titunia (Degussa P25),
and a carbon-coated alumina [56] were used. The latter was used as supplied, while
the two alwnina supports were crushed into particles of mesh size 300-500 pm. The
other supports were supplicd as powders and needed to be pelletised before beine,

ground into shnilar-sized particles.

2.2.2 Monometzallic catalysts

The incipient wetnuss technique was used to prepase 2l the monometallic catalysts

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

For the carbon-coated alumina (C/y-AloO3); 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

1{CH3C00)2Co.4H;0, Mw = 249,08 g/mol, Merck



o .

[ : . : ° .
= . . i L B S 2 S
S . . . E B . . . T o

-

sa

completely wet the support was added. It was necessary to make a number of such
applcations, drying the support at 150°C between each application. After all the
solution had been applied, the vatalyst was dried overnight.

The 14%Co/C/y-AlO)3 catalyst was prepared in 2 similar fashion but using cobal-
tous nitrate? in ethanol. Two forms of this catalyst were prepared, one dried at

15(°C overnight and the other ~alcined at 800°C overnight.

The catalysts using MgO, S5iQ and TiQ; supports were prepared in & similar way
except that water was used as the solvent for the acetate. All these catalysts weve

caleined overnight a. 87.°C in an oven with no special atmosphere.

The alumina-sapported ca.;alyéts were prepared from cobaltous ritrate using water.

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

- even a 10% metal loading could be a.pp].ied'with a siugle wetting of the _salutian. The

amount of water used was determined by the amouni needed to engure that there

was complete so#king but no excess solution, which would result in the me_tal in the
excess solution not being loaded onto the support. These ca.talyéts were calcined

overnight at 800°C, with the exception of the catalysts repoited in section 3.1.2,

which were uncalcined, but dried ovemighf at 200°C.

The monometallic ruthenium catalyst (section 3.1.2) was prepared in the same wuy
as the uncalcined Co/y-AlpQ3. Ruthenium acetate > was used as the source of the

metal.

2Co(NOs)z.6H,C, Mw = 291,03 g/mol, SAARCHEM
2‘Rus(li[0GCICE[gJ5((1]5!\"1;(.}}5[)3[()G()_C:Hs], Mw == 828,65 g/mol,prepared according to {57]
and [58] :
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2.2.3 “Aged” -atalysts

The “aged” catalysts were calcined at 1125°C for 50 h instead of using the usnal
drying or calcination stage. '

2.2.4 “Diluted” catalysts

| Only one catalyst was diluted, 14%Co/C/y-Al30s. Quariz beads of the same size |

and with twice the mass of the caalyst were used as a diluent. These were mixed

with the catalyst to observe the eifect of a heat sink within the catalyst bed.

2.2.5 Bimetallic - .utalysts

These were prepared in the same way as the monometallic futhe_nium catalys (see
section 2.2.2),'except aat the appropriate monometallic catalyst was used. Thus -
for 0,1% Ra on calcined i%Cofy-Al303, the calcined 1%Co/-Alz05 catalyst was
used as the “support.” The uncalcined version nsed the uncaleined 1%Co/y-Al05

catalyst as the “support.”

2.3 Characterisation techniques

2.3.1 Surface avea analysis

The method and apparatus [59] used were based on the consecutive adsorpiion and

desorption of nitregen gas.
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A krown mass of catalyst was dried in sity 2t 180°C for one hour. Then, with
nitrogen flowing over it, the catalyst was cooled to liguid nitrogen .tempera.ture to
eifect the adsorption of the gas onto the catalyst. By rai)idly heating the catalyst the
nitrogen was desorbed and detected. The surface areas were calculated according to

the Brunaver, Famett, Teller (BET) surface area equation,

2.3.2 Determination of cobalt loading

Atomie absorbtion spectroscopy was conducted, using a Spectravarian 419, to deter-

mine the cobalt Joading on a number of different catalysts.

The calcined catalysts were found to be insoluble in most strong acids and bases
[60]. A method by Barros [61] for the analysis of cobalt containing ores was used to
dissolve the CoAl, Q4. |

The method involved mixing 0,2 g of the catalyst with 10 ml of boriz acid (4 mol
%) and 10 ml of concentrated HF. The sclution was heated at 60°C for 15 minutes.
Then 50 ml of a HNO3 : 2HC! mixture was added and this solution was heated for a
forther 30 minutes. After transgference to a 100 ml volumetric flask, the solution was
made up to the mark to give a.30% by volume HC! 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 of two steps. The
first involved drying 100 mg of catalyst at 153°C for one hour under flowing nitrogen.

After vooling the catalyst Yo below 100°C, the second, analysis step was performed. -

The catalyst was heated te 950°C over a period of 90 minntes, under flowing hydro-
gen. Changes in the composition or flow rate of the gas flowing over the catalyst
would be reflected as cianges in intensity by the T'CD.

2.3.4 Identification of catalyst structure

Powder X-Ray Diffraction (XRD) techniques were used tc identify the dominant

chemical species present in a parti_cﬁla.r catalyst,

Samples were ground into a fine powder (inesh size less than 756 um). If there was
sufficient sample, it was packed into a cell. If not, the sample was ¢ jated onto a

single §i0, crystal using vacuum grease (Dow Corning High Vacuum).

Air-sensitive sarnples were transported in 2 sealed reactor, to an air bag, where they
‘vere prepal ed under nitrogen. After preparation they were sealeu with a “transpar-
ent” coating {Gruwbacher Hyplar Gloss Varnish). Blank studies showed that the

crystal, grease and varnish have no effect on the diffraction pattern.

The measurements were performed using an X-ray diffracto..eter (Phillips PW1320)
with a graphite monochromator using Cu Ka radiation (40 kV, 20 mA). A gas-phase

scintillation detector was used.

Most samples were analysed over four hours between 26 = 5° to 140°, For samples
where the amount of material available was small, the samples were analysed for 16

hours over the same 26 range.



It needs to be noted that the lower the concentrations of a compound in the sample
the Jeos likely it is to be detected by this technigue. In other words, these analyses

may not detect miror species in the sample.

The observed diffrzction patterns were matched, using Phillips PC-APD software,
against values in the JCPDS database (table 2.1).

The crystal structures of the unit celis of the 14 Bravais lattices are shown in ‘ig-

ure 2.4, which was reproduced from Levine’s Physical Chemistry [63].
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Table 2.1: JCPDS database entries used for XRID) pattern ma.tchmg

Card Number Compouni Crystal Structu:a
Set Pla_f_t;ern _ ' _
4 8715 ALO; " Not assigned -
4 877 Al;04 Not assigned
4 878 Alz0; - Not assigned
4 880 Al,O; Cubic
10 173 Al;03 Rhombehedral
10 414 Al 05 Hexagonal
16 425 AlyDs Cubic
11 517 AlyDs _ Monoclinic
12 539 - Al O Not assigned
1 373 AlLOa Hexagonal
6 . 304 ' AlzOg _ ‘Tetragonal
21 ‘10 - ALOs Hexagonal
23 - 1009 AlzOn Muonaclinic
26 31 AlyO3 Hexagonal
29 63 Al O3 Cubic
35 121 Al: O3 Monaclinic
5 727 Co ' Hexagonal (close packed)
15 306 Co Cubic (face centred)
] 402 - Col ' Cubix
. 770 Cos0s Hexagonal
g 418 _ Cos0y Cubic
10 458 CoAlyQs | Cubic
i1 602 CoCQ;3 Rhombohedral
K 719 CoCylly . Monoclinic
4 829 MgO - Cubic
30 94 Mg0 | Cubic
19 77l MgOq Not assigned
e e e e e e i - — — —_—
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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 the 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 Ly reactions vi to vifi, table 1.3} and water decreased, while

synthesis gas prodilctinn 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  CH,  Selectivity (%) Hp/CO
 (°C) conv. (%) CO CO:  ratio

Blank Reactor 760 0,8 435 13,7 1,88
860 53 544 55 1,27

961 145 923 "2 181

Table 3.2: Gas-phase reactions in the modified reactor
Catalyst “Temp CH, Selectivity (%) H,/CO
(°C) eonv. (%) CO ~ COy  ratio
Blank Reactor 435 0.4 60 1000 —

490 6,0 — - -
545 04 00 1000 —
601 0,0 1090 00 0,62
857 0,0 — - —
712 0,0 - —_ -
765 0,0 — - —
874 0,1 00 9,0 —
927 0,3 189 0,0 0,77
980 0,9 246 00 0,86

i

The use of a reactor with a lower volume (figure 2.3) had the desired effect of reduc-
ing the gas-phase reastions, At about §60°C the gas-phase conversion of methane
dropped from 14,5% in !the original reactor to just under one percent in the muﬁﬁe&
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 m 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 CHy reacted to form products in the .actor
was Jower in the presence of pure y-Aly0g, than in the blank reactor, there was
only a marginal imprnvement in conversion, There was no real improvement in the
selectivity to CO and COp 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 {hought to be related to the known activity of the support
for (-1 bond breaking [55].

Calcined and uncalcived 1%Co/y-413035 catalysts were prepared (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 5.3). Methane con-
version was also higher in the presence of the metal, with an increase in activity of

~20% as the feed gas temperature approached 1000°C.,

The calcined catalysts had a characteristic blue colour before testing. Interestingly,
after reactiou, sections of the uncalcined catalysts bad begun to change to the same
colour, Schmidt and co-workers (section 1.4.4) also observed that areas of the cobalt-
coated alumina monclith kad changed to a blue colour after reaction. This was
attributed to a tetrahedral cobalt compiex, probably CoAl; 04, It was further noted
that this region did not appear to be lit, i.e. active in the methaite conversion

reactions.
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The reaction of methane with oxygen in the presence of 2 monometallic 0,1%Bu/y-
Al; Gy catalyst was also investigated. This catalyst showed higher activity and selec-
tivity than the 1%Co/y-Al;O3 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 v re prepared in calcined and uncalcined
forms (section 2.2.2), and tested m the same way as the monometallic catalysts.
The uncalcined monometallic ruthenium catalyst showed greater activity than the
calcined cobalt-ruthenium bimetaliic catalyst, which in turn showed greater activity
than the uncaicined bimetallic catalyst. Although all thiv. catalysts had shmilar
selectivities at high temperatures, the monometallic ruthenium catalyst showed the
greatest selectivity to syngas at temperatures below 706°C. In comparison to their
- monometallic counterparts, both the calcined and the uncalcined cobalt-ruthenivm |
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 ~860°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 catalysis. The bimetallic interactinn 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 ruthenjum-based catalysts at
temperatures as low as about 485°C. Poirier and Trudel [40] observed that reac-
tions were initiated at 425°C in the presence of a 0,1%Ru/y-Aly04 catalyst. They
attributed this to the reduction of RuQO; 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 bi-metallic catalysts

Catalyst Temp  CH;  Selectivity (%) Hs/CO
(°C) conv. (%) €O  CO; ratio _
7-Al,03 ” 668 5,2 15 98 0,9 IR
767 10,5 546 11,2 1,1
872 18,2 698 7,7 1,1
972 187 8,7 1,9 1,8
1%Co/7-Al, 032 664 9,5 59,7 20,5 1,1
769 19,6 555 21,5 0,9
842 28 81,3 7.2 0.9
_ 972 41,9 893 0.2 1,8
1%Co/v-Aly 05" 667 8,9 630 189 1,1
774 19,5 62,0 19,8 0,8
870 154 70,8 76 1,2
962 34 936 2,1 1,7
0,1%Ru/~-Al05" 485 13,9 69,0 319 24
572 196 887 113 2.0
664 23,7 965 3,5 1,8
763 276 985 05 1,8
862 204 986 0,1 18
954 30,9 98¢ 90 18
0,1%Ru-1%Co/v-Aly05* 485 8,1 426 574 2,7
578 10.8 76,0 24,0 1,8
670 14,8 889 10,7 1,7
764 222 984 03 18
862 243 974 0,1 1.8
957 204 97,7 0,0 2,3
0,1%Ru-1%Co/v-AL Q5% 484 8,8 53,9 48,1 3,0
573 19,7 881 11,9 14
666 20,1 959 3,7 1,7
761 23,7 976 08 1,8
860 24,1 97,3 00 1,8
956 25,9 985 0,0 1,8

& Uncaleined 1%Co/v-Al203 — section 2.2.2,

5 1%Co/v-Al,03 calcined at 800°C — section 2.2.2.

¢ Uncalcined 1%Ru/y-Al203 — section 2.2.2.
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3.1.3 Partial oxidation over Co on various supports

These xperinients were also conducted in the original reactor. Hence the gas— phase

reactions reported in table 3.1 need to be considered.

The activity and selectivity of cobalt was tested over five different supports, each
with « metal loading of 33:0,2%, table 3.4.

Cobalt supported on MgQ proved to be unstahle, and metal was observed on cooler
downstream sections of the reactor. As a result this catalyst had a lower activity
at ~950°C (marginally greater than that of the gas phaée) compared to the .wher
catalysts tested. -

The cobalt on tifa:_nia 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 Irit.

The silica-based catalyst, while not as active as the titania-suppori: 1 catalyst at

lower temperatures, was only slightly less active near 1000°C. Selectivity to synthesis

gas was comparable.

The y-Al03 and C/4-Al;03 catalysts both showed moderste conversions at lower
temperatures with sudden increases in acuivity and selectivity at about 950°C. The
selectivities achieved weré marginally poorer than those of the titania and silica-based
catalysts. The C/v-AlOg-based catalyst appeared black prior to reaction, but after
reaction had changed to the same biue colour as the y-Aly03-based catalyst, |
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Table 3.4: Partial oxidation of methane over various catalysts

Catalyst ' Temp CHy  Selectivity (%) Hp/CO
(¢C} % conv. CO CO, ratio
e e —— ST e : z
3%Co/7-Al;03 476 0,00 00 00 -

575 0,26 0,0 1000 -

670 583 564 283 1,58

769 804 560 218 0,93

869 18,53 645 95 1,05

95¢ 26,05 985 0,1 1,82

3%Co/C[y-ALOs 473 0,8 0,0  100,0 -

564 0, 00 1000 -

666 28y 7.9 20,7 1,42

764 3,97 61,6 20,0 im

863 8,61 . 623 109 1,07

| 956 26,33 982 00 1,72

3%Co/MgO 472 000 00 00 -

566 0,01 0,0 1000 -

663 2,02 21,3 480 1,44
760 3,08 17,6 357 . 1,51

860 654 144 356 3,11

_ 953 17,78 928 0,0 1,85

3%Co/Si0, 475 0,58 00 1000 -

560 0,53 0,0 1000 -

664 1,87 00 853 -

762 7,95 164 479 1,53

89 5,36 23,7 254 2,04

949 2880 99,1 0,0 1,79

3%Co/TiO, 474 0,06 00 1000 -

569 0,23 0,0 100, -

664 1,62 20,5 24,7 0,95

764 11,35 40,5 157 0,79

867 20,00 81,3 49 1,48

955 3141 990 02 1,82
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3.1.4 Partial oxidation over SiOsbased catalysts

As a vesult of the screening tests conducted, MgO and TiO, were eliminated as
possible supporis for further studies, 510z and AlpOj supported catalysts were
further investigated in the modified reactor.

The results collected from the orig_inm‘. 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. 1t is* clear from these
results .(ta,ble 3.5) that the gas-]:m'!::.'-.se reactions contributed extensively to methane

conversion and CO selectivity.

The results shown in table 3.5 for tﬁe tests conducted at ~1000°C in the modified
Teactor are those cé]iected after two nmn‘s 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 8104, 3%Co/Si04 and 10%Co/Si0,
dropped from 6,0% to 4,2%, 6,9% tu 4,8% and 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 48,4%
to 42,2% respectively, over thé same period {tables B.9 and B.11).

As a result of the decline in the activity and selectivity of these catalysts, as well as
there being little evidence that the cobalt on 5102 has any substantial effect on the

reaction, no 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 medified

reactors .
Catalyst Temp CH, Selectivity (%) H2/CO

(°C) conv, (%) CO COq ratio
Original reactor:
8i0, 478 0,00 00 00 -
566 1,26 763 116 0,46
666 1553 61,7 8,1 0,28
764 24,77 733 438 0,35
856 2454 738 6,6 0,48
953 4649 81,8 104 0,57
3%Co/Si0; 475 0,58 0,6 1600 @ -
' 569 0,53 0,0 100,0 -
664 1,87 00 833 -
762 795 164 47,9 1,53
859 536 28,7 254 2,04
948 2880 98,1 0,0 1,79
Modified reactor: T

5i0, 444 0,1 0,0  100,0 —
772 0,4 776 224 6,6
000 42 494 48 0,7

3%Co/Si0; 462 0,5 13,0 87,0 0,5 .
© 789 0,7 405 59,5 0,4
1005 4,8 457 58 0,7

10%Co/8i0, 468 0,6 3,1 969 0,4
796 22 3,5 593 0,2
1006 35 422 94 0.2

62



3.1.5 Partial oxidation over AlyOs-based catalysts

Tests on both a-AlaOs and 7-Al; 05 were conducted in the modified reactor.

In the presence of both supports, as temperature increased, so did activity, while
selactivity to CO decreased (table 3.6). At the maximum testing temperature activity
was low, 23,2% and 20,4% for a-AlyO3 and 4-AlaOg tespectively, and selectivity to
CO poor, 66,6% and 49,0% respectively.

An addition of 3% cobalt to y-Al,O3 reversed the trend, with both activity and
selectivity increasing with temperature. Addition of 10% metal to vhis support re-
sulted in almost complate conversion and close to 100% selectivity at ~1000°C. The
10%Co/a-Aly Oy catalyst showed similar activity and selectivity to 10%Co/v-Als03
above 1000°C.,

The thermal stability of the 10%Co/-Al,03 catalyst was testec. by calcining it at
11125°C for about 50 hours, in a so called “ageing” process. Only marginal decreases

in the activity were observed.

3.1.6 Partial oxidation over C/vy-Al;O3-based catalysts

The results from various C/y-A1p0g-based cobalt catalvsts are reported in table 3.8,

A comparison of tables 3.6 and 3.8, show that the results obtained from the C/y-
Al O3 support are similar to those of the two pure aluining supports. It was observed
that activity increased with increasing temperature, while selectivity decreased. At

1012°C activity was still low (<30%) and selectivity to CO poor (<45%).

The support .itially 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 AlOg-based catalysts

Catalyst Temp  CH, Selectivity (%) Hy/CO
(°C) - comv. (%) CO  CO, ratio
2-Aly 05 476 0,2 1000 9,0 9,6
: 300 6,5 83,0 17,0 1,6

1023 232 666 46 09

10%Co/a-Als03 485 0,0 00 00  —
831 BL2 890 00 17
925 8,0 982 LB 17

_ 1024 97,0 99,9 0,1 1,7
y-Aly 04 440 0,0 1000 0,0 1,0
772 3.3 770 23,0 2,2
995 20,4 4906 70 138

3%Co/v-AlyO3 490 1,0 95,2 4,8 0,0

807 546 87,6 115 1,7
998 77,7 956 3,9 1,7

10%Co/v-AkOs 486 6,1 785 21,6 5,8
846 64,4 942 58 1,5
025 - 81,8 96,0 3,9 1,7
1042 97,8  100,0 0,0 1,6

10%Co/7-AL,05* 464 0,1 100,0 0,0 7,2
813 57,1. 90,3 84 1,7
1010 96,0  100,0 0,0 1,7

# 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

412 Q5 phase as a support.

Comparison of 10%Co/C/y-Alz03 at above 10D0°C, to those over 10%Cofe-Al303
“and 10%Co/v-Aly03, showed that the activity of the C/y-Al;04-based catalysi was

slightly lower but the selectivity éumpa,ra,ble to the non-carbon-containing cata-

lysts. The variations in the reaction temporature (1010°C, 1023°C and 1042°C for
10%Co/CJy-Als03, 0-Alp Q3 and -Alo O3 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

axperimental error or the presénce of the carbon coating.

Calcina,tidn at 800°C and 1125°C appear to have little effect on the activity of the
14%Co/C/1-Ak0s a4 10%Co/C/v-AlO; catalysts respectively.

The standard 14%Co/C/v-ALOy catalyst, and the diluted 14%Co/C/y-AlaO; cat-
alyst (section 2.2.4) both.touk an unusually long period to reach steady state; 4
hours and 10 hours respectively, The 14%Co/C/y-A1y0; catalyst calcined at 800°C,
however, reached steady state as rapidly as the 10%Co/C/v-Al303 catalyst. The
14%Co éatalys’sts were prepared using cobaltons nitrate in ethanol while the 10%0‘3
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 sbove and the characterisation studies reported below, a

catalyst, lobelled AR, was prepared. The results presented in table 3.9 were obtained
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Table 3.7: Comparison of AlyQOs-based catalysts at 925°C

Catalyst Temp  CHg  Selectivity (%) Ha/CO
_ _ __(C) comv. () CO  COp ratio
"10%Co/a-Al;03 925 89,0 982 1,8 1,7

10%Co/r-AlaOg 925 81,8 96,0 3,9 1,7

_10%Co/Cly-ALO; 925 95,9 99,3 07 1,2

Table 3.8: Partial oxidation over ('/4-Al;Oa-hased catalysts

Catalyst Temp CHy Selectivity (%) H,/CO
("C) cony. (%) CO CO,  ratio

" C/v-ALO3 55 01 31,8 682 07
757 4,6 75,1 24,9 1,8
_ 1012 28,9 435 14,5 1,3
3%Co/C/y-Al,03 448 0,1 64,0 359 0,5
790 9,9 52,3 44,9 24
| 1010 83,2 96,7 26 1,6
10%Co/C/v-Al,0O3 472 1,0 37,5 625 0,7
820 46,0 90,0 9,1 1,9
925 95,9 99,3 0,7 1,2
1010 92,0 9296 04 1.8
10%Co/C/7-Als03° 420 0,1 1000 00 4,1
763 1,4 55,4 44,6 3,7
| 994 94,0 1000 0,0 1,8
14%Co/Cly-A1a0s 407 0,4 0,0  100,0 —
B33 18,2 46,0 44,7 2,7
1027 83,4 970 2,0 1,7
(after 16 hours) 1027 96,3 98,9 1,1 2,0
14%Co/C/7-Al,0® 507 0,8 6,0 1000 —
R35 8,6 46,5 53,5 3,4
1028 39,6 674 21,9 2,0
(after 20 hours) 1028 89,7 97,9 2.0 1,5
14%Co/C/v-Al;05° 368 0.4 100,0 0,0 0,3
730 3.4 544 456 2,6
953 87,4 08,5 1,5 1,8

a Calcme-l at 112520 — section 2.2.2.
b Diluted with quartz beads, Quartz : Catalysts = 2 : 1 — gection 2.2.4.
¢ Calmned at 800"0 — section 2,2.2.

=




Table 3.9: Partial oxidation over AR
Temp CcH, Selectivity (%) H,/CO
(°C) conv. (%) CO  COGq ratio

535 71,3 88,0 120 1,9
626 74 938 62 1,8
735 856 973 27 1,9
837 940 984 16 18
935 984 998 02 18

~ using this catalyst. It is clear from the table that these results are the best presented
in this work for the partial oxidation of methaae synthesis gas. The activity and
selectivity, at all temperatures, are ﬁonsistently higher than for any qtiler catalyst
tested. The catalyst formulatio: 4Ii be revealed after patents have been taken out
on the catalyst.

3.1.8 Stability studies

The si;a,bi]ity of 10%Co/C/y-Als 03 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 figzure 3.2. This catalyst was
maintained at a reactor setpoint temperature of 900°C for 180 hours. Then the set-
point was decreased to 800°C, and the reaction maintained ander these conditions
for a further 70 hours. Less extreme conditions were used for this experiment than
for the stability test conducted on IO%CO/ C/v-Al303 (figure 3.1). A lower reaction
temperature was introduced since similar results were observed at lower tempera-~

tures.
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3.2 Reproducibility

It is necessary in any research work to be satisfied that the results reported are ac-
curate, and most importantly reproducible, Tn order to ascertain the reproducibility
of the reactor studies and analysis, two different expenments were conducted on the

same catalyst (AE) under the same conditions.

In ﬁgﬁ:e 3.3 the results from the two experiments conducted are plotted. The graph
clearly shows that the fea‘uits from the two exp.eﬁtrLents show the same trends, and
data points at comparable temperatures are within a couple of percent. While it is
difficnlt to perfecily reproduce results, it is clear that a comparison of data from the
same catalyst collected at different times is valid.

The Iepmdumblhty of the ca.ta]yst preparation techmque is discussed in sections 4 5.1
and 4.6.1. e .
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Table 3.10: Cobalt loadings of various catalysts.

Catalyst - Calculated [% mass] Measured [% mass]
o-Al-Og suppo_rt T WO,O - 0.0
3%Co/fo-Alh O3 3.0 2.9
10%Co/a-Aly 05 : 16,0 - 9.6
4-AlaO3 support 0,0 0,0
3%Co/y-AloOs 30 2.9
10%Co//y-Aly 0% 10,0 9.5
10%Co/y-Al;038 10,0 9,3
C/v-Al, 03 support . 0,0 4,0
3%00/0/7-M203 3,0 2,3
10%Co/C/v-A1203" 10,0 9.6
10%Co/C/v-Al 03 10,0 9,5
14%Co/C/v-Al303 14,0 13,7

@ Calcined at 800°C — section 2.3.2
- & Calcined at 1125"__0 — saction 2.3.2

3.3 Characterisation studies

3.3.1 Determination of cobalt loading

Due to the techniques used in loading metals on support materiais and subsequent
treatment, it is possible that théé actual metal content of a catalyst couid be lower
than that calculated. For example, in table 3.10, the catalysts calcined at 8G0°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 caleulated.
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Table 3.11: Surface areas of various catalysts.

Calcination Surface Area
_ Catalyst Temperature [m2?/g]
10%Co/a-Al, 03 800°C | 368
10%Co/fy-Alz 03 800°C 30,0
10%Co/v-Alg03 1128°C 4,5
10%Co/C/y-Al2 03 none : 96,5
10%Co/C[+-Al203 1125°C 6,6

The technique wsed to obtaén these results is descri_l_‘sed 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/C/+-
Al; 03, that underwent no heat treatment, gave the highest surface area, 96,5 m?/g.
10%Co supported on 7-Al2 O3 and «-Alx0g, botk treated at 800°C, had similar sur-
face areas (30,0 m?/g and 36,6 m*/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 XRI)} studies conducted are shown in
table 3.12,

The structures of a-Aly O3 and 7-Aly 03 are obviously different (figure 3.4), but it is
clear that the structure of C/y-Alz0jy is very similar to that of y~Al;Os. It is worth
noting that the a-Al; Oz 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 ["C] AlzO, Metallic Co

Catalyst Calc. Hxm - -Rhom. o <« | Cobie Hex. | ToAlaOs | CoyOy
Co/o-Al 03 800 fresh | ' 2 I 1
Co/o-Al 03 800 1600 1 3 2
Cofy-Alz03 800 fresh 1 2
Cor4-AkO3 300 1000 H 3 2
Cofy-Alz0s (*xged") 1195 fresh 1 2
Cofr-AlzQ3 ("eged”) 1125 1060 1 2 3
CofCfv-AlzCy (10%) dried fresh o b
CofC[4-AlzOg (14%) dried frezh 1
CofCfy-AlpO3 {in siu) dried 500 2 H
CofCf4-Ala03 fia situ} dried 1006 1 2
CafCly-AlagTy [blue) dried 1000 I 3 2
Co/Cv-AlaUs (erey) dried 1000 1 2
Co/Cf+-AL:O3 800  fresh 3 2 1
CofCl4-A0a £00 1090 1 3 2 '
Co/Cfv-AlpOg (*aged=) 1126 fresh 1 2 3
CofCfy-AlaOa (“agedm) 1125 1000 1 3 2
CojCJ4-AlgOs {deactivated) | dried 1060 b 2

Tha technique used to obtain these results is desaibed In section 2.3.4
A compound marked as beiug present by a '1* waz more confidently matched with & database mmpound
than those with a ‘2’ or '3

dral in sfructure. This was investigated farther and it was found that the material
supplied by Strem and listed as a-AlpOz was in fact crystalline boehmite,

Crystalline boehmite, after calcination above 1100°C becomes a-AloO3. During cal-
cination, this material transforms to y-AlsQO3z at 600°C. Thus the calcined catalysts
on this support should be identical to those supported on y-AlzOs when calcined
~at 800°C (figure 3.5). The uncaleined Co/C/y-Al;03 catalyst has a less crystalline
structure than the calcined version of the same catalysts. Co/C/y-Al203 calcined
at 800°C also closely resembjes the structure of the other two calcined catalysté 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 Cos04 and CoAly 04 formed may differ according to the support used,
but otherwise the support has little effect on the resulting catalyst structure,
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Cof+-AlyO3 catalysts calcined at 800°C and 13125°C, both before and after reacticn,
m shown in figure 3.6. The fresh catalyst calcined at 800°C is the Jeast crysialline
and is composed predominantly of CoAl,04. After reaction this catalyst is sub-
stantially more crystalline and has changed its composition to thombohedral Al;Os,
. CoAl, 0,4 and cobalt metal in a cubic structure.

The Cofy-Al,03 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/y-Alp03 catalyst calcined at 800°C. Both of these catalysts only show evidence

of cobalt metal after reaction.

Figure 3.7 shows the progression of Co/C/v-Alz05 through various stages of prepara-
tion and reaction. The Ch-AlgO;; and fresh Co/C/v-Al303 show little erystallinity.
After reduction at 600°C and exposure to the feed gases at 500°C, the Co/C/y-Aly04
is still poorly crystalline. Under these conditions the y-Al; O3 begins to transform
into rhombohedral Al,O3 and Co304. After exposure o the feed gases at 1000°C
the structure changes to cobalt metal and rhombohedral Al,05.

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. This colour was assoriate with CoAlyOy (section 3.1.2).

The lower zone had 2 grey metallic appearance.

After XRD 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 thombohedral form, the blue zone
exhibited both thombohedral alumaina and CoAl;O4. The presence of CoAl,O4 was
visually confirmed by the characteristic colour of the zone. After halving a catalyst
pellet from the biue zone a white centre and blue concentric “skin” was observed.

This suggests that the CoAlo0Q4 exists as a surface species.



In contrast to the two catalyst bed zones sbserved for the active ¢z talysts, the deac-
tivated (labelled Co/C/y-Al;05 deactivrited) catalyst showed no cvidence of metallic
.-.coba.lt. The analysis found rhembohedral ﬂumjné. and CoAl;O4. This ~atalyst had
the same characteristic blue colouring as the hlue zone. A comparison of the two
post reaction zones (froxr - C/y-Aly03) and the deactivated catalyst is presented
in figure 3.5. a

In addition to those species listed in table 2.1, a database search for carbor species
 was made. Since XRD 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 nsed exclusiveiy ag the reactant in the experiments
conducted in this project. There were two reasons for this, both concerning safety.
The first is that without nitrogen ac a diluent the meihane-oxygen feed gas would
very closely approach the explosion limit. Thus a slight fluctuation in the feed
composition, resulting in an increase in the cxygen to methane ratio, may have
caused explosive combustion. The second is ¢hat, since the reaction is exothermic, the
nitrogen acts os.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

on



it may be advantageous not to have nitrogen present in some downstream processes,
and thus using air in the feed would necessitate separation of the nitrogen at some
stage of the pracess. 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 praject the design of the reactor was found
to regﬁlt in signiﬁca.nt gas-phase reactions under the high temperature cbnditibns
needed. The ob jective 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 ~10 mm 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 CO; 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 {o that lost due to

non-adiabatic conditions.

4.2 Contact time experiments with A%

The effect of contact time was investigated using the AE catalyst. Various masses
of this catalyst, 10 mg and from 28 rmg to 100 mg (in 20 mg increments), were
tested 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 prociﬁct selection remained constant for catalyst masses above
40 mﬁ. 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 diameter and maintaining the bed height.

! Equilibrium values are cited in section 1.4.1, page 23
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Figure 4.1: Effect of varying AR catalyst mass (821°C)

4.3 Coking

Carbon deposition on a catalyst during the partial oxidation of methane to synthesis
gas is undesirable. Tt is, therefore, one of ﬂle important issues to be addressed
before this process can be used on an industrial scale. The formation of carbonr on
metal-supported catalysts for this reaction has been studied in some depth and was

discussed briefly in seciion 1.4.2.

Kinetically, both the Boudouard and methane decomposition reactions, which give
undesirable carbon deposition, are known to be exreptionally 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 ﬁvalls, reaciions 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 a.ppears.
that there is a relationship between surface carbon and the CO, 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 et al recorded the products of deuterium exchange experiments over var-
jous supported transition metal catalysts. Palladium ﬁras observed o be most easily
deactivated by carbon deposition, and of the less than 2% of the methane feed con-
verted in the deuterinum exchange experiments, all was converted o CH3D, Platinum
converted 8,2% of the methane in the feed to 43,9% CGHaD and 56,1% CD4. Ruthe-
nium was more a.ctive,'converting 29,3% of the feed; 81,9% to CDy, 11,9% to CHD;
and 6,1% to CHgD;. 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 CHD3 and 6,4% to CHaD.

Claridge ¢f af [39] determined the rate of formation of carbon over group VHI B
transition metal-supported catalysts. Three different nickel-based preparations all
demonstrated greater than 20 mg/h rates of carbon deposition. Rates of 7,48 mg/h,
0,06 mg/h and 0,01 mg/h were recorded for 5% Pd, Rh and Ru supported on Al;03
respectively. No carbon deposition was ohserved on 1% iridium or platinum sup-

ported on AlyO4.

Thus within the group VIIIB trarsition elements there appears to be decreasing
coking potential from right toleft and top to bottom. The difference in characteristics

appears to be more marked between groups than between periods.

In the exveriments conducted for this research there was never any evidence of coking
on the catalysts. Al_though carbon is amorphous and would not be detected in XRD
stadies, the éa.talysts subjected to stability studies showed no evidence of decreasing

[+F IR



o

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 e, the kigh coking pr ~tial of iron

is not explained.

Schmidt and co-workers [47] also reported no evidence of coking on the 3% supported
cobalt ratalyst that they tested,

4.4 Support materials

The interaction between the metal and the support of 2 catalyst has great bearing
on the activity and stability of the catalyst. Catalysts containing 3% (mass) cobalt
were prepared with Mg0O, TiO,, Si0a, v-Aly0s and Cfy-Al 73, 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

C/4-Al;03-based catalysts (section 2.2,2).

Metallic deposits were observed on the ccoler downstream sections of the reactor
while using MgO as the support. In addition to this, the remaining MgOQ had fused
with the quartz frit of the reactor. The 3%Co/Ti0; catalyst also fused with the
quartz frit, although there was no evidence of metal volat’lity. The other three
supports with varfous .netal loadings were tested under the same conditions, but in

the modified reastor.

The performance of the silica-based catalysts was significantly poorer in the medi-
fied reactor. Table B.11 in appendix B shows the deterioration of the performance
of the 8iQg-supported catalysts with time at high temperatures in the modified re-
actor, o-Alp0s (bochmite), ¢-Aly05 and C/+4-AlyOs-supported catalysts showed



excepﬁonaliy high conversicns and selectivity to syngas in the modified reactor {ta-
bles B.12, B.13 and B.14 respectively). Thus it appears that for the partial oxidation.
of methane to s&nthesis gas alamina supports provide the greatest stability and po-
tential activity.

4.5 Cobalt on v-Al;O3

4.5.1 Preparation

A number of catalysts were prepared using y-AlaOg as a support. They were pre-
pared with the same starting materials, using the incipient wetness technigue (sec-
tion 2.;‘2.2). One catalyst was prepared with a-AlyO3 as the support. Although the
XRD patterns of the o-AlyOg and -Aly, O3 supports differed, the paitern of the o-
Al;Qz-supported .ca.talyst was remarkably similar to those of the 7-AlpOs-supported
catalysts (section 3.3.3). This prompted an investigation info the nature of the
o-Al; 03 support. It was found that the material supplied by Strem was crystalline
boehuaite, which after calcination above 1100°C becomes a-Al; O3, Calcination above
6060°C transforms the boehmite into 7-Aly0y. Thus the 10%Co/a-Al; O3 catalyst,
calcined at 800°C, is more properly described as 10%Ca/y-AlzQ3.

Two batches of 10%Co/y-Al30, were prepared (from +y-AlaOj3) to test the ability
to reproduce resuits from different batches. Since the same starting materials were
used this gives a measure of the reproducibility of the preparation technigue. The

resnits are shown in 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/y-AlO5 hatches

Catalyst Temp  CHz  Selectivity (%) Hz/CO
(°Cy conv. (B) CO CO, ratic
10%Co/7-Als03 486 0,0 80 00 =

(original batch) 849 48,7 8,6 120 18 .
1041 949 985 15 21

10%Co/v-A1,0; 486 0,1 785 21,5 58
(new batech) 845 64,4 942 - 58 15

1042 97.8 M4 04 1.6

4.5.2 Pre-treatment

TPR and XRD’techﬁ:q_ue& were used by Arncldy and Moulijn [65] to éf‘u&& the
properties of a reduced cobalt catalyst which had undergone precalcination at various
tempezatures. & 9,1%Co0/v-Aly03 (i.e. 7,2% Co metal) material was prepared from .
cobaltous nitrate and calcired at temperatures from 107°C te 1007°C. The catalyst
was heated from room temperature at a rate of 10°C per minute to the desired

temperature, and then held at that temperature for a period of 30 minutes.

Catalysts calcined between 100°C and 350°C showed a reduction peak arcund 225°C,
which was attributed to the decomposition of the nitrate. The nitrates were com-

pletely removed by calcination above 375°C.

Arpoldy ard Moulijn, distinguished from their TPR study, cobalt in four different
chemical environments. They observed cobait as CoaOy, a Co®t phase on the surface,
a Co?t phase on the smrface, and a CoAlzO4 spinel structure. The relative aravunts

of these four species depended on the calcixation temperature.
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Table 4.2: The assignment of TPR reduction temperatures for cobalt species

on Co/Al:05 catalysts

Cobalt species TPR, reduction temp.rature (°C)

_ Arncldy and Moulijn Tung, Yeh ond Hong _ o
Bulk CagOy 277-357° 227 - T
Overlayer Co3f 467 367

Overlayer Co®* 602 597

Spinel 837-957 . >B77

% increased with calcination temperature.,

Reproduced from {66].

An investigation into the effect of metal loading on the four cobalt oxide species pro-
posed by Arnoldy and Moulijn was conducted by Tang, Yeh and Hong [66]. In their
study the calcination temperature was held const~nt 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 gave 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 suppdrt. Both groups agreed on the
structures formed, but there was a disagreement over the position of the bulk Joz04

peak in the TPR specira.

The amouat f obalt oxides migrating into the top layers of the alnmina 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 Cos0,4 structure.

Tn this research project the cobalt catalysts supported on y-Al,Og were calcined at
800°C (section 2.2.2). From the work by Arnoldy and Moulijn [65] these catalysts
should consist of diffused Co™ fons in a dituted CoP+-AR+ spinel. As expected,
TPR. studies of these catalysts calcined at 800°C showed only a single reduction
peak abave 825°C. T s peak was barely distinguishable on an otherwise flat TPR
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spectra, indicating that almost »7 of the cobalt had diffused into the spinel structure.
Therefore, dnriﬁg in situ reduct.on at 600°C no changes in the structure of these
catalysts would have been anticipated. Any further reduction of Co?t to cobalt metal
would take place in the feed gas at temperatures above the calcination temperature

of 800°C.

4.6 Cobalt on C/v-Al,O;

4.6.1 Preparation

Cobalt acetate zmﬁ »' - acid weve used to prepare the 3% and 10% cobalt on C/y-
Al O3 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 appeass from the reactor results that
the heal pre-treatment of the nitrate-ethanol catalyst was inappropriate. As a vesult
it took much Ionger.to reach steady state than in the presence of the acetate-nitric

acid prepared catalysts (table 3.8).

Two batches of 10%Co/C/v-Al; 03 were prepared to test the reproducibility of the
preparation technique wused for this catalyst. The regults are shown in table 4.3.
The differences in the performance of the two catalysts tested are well within the

reproducibility of the experimental procedures (section 3.2).
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Table 4.3: Comparison of different 10%Co/C/y-Al;05 hatches
Catalyst Temp CH, Selectivity (%) H2/CO
(°C} comv. (%) CO €O,  ratio

10%Co/C/7-Al,Os 482 0,6 56 944 8,0

(original batch) 802 324 810 17,6 1,8

1001 97,0 99,9 0, 2,0
10%Co/C/y-Al;0a 472 10 87,5 625 0,7
{new batch) 820 460 909 9,1 1,9

1010 92,0 99,6 04 18

4.6.2 Loading

The ¢Fect of cobalt Joading on the activity and selectivity of C/v-AlsO3 based cat-
alysts, at a reaction temperature of ~1000°C, is shown in figure 4.2. The trends es-
tablished here are also observed over the pure alumina-based supports: a.ﬁ constant
temperature, as the cobalt loaling increases, so the activity increases. Selectivity
als improves dramaftically with the introduction of the metal, but shows little im-
provement as the metal content is increased above 3%. Thus there seems to he 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 specira
cbtained from the C/+-AlaO3 support and the 16%Co/C/y-A12C5 méterial.

In spite of the carbon coating on the alumina the TPR obtained for 10%Co/Cfy-
Al 03 was similar to that found for Co/y-Al,03 {section 4.5.2). The peaks observed

around 250°C, 450°C aad 600°C are attributable to the decomposition of the nitrate,
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reduction to CogO4 and a surface Co®t species, respectively [65]. These are all
reported to be surface species. The last peak observed, around 750°C, falls between
the regions which Arnoldy and Moulijn described as corresponding to reduction to
the surface Co®t 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 Co?t surface

species, rather than diffusion into the alumina and reduction to the spinel.

Under reaction conditions the carbon layer burned off the pure C/y-Alz05 support
material (section 3.1.6). From the XRD study conducted and the presence of the
blue zone in the post reaction cafalyst CoA]ﬁO‘( wmust 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/v-Alz03 and pure alumina-supported catalysts (figure 3.5).

Thus, during the in situ reduction of 10%Co/C/v-Al;05 (calcined at 200°C) at
600°C, it would be expected that the pitrate would decompose, and that CosOy4
would reduce to surface Co®* and perhaps even surface Co?*. 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 ol [33) found that the composition of their NifAl, O3 catalyst bed varied
with reaction temperature. After precalcination at 600°C, the nickel in the near
surface region was predomina,htly NiAl, 4. This material exhibited a moderate 6%
conversion of methane to CO4 and H20 at 550°C. This increased to 16% at 700°C.
With further iacreases in temperature and consequently oxygen consumption in the
wethane oxidation reaction, the oxygen concentration decreased. Eventually, at

750°C, the layer of NiAIgO4 near the inlet had decompesed therm:ally, regenerating
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t-Aly 03 and a surface NiQ phase, Since the NiQ phase is a better catalyst for the
reaction than NiAl;O4, complete consumption of the feed oxygmen occurred over the
NiQ phase, resulting in higher methane conversion to CO; and Ha0. The highly
exothermic complete combustion of methane resulted in a 50°C rise in temperature

over the narrow NiQ zone.

The resulting CHy/CO»/H20 mixture quickly reduced the remainder of the bed to
wetallic Ni supported on o-Al;O3. The metal then catalysed the reforming of the
remaining methane. This seqﬁence 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 wetallic 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
900°C td 450°C, the NiO zone hroadened and moved downward, This effect was
found 1o be compietely reversible, within this temperature range. However, at reac-
tion temperatures below 450°C, or at exceptionally low contact times, unreacted O
" breaks through the NiQ} zone causing the reoxidation of Ni to NiAloQ4. After this

all reaction ceased.

Two 'distinct zones in the catalyst bed were observed after reaction for all the
alumina-based catalysts tested in this work, in the modified reastor {section 3.3.3).
The upper zone had a characteristic blue colour, which was attzibuted to the pres-
ence of CoAlyQ4 [47] and confirmed by XRD 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 bulk CoAly04 in an Ar/Hy
{85/15) atmosphere at 320°C. 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

i
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Table 4.4: Partial oxidation over the blue zone
Temp CH, Selectivity (%) Ha/CO

_(°C} comv. (&) €O CO, ratio
T 478 03 1000 00 02
818 20,2 818 163 25
1016 47,5 78,8 5,6 1.6

i

reducible cobalt present. In a pure hydrogen aﬁnosphere at the same temperature, a
reduction of 98,7% of the reducible cobalt was achieved. X-ray analysis showed this
existed as cubic cobalt. In other words, the authors reported a reduction of Coz04
to surface cubic cobalt. Hence if is entirely possible that the diffusion of cobalt metal
into alumina (cection 4.5.2) is reversible, especially at higher loadings. The catalysis
tested by Bai and co-workers contained 11,29% cobalt on y-Ala0s5.

Approximately 20 mg of the blue zone of a catalyst was separated from the gray zone
after reaction and tested in fhe same manner as a regular ca.tﬂyst. The results are
shown in table 4.4, Considering the effect of the inc.eased contact time (section 4.2)
and comparing the results tc 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 biue and grey zones.

Schmidt and his co-workers also dessribed the formation of two zones ﬁn 2 3% cobalt
suppnrtb.d on an alumina monolith ca;tal&st that they studied [47]. The formation of
CoAly 04 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 o believe that this zone played no part
in the vatalytic reaction, and that the spinel would grow from the leadiag edge of
the monolith ulti'matély deactivating the entire catalyst. Since the loading used by
Schmidt et ¢l was only 3% it is possible that all the metal diffused into the alumina,
and was in 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.

e



Table 4.5: Partial oxidation over the deactivated 10%Co/C/y-Al305 at 938°C
Time CHa Selectivity (%) Ha/CO
(hours) conv. (%) CO CQ, ratio

1 82 67,1 214 0,8
4 60 545 372 1,3
10 9,7 630 265 0,7
15 60 628 293 10

It is therefore proposed that the cobalt supported on alumina catalysts tested in this
research hehaved in a similar fashion o 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 propesed by Pretire (32]

and his co-workers.

4.6.5 Dea(:t.ivation

In this work, during one of the reactions, a regulator contralling the methane flow
malfunctioned (table B.21). This resulied in a dramatic decrease in the flow of
methane, and a corresponding increase in oxygen to the reactor in the presence of
a 10%Co/fy-Al:03 catalyst (labelled 10%Co/C/v-AlpOa 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 or selectivity upon retesting, even after 15 hours

on line (table 4.5).

Under normal cown.. .ions CHy in the feed reacts with all fhe 03 1o form COs. The
remaining CHy is then reformed to CO and Hy. During the combustion stage large
amounts of energy are evolved, but these are consumed by the subsequent endother-

mic veforming reactions (section 1.4.1).
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In the presence of extess Oy, as wa- the case during the regulator maifunct'inn,
methane is completely converted to COg, but since there was no methane it could
not be reformed. In addition, the energy generaied 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 ﬁatalyst
showed that it differed from the active catalysts in one respect: there was no ev-
jdence of cobalt as metal in the catalyst. Thus, the active phase must be the cu-
bic metallic cobalt. H: akawa et af {44] reached the same conclusion for reduced

Cag 5102 Tio,sCop,203-5 (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 catsed by the regulator malfunction,
it is likaly that most of the metal diffused into the suppors, forming CoAly04. This
is the same pracess that occurs dnring 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 ca.ta.ly_st, leaving a thin surface layer of alumina surrounding the CoAl;Oy4 core.
This outer layer, exposed to hea.fT and oxidising conditions, might then bave been
transformed into low surface area a-Als 03, 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.



Chapter 5

Conclusions

10%Co/v-Al;05 and 10%Co/C/y-Aly0a 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
~1000°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 CHy to COy, which consumes
all the feed O, while the second involves reforming of the excess CHy and COq, The
overall reaction is the .pa,rtial oxidation of methane to syngas, a mildly exothermic

reaction.

The catalyst thus performs two distinct roles in two distinct zomes of i+ catalyst
bed. The blue zone, which first -omes into contact with the feed and involves the
highly-exothermic combustion reactions, is subject fo high temperatures and oxygen
concentrations. This zone is blue in appearance and contains cobalt as CoAl20, and
cubic metal. The CoAl;Qy arises from the diffusion of the metal into the support
under the reaction conditions, Thus this zove consists of an alumina core with 2

layer of CoAl; 0, and surface metallic cobalt,

FaY . ]



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 predeminantly 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 the conﬁentra.tiou of

" metallic cobalt on the surface is higher giving this zone its grey metaliic colour.

It is thus proposed that the active phase for both reactions is metallic cobalt. Veolatil-
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 CQg is regained in
the second zone by the re-reduction of the CoAl;04 back to metallic cobalt, How-
ever, when exposed fo extreme temperatures and high oxygen concentrations, the
catalyst’s 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 and widely available support materials, but the catalyst

shows no evidence of coking.

In a.der to validate this understanding of the catalyst’s beha.vioﬁr, a catalyst was
designed to embody the characteristics outlined above as being necessary for stable,
active and selective conversion of methane to synthesis gas. A catalyst, called A§ 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 AE catalyst are more complex.

In sectien 1.5 the aims of this project were presented in tvwo parts. These aims were
firstly to find a cheap, robust and easily manufactured catalyst capable of active

and selective syngas productiv... The catalyst was to operate at low contact times,



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. The investigation of the cobalt on -Al;03 catalysts met the stated
a.izﬁs and provided the background know*:dge to be able fo design a catalyst capable

of improved performance, the AE catalys.

Fale]
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Appendix A

The crystal structure of

alumina

Many oxides, including Al,03 show close packing of their oxygen atoms. There are
two types, hexagonal and cubic. Consider a single layer of .oxygen apions, considered
to behave as hard spheres, as shown in figure A.1. The layer bas a trigonal symmetry,
with each oxygen “touching” 6 other anions in the layer. A second layer, similar to

the ﬁrst', is positioned such that each anion is positioned above a hole in the firat.

First 02~ li or

Second 0%~ layer

Figure A.1: Single and double layers of close packed spheres
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Figure A.2: Structure of a-AlyOp showing At positions

In hexagomil claose-packed the third layer is placed in the same position as the
first. a-Al;(; has this type of packing, where in place of the second oxygen anion
layer, there is a layer of A1*. Since thers are equal numbers of sites in both layers,
to maintain electrical neutrality one of every three sites must remain vacant in the

netal «xide, figure A2,

In cubic close-packed or face-centred cubic she third layer is placed above another
set of holes. The fourth layer follows the trand, which is the same position as the
first layer. This type of packing applies to 4-AlpOg, | There are two types of holes
in this type of packing, octahedral and setrahedrall, Figure A.3 shows a model of
«y-AlgO3 with botl sites. The two layers are packed ABABABAB. .. [69].

LA wood explanation of the differences hetween the (wo can be found in Inorganic Cheme

istry [68].

| _ﬂmj/m_, S

e



. Tetrahedral AP+
0O .:(}ct_a,hedral ARt

Figure A3 Structure of y-Al:03 showing tetraliedral a.cd actahedral Al
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_Appendix B
Reactor studies — 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 36 minutes, at 600°C, in -
~180 ml/min of Hz. In a feed mixtare of 180 mi/min CHy and 426 ml/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 appendix, the number of the dependant main-body

table is given in parenthesis,

Original reactor

These experinterts were conducted in the original reactor ( section 2,1.1) and used

Titrogen as the carrier gas in the TCD (section 2.1.4).

1 N9
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Table 13.1- Partial oxidation in the gas-phase — original yeactor (Table 3.1)

Temp Time CHy Selectivity (%)

(°C) _(h) conv. (%) CO CO; CoHy CoHz CgHs H,/CO
756 0,5 05 50,0 19,5 00 00 305 2,1
760 1,0 08 435 187 70 00 357 19
859 1,5 a5 583 67 235 00 115 13
866 2,0 53 544 55 2714 00 128 13
959 2,5 8,1 739 1,1 214 00 35 -
959 3,0 10,2 80 08 11,5 00 1,7 20
959 3.5 32 7231 00 244 00 37 27
959 4,0 1,6 89,1 04 96 00 08 19
960 4,5 131 876 06 83 00 34 19
961 5,0 145 923 02 75 00 Op 1,8

_Table B.2: Partial oxidation over monomeéallic Co on v-Al,03 {Table 3.3)

Metal Temp CHy Selectivity (%)
Loading (°C) conv. (%) CO CO; Hy/CO L
none G668 52  6L3 96 0,9 T
767 105  B45 11,2 1,1
872 182 60,8 7.7 1,1
972 187 81,7 1,8 1,8
1%Co* 664 9,5 59,7 20,5 1,1
769 196 555 215 0,9
842 28 B3 72 0,9
972 4,9 993 02 1,8
1%Co® 667 8,9 63,0 139 1,1
774 195 62,0 19,8 0,8
870 154 708 7,6 1,2
962 a4 936 21 1,7

& Uncalcined 1%Co/v-AL Qs — section 2.2.2.
b 1%Co/v-AlaQ3 calcined at 800°C — section 2.2.2,

i




Table B.3: Pa.rtlal oxidation over monometallic Ku on 4-Al,O5 (Table 3 3)

Metal Temp
_Loading  {°C)
0,1%KRu® 485
572
664
763
862
0954

CHy Selectivity (%)
conv. (%) CO  CO,
13,9 607 310
196 887 11,3
23,7 96,5 3.5
276 985 05
204 986 01
30,9 987 00

_H/CO

2,4

2,0

1,8
1,8
1,8
18

& Uncalcined 1%Ru/y-41203 — section 2.2.2. |

Table B.4: Partial oxidation over bimetallic Ce-Ru on y-Al,Q5 (Table 3.3)

Metal Temp CH, Selectivity (%)
Loading (°C) conv, (%) CO CO;s Hy/CO
0,1%Ru-1%Co* 485 6,1 42,6 574 2,7
578 108 760 240 1,8
670 14,8 889 107 1,7
764 22,2 08.4 0,3 1,8
862 243 97.4 0,1 1,8
957 204 97,7 00 23
0,1%Ru-1%Co® 484 88 53,9 46,1 3,0
573 19,7 88,1 11,9 14
666 20,1 95,9 3,7 1,7
761 23,7 a7.6 8,6 1,8
860 24.1 973 0.0 18
956 25,8 98,5 0,0 18

¢ Uncaltined 1%Cofy-AlaO3 — section 2.2.2.

b 1%Co/y-Al305 calcined at 800°C — section 2.2.2.
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Table B.5: Screening -— partial oxidation over 3%Co/y-Al O3 (Table 3.4)

CaHg

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

Metal Temp Time Cily Selectivity (%)

Loading (°C) (b)) comv, (%) CO COs CiH,

3%Co 476 05 0,0 6,0 00 00
476 1,0 0,0 00 00 00
576 15 0,4 0,0 100,80 0,0
575 2,0 0,3 8,0 1000 0,0
669 2,5 5,6 56,0 204 34
870 30 58 64 W3 L7
768 3,5 8.3 546 9239 125
769 4,0 8,0 56,0 21,6 129
868 4,5 1,8 616 117 244
869 5,0 135 645 95 24,6
858 5.5 243 985 00 15
950 6,0 25,0 988 01 1,0
959 65 254 989 00 1,1
959 70 26,1 85 01 14

0,0

CsHs

0,0
8,0
0,0
0,0
11,2
10,6
6,0
9,6
24
1.3
0,0
9,0
0,0
0,0

Ha/CO

0,9

Table B.6: Screening — partial oxidation over 3%Co/C/v-Al,05 (Table 34)

Metal Temnp Time CH,
Loading (°C) ()  conv, (%)
3%Co 473 05 035
473 10 0,18
h68 1,5 0,13
564 2,0 0,13
G665 2.5 2,79
668 3.0 2,89
61 35 4,96
764 4,0 3,97
862 45 748
883 5,0 8,61
955 L3 15,58
95b 8,0 20,30
955 65 2431
956 26,33

Selectivity (%)

0,0
0,0
00
0,0
54,3
67,9
60,4
81,6
63,8
62,3
96,8
97,8
98,2
98,2

7,0

100,0
100,0
100,0
100,0
26,7
20,7
22,8

20,0 -

10,9
10,9
0,0
0,0
0,
0,0

0,0
0,0
0,0
0,0
0,7
1,9
8,9
10,6
21,2

o5
2,8
9,2
1,6
17

0,0
0,0
0,0
0,0
0,0
0,0
0,0
2,0
0,0
0,0

0,0

0,0
0,0
0,0

0.0
0,0
0,0
0,0
8,2
0,4
9,9
8,8
41
4,8
0,6
0,0
0,2
0,2

CO__CO; CaBa UsHs Galls Ha/CO

1,4

1,0

11

1,7

e
e e e e e — e —————
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Table B.7: Screening — partial oxidation over 3%Co/Mg( (Table 3.4)

Metal Temp Time CHa Selectivity (%)

Loading (°C) (h) conv. (%) CO CO, CoHy GCpHp GgHe Hz/CO

a%Co 473 05 0,1 0,0 1000 00 00 00  —
4712 10 0,0 00 00 08 08 00 —
565 1,5 0,2 00 846 00 00 154 @ —
566 2,0 0,1 0,0 1000 08 00 00 —
662 25 2,5 209 439 00 80 22 ~
663 3,0 20 21,3 480 61 00 4B 14
760 3,5 7,1 146 38, 33 00 27 -
780 4,0 7.1 178 35,7 51 00 2,6 L5
859 45 8,5 120 301 41,9 00 7,0 -
860 5,0 6,5 144 356 425 00 7.5 31

951 &35 162. 955 00 42 00 03 —
052 6,0 168 972 00 22 00 07 —
952 65 167 931 00 26 00 44 @ —

%3 7.0 78 928 00 52 00 20 19

Table B.8: Screening — partial oxidation over 3%Co/TiO; (Table 3.4)

Metal Temp Time CHy Selectivity (%) _
Loading (°C) (h) .conv. (%) CO CO; CyHs C;Hy CgBe Hy/CO
3%Co 476 05 0,1 0,0 1000 00 0,0 0,0 —
474 1,0 0,1 0,0 1000 00 0,0 0,0 -
568 1,5 0,2 00 100 00 0,0 0,0 —
589 2,0 0,2 060 1000 o6 00 0,0 —
663 2,6 1,4 333 279 83 00 3056 —_
664 3,0 16 295 247 124 00 334 10

763 3,5 107 382 180 268 00 1710 —
764 4,0 1,4 405 157 284 00 155 08
867 4,5 180 774 139 79 00 L1 —
867 5D 200 81,9 121 49 00 1,1 15
94 5,5 320 989 05 07 00 00 —
955 6,0 328 9% 04 08 00 00 —
955 6,5 334 991 o02 07 00 00 —
95 7,0 3,4 990 02 08 00 00 18

s, P
— .}
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Table B.9: Screening — partial oxidation over 3%Co/5i0, (Tables 3.4 and 3.5)

Metal Temp Time CHy Selectivity (%)
Loading ("G) (h) cony. (%} CO COz Cqu Czﬂz CsHs g:z[ cO
none 474 05 0,0 00 00 00 00 00 —
- 473 10 0,0 00 00 008 00 00 —
65 15 1.4 77,8 108 0,0 0,0 114 —
566 20 1,3 76,3 116 00 0,0 122 0,5
664 25 16,1 61,2 81 180 00 1.7 —
868 3,0 15,5 61,7 81 184 0,0 118 0,3
762 35 15,7 660 50 224 00 66 e
764 4,0 24,8 73,3 43 178 0,0 47 0,4
866 4,5 22,9 726 63 201 0,0 11 —
86 50 24,5 738 66 185 00 1,1 0,5
953 55 542 795 133 7,1 00 0,1 —
953 6,0 41,8 796 120 84 085 0,0 —
92 65 27,8 79,2 T4 134 00 00 —
957 7,0 46,5 818 104 80 00 00 0,5
3%Co 477 05 05 00 1000 00 00 00 w—
475 1D 0,6 6,0 1000 00 00 00 —
568 15 1,0 0,6 1000 00 00 00 —
560 2,0 0,5 0,0 1000 00 00 0,0 —
663 25 3,1 0,0 8498 00 00 151 —
664 30 1.9 0.0 853 00 00 147 —
762 8,5 7.9 16,5 606 183 00 147 —
762 40 8,0 18,4 479 207 60 150 13
864 4,5 14,5 41 239 302 00 38 —
859 50 5,4 237 4 418 00 93 2,0
948 45 26,6 88,9 0,0 1, 5o 0,0 —
949 60 26,9 g9 00 11 0,6 00 —
940 68 27,5 990 0,0 10 00 0,0 —
949 7,0 28,8 99,1 00 098 0,0 00 1,8

- Ny



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 TCD (section 2.1.4), which
allowed an iiidependeut method of evaluating the carbon balance (sections 2.1.4, 2.1.5
aud 2.1.7).

Table B.10: Partial oxidation in the gas-phase — mudified reactor (Table 3.2)

Temp Time - CHy Selectivity (%) _
("C) (h) €ORnY, (%) CO‘ COs CoHe CaHy CaHg Hgf CO B’ _
435 0,5 1,36 00 w00 00 00 00  — 1,03
400 1,0 0,00 00 00 00 G0 00 — 0,98
545 15 0,35 00 1000 00 00 00 — 098
601 2,0 g0z 1000 66 060 00 00 0,8 093
657 25 0,05 00 0,0 00 00 1060 — 009
712 30 0,00 Bo 60 00 GO0 60 @ — 099
765 35 0,00 00 00 08 00 00 — 0,98
874 40 0,06 00 o0 00 00 1000 — 1,01

927 4.5 0,28 18,8 G0 0,0 0,0 811 e LO07

980 50 088 46 00 42 00 713 086 108

1nn
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‘Table B.11: Partial oxidation over cobalt on 5i0; {Table 3.5)

Metal  Temp Thue  GHs Setoctivity ()

Loading  (°C) (b} comv. (%) CO__C0; Gifl, Gif; Gy H/cO B

none 444 G5 01 00 1000 00 0O 00  — 1,01
™10 04 776 224 00 06 00 0,6 104
990 1,5 6,0 537 35 134 090 204 06 102
200 2,0 50 51,2 3% 132 00 31 07 0399
200 26 38 B41 26 110 00 323 08 0%
990 . 30 4,2 494 48 116 00 942 07 097

3%Ca 462 0, 0,8 130 870 00 G0 00 05 101
7B 10 0,7 40, 595 08 00 00 04 101
1006 15 69 49,2 64 182 00 292 07 094
100 2,0 6.5 51,8 ©,2 135 00 284 066 1,01
065 2,5 5.3 93 44 1398 00 324 07 1,00
1005 3,0 48 457 58 138 00 347 o7 1,08

10%Ca 468 05 0,8 31 968 . 00 o0 00 04 0,99
796 1,0 2,2 3,5 53 00 00 82 62 1,0
1006 1,8 5,5 484 89 128 60 298 07 099
W0oe 2,0 44 480 T6 127 00 31,7 07 1,00
1006 2,6 28 4548 82 120 00 840 08 096
1006 3,0 35 22 94 137 00 847 08 105

Table B.12: Partial oxidation over cobalt on a-Al;O5 (Tabl’e 3.6)

Meotal  Temp Time  GH, Selectivity (%)

_Loading  (°C) () comv. (%) GO GOy GhFu  CaHz  GaHe Ha/GO B
pone 476 0,5 032 1000 00 00 00 00 86 1,08

g0 10 6,5 B30 170 00 08 00 16 096

1023 1,6 21,5 845 60 284 00 1.2 11 1,02

1023 2,0 23,9 64,8 67 269 08 28 1,0 1,08

1023 25 27,1 681 53 25 00 81 1,0 093

1023 3,0 23,2 666 46 268 00 21 09 1,02

T0%Cs 485 0,5 0,0 060 00 00 00 00 - 128

B3 10 51,2 890 00 102 00 08 1,7 1,04

925 1.5 89,0 82 18 00 D8 00 1,7 008

1023 2,0 81,3 996 00 04 00 00 1,8 099

1028 2,5 96,7 1000 ©0 o0 00 00 17 093

1023 3.0 96,8 00,0 00 086 00 00 17 093

1024 35 97,0 000 00 06 o0 00 17 080
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Table B.13: Partial oxidation over cobalt on v-A1,03 (Table 3.6)

Metal  Temy, Time  GHy Selectivity (%)

_Loading  (°0} ()} conv. (%) CO CO» CH; CyH: GCoHy Ha/CO B
none 440 05 a1 100,0 0,0 0,0 0,0 0,0 1,0 093
772 1,0 3,3 770 280 00 0,0 0,0 2.2 0,98

995 1,5 20,0 and 68 W4 3 17,0 1,2 1,03

Bos 2,0 20,1 495 65 260 0,0 18,1 1,1 1,00

55 2.5 1.9 51,3 85 M0 00 18,2 1,3 1,08

995 3,0 20,8 494 63 20,7 0,0 16,6 1,3 1,00

995 3,5 204 490 "D 273 0,0 16,7 1,3 0,5

3%Co 490 0,6 1,0 95,2 48 0,0 0,0 0,0 0,0 1.06
807 1,0 54,6 8T8 115 01 0,0 0,7 1.7 6,99

a9 1,5 78,6 950 4,4 0,5 0,0 0,2 1,5 1,04

998 2,0 77,0 8 38 03 0,0 0,3 1,7 0,95

098 2,5 78,0 6953 44 0,3 0,0 0,2 1,6 0,99

298 3.0 T 95 389 0,3 0,0 0,2 1,7 096

10%Co 468 0,5 0,0 00 00 0,0 0,0 0,0 — 1,24
849 1,0 48,7 86,6 120 038 0,0 0,6 18 1,13

1041 1,5 88,5 288 1,1 0,2 00 0,0 2,1 0,91
1041 2,0 93,0 98,8 1,2 0,0 0,0 0,0 2,3 6,83

1048 2,5 04,3 90 18 60 6,6 0,0 21 093

- 1041 30 85,0 98,5 1,5 0,0 0,0 0,0 2,1 096
10%Co® 466 o5 o1 784 2S00 6,0 00 5,8 1,33
845 1,0 644 M2 58 0,0 0,6 0.0 1,5 1,07

925 — 81,8 9o 39 a,0 0,0 0,0 1,7 0,51

1042 15 97,2 99,8 01 0,0 0,0 0,0 1,7 0,88

1042 2 98,3 1000 00 00 0,0 0,0 16 0,92

4z 25 08,0 100,0 0,0 0,0 G0 0,0 1,6 0,98

1042 30 97,8 1000 0,0 0,0 0,0 0,0 - 1,8 0,93

10%6Co* 464 06 0,1 60 0,0 00 0,0 0,0 7.2 1,32
813 1,0 57,1 90,3 84 L 0,0 0,0 1,7 103

1010 1,86 82,6 98 02 0,0 0,0 0,0 1,8 0,95

1010 2,0 07,2 w000 00 0,0 0,0 0,0 18 0,93

1010 2,5 88,5 00,0 o0 0,0 0,0 0,0 1.8 0,55

0o 30 96,0 00 00 0,0 0,0 1,7 0,93

a A second batch prepared in the same way.

& From the second batch, calcined at 1125%C— section 2.2.2.
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® From the second batch, calcined at 1125°C— section 2.
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Table B.14: Partial oxidation over cobalt on C/5-Al,03 (Table 3.8)
Metal Temp Time CH, Seleciivity {%) _
Loading {°C}) {") conv.(%} CO €0 GCaH; Cshy 0311.3_* HafCO B’ _
none | 456 0,5 0,1 ais 6ss8 . 00 08 70 07 08
§57 L0 4,8 751 248 00 0,0 0.0 1,6 6,9
1012 1,8 20,4 478 208 234 385 49 13 0,59
12 20 729 508 175 204 5D 6,3 1,2 1,03
1012 2,6 33,3 47,2 183 27,2 23 0 1,2 1,01
1012 3,0 282 - 435 45 308 1,2 10,1 1,3 1,02
3%Co 448 0,5 0,1 s4,1 388 90 00 00 05 1,00
790 1,0 5.9 528 419 27 0,0 38 24 112
me 1.6 76,2 ‘14 38 18 0,0 0,3 1.6 097
1610 2,0 80,0 97,0 18 Bt 0,0 0,3 1,6 095
1010 25 81,5 Ba 23 1,6 0,0 6.2 18 0,93
L 1010 30 83,2 %67 U8 035 0,0 6,2 1,6 094
7 10%C0e 482 06 06 - 56 944 00 0.0 0,0 8,0 1,18
B 0 1,0 324 - B3 178 03 0,6 1,1 1.8 1,138
001 36 935 ‘99,8 0,2 00 0,0 0,0 20 091
1001 2,0 g96,1 w8 02 0.0 0.0 0,0 2,0 0,83
W01 25 06,7 998 01 00 0,0 0,0 20 091
001 3,0 97,0 889 01 G0 0,0 0,0 20  bY3
10%Ce® 472 O 1,0 376 63,56 00 0,0 0.0 07 127
820 1,0 46,1 80,0 81 00 00 0,0 1,8 097
825 — 95,8 993 02 00 0,0 a,0 1,2 1,18
il 1,5 89,3 958 04 00 00 00 1,7 091
018 2,0 oL6 988 02 00 00 - 00 1,7 091
W 2,5 92,2 998 02 00 0,0 0,0 1,7 0,90
o 1010 3,0 92,0 96 04 00 0,0 30 1,8 0,8
10% 0ot 420 0,5 0,1 1000 U0 00 0,0 0,0 4,1 1,26
763 10 14 554 448 00 00 0,0 37 123
094 15 80,4 998 02 G0 0,0 0,0 19 0,95
094 2,0 93,0 000 00 00 a0 0,0 +F 0,78
994 2,5 93,0 09 .01 0,0 0,0 0,0 14 ban
894 3,0 940 W00 00 0D 0,0 0,0 1,8 039
< A second bateh prevared fu the same way. . )
2,
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Tabie B.15: Partial oxidation over cobalt on C/y-Al,O3 — alternative prepa-

ration (Table 3.8)

2.

Metal Temp Time CH, Selectivity (%0
Losding  (°C) (b} conv. (%) ©CO CO, CgHy CzH3 CsHe Fa/CO B
T1a%Ce 497 6,5 04 00 1030 00 00 o8 - 1,16
833 1,0 16,2 48,0. 447 33 0,0 6,0 2.7 1,14
1027 1,6 83,4 270 2,0 0,9 0,0 0,1 1.7 198
1027 2.0 62,8 953 4,5 0,2 0,0 0,0 2.8 0,95
1027 3,0 90,3 992 08 0,0 o0 0,0 2.3 0,85
1027 40 92,6 997 03 0,0 a0 0,0 43 0,91
1027 50 24,1 998 02 0,0 8,0 DO 2,1 091
1327 680 05, 993 07 0.0 0,0 no 2,2 0,56
1027 70 95,5 2,3 0% 0,0 0,0 o0 1.8 1,00
1027 80 55,8 7 03 00 6,0 0,0 1.8 1,02
1027 80 55,9 923 07 0,0 0,0 0,0 1,8 1,08
1027 10,0 98,0 g2 08 or 0,0 0,0 1.7 1,13
1027 11,0 88,3 989 14 00 o0 00 20 0694
14%Ce2 368 05 o4 100,06 6,0 Y] 0,6 0,0 8,3 1,21
730 10 8,5 544 458 00 0,0 0o 2.6 1,11
63 1,5 76,7 9,2 30 08 0,0 6,0 1,5 0,97
958 20 82,2 g4 2. 04 00 0,0 1,7 086
953 2.5 85,1 T8 1y 0,2 9,0 0,0 1,6 0,93
963 30 B74 985 15 a,0 0.0 o0 1.6 B,93
14%Cae® =07 0,5 8 8,0 100,06 00 0,0 9,0 — 1,24
83 1,0 86 46,5 835 00 0,0 0,0 34 1,10
1028 15 39,8 674 21,8 79 0,0 2,8 2,0 0,99
1028 2,0 ET.8 B35 96 4,4 0,0 2,8 19 1,02
028 2,5 81,3 878 Tl 4,2 0,0 0,9 19 0,89
1028 30 65,3 BT &8 42 0,0 0,2 1.9 0,5
1028 35 67,9 932 5O 1,9 0,0 0,0 1,8 0,87
1028 40 72,6 938 BY 07 0,0 0,0 1,7 1,01
o8 50 84.8 97,2 24 0,4 0.0 0.0 1,7 1,03
1028 129 88,5 980 1t n1 0,0 0,0 1,8 1,04
1028 16,0 89,8 882 1,7 0,0 0.0 0,0 1.7 1,00
1028 20,0 89,7 979 2,0 0,2 0,0 0,0 1,5 1,10
1028 24,0 90,1 98,2 1,9 8,0 0,0 0,0 1,8 1,03
028 28,0 00,2 984 L5 6,1 0,0 0,0 2,0 0,87
1028 32,0 90,4 984 14 o1 0,0 0,0 2,0 0,84
1028 36,0 89,6 o83 1- | 0,0 0,0 18 0,95
1028 40,0 89,3 081 1,8 0,2 0,0 2,0 1,7 1,03
1028 44,0 88,7 979 19 0,2 00 0,0 1,6 1,06
1028 480 88,8 978 2,1 0t 0,0 0,0 1,7 1,02
1023 52,0 3.8 81 LT 0,2 0,0 0,G 1,7 0,8t
i028 58,0 88,5 988 1,3 0,1 o, 0,0 2,0 0,85
1028 60,0 87,7 82 1,8 0,2 0,0 ‘WO 1,7 9598
1038 64,0 87,1 980 18 @1 0,8 0,0 1.6 1,04
1028 @80 87,0 88,1 1.6 0,3 0,0 0,0 1.7 104
028 720 87.9 931 L6 0.3 0,0 o0 2,0 0,81

% Qalcined ot 800%C— secdon 2.2.2,
b Diluted with 200 mg of quartz beads,
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Table B.18: Partial oxidation over the “bluc® zone fTable 4.4)

Temp Time CH,4 ~ Selectivity (%) :
(°C) _ (h) comv. (%) CO COx CiHy Cz.Ha___C J%ﬁ - H/CO B
479 0,5 0.3 1000 00 00 00 0,0 0,2 1,07

818 1,0 20,2 8L8 163 00 00 19 25 097
1016 15 408 827 46 8% 09 39 20 093
1016 2,0 433 787 38 138 00 38 20 1,00
1016 25 439 784 43 139 00 35 21 092
1018 3,0 415 788 56 125 00 82 18 1,1

Table B.17: Partial oxidation over deactivated 10%Co/C/v-Al,05 {Table 4.5)

Temp Time CHy Selectivity (%)

(°C} (b)) conv. (%) CO COy CpHy CpHx C3Hs Hy/CO B
058 0,5 5,2 50,4 30,5 19,1 0, 0,0 17 0,04
968 1,0 8.2 67,1 214 14,4 00 00 08  0u8
958 1,5 57 46,5 48 187 00 00 LT 097
958 45 60 545 %2 84 00 00 1,3 0,98
958 T4 8,7 61,1 259 130 00 00 07 1,09

958 10,6 8,7 63,0 265 105 G0 0,0 0,7 0,99
958 135 8,2 62,9 278 103 0,0 0,0 0,8 1,06
958 16,5 8,0 628 203 7.9 0,0 0,0 1,0 1,01

Table B.18: Partial oxidation studies over AR (Figure 3.3)
Temp Time CHa Selectivity (%) _
(°C)  (8) conv. () CO CO; CpHy Coll; GpHe Ha/CO B’

496 05 67,3 37,7 123 0,0 0,0 0,0 1,8 1,10
792 1,0 92,3 9g,1 09 00 00 00 1,7 1,00
893 1,6 97,2 1000 00 V0 00 00 1,7 1,01
993 20 96,0 1000 00 00 00 00 1,7 1,02
993 2,5 95,5 1000 00 00 00 00 1,7 1,00
993 3,0 05,2 1000 00 00 00 00 1,7 1,00
993 6,0 97,6 1600 00 00 00 00 1,9 0,87
993 0,0 98,k 1000 00 00 00 00 16 1,03
093 12,0 99,0 98 02 06 00 00 1,86 1,06
993 150 98,0 998 02 00 060 00 1,3 0986
093 18,0 9.6 000 00 00 00 00 1.8 095

P —— i sz —
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Table B.19: GHSV tests using AE (Figure 4.1)

Selectivity (%)

CO__COp Cpll, Cps GaHg Hy/CO B

Temp Maes  CH,

(°C)_ (mg) conv. (%)

821 800 985 97T 23
821 60,0 975 986 14
821 40,0 980 978 22
826 200 878 986 14
825 100 495 954 46

]

0,0
0,0

0,0

0,0
0,0

0,0
0,0
0,0
0,0
0,0

0,0
0,0
0,0
0,0
0,0

1,7
1,5
1,5
1,1
2,0

1,00

1,00
1,00
1,00
1,00

—
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Table B.20: 10%Co/C/4-AlzO4 stability — 0 to 150 hours (Figure 3.1)

Temp Time CH, Selectivity (%)
(°C) () _comv. (%) ~CO  GO; sl G, Ggfis Ha/CO B
563 0.5 0.6 833 167 0% G0 00 1,8 1,32
880 10 8,1 202 80 08 00 1,2 19 1,18
10688 1,5 94,1 1000 00 00 0,0 0.0 22 093
1068 2,0 83,7 00,8 o0 00 0,0 0,0 9 106
1068 2,5 93,8 00,0 60 6,0 00 0,0 2,2 093
1068 30 93,8 1060 00 00 0,0 0,0 21 097
1088 3,5 94,1 1000 00 00 0,0 0,0 18 1,0

‘1068 75 98,3 60,0 08 00 0,0 0,0 21 095
1068 11,5 98,6 600 04 00 0,6 0,0 18 1,08
1088 155 98,1 1000 00 00 0,0 20 L7 1,17
1068 195 980 1000 08 00 0,0 0,0 18 1,06
1068 235 95,8 00,0 00 60 0,0 0,0 18 1,08
1068 J 94,9 1060 00 00 0.0 0,0 18 1,00
1068 4,5 97,3 1000 00 09 0,0 0,0 1,9 107
1068 35,5 886 1006 00 00 0,0 0,0 19 107
1068 39,5 98,4 1000 00 00 0,0 0,0 15 1,33
1068 43,5 98,8 1000 00 09 0,0 0.0 17 1,23
1068 47,5 97,4 1000 00 00 0,0 0.0 18 L4
1068 51,6 984 1000 00 00 0,0 0,0 17 116
1068 65,5 98,8 1000 08 00 0,0 0,0 1,7 1.2
1068 59,5 99,2 1006 GO 00 0,0 0,0 i3 1,12
1088 63,5 20,3 08,0 040 00 0,0 0,0 1,7 117
1068 87,5 98,7 1008 00 00 0,0 0,0 1.7 12
1088 71,6 87,1 1e,0 00 00 0,0 0,0 1.8 1,12
1088 755 95,5 1006 00 G0 0,0 0,0 18 L4
1068 79,5 97,1 1000 00 60 0,0 0,0 1.8 1,10
1068 83,5 57,7 00,0 00 00 0,0 0,0 1,8 1,11
1068 87,5 98,1 W00 BY DO 0,0 ¢,0 17 Lid
1068 91,6 98,3 000 OO 00 00 6,0 1.8 110
1068 95,5 95,3 100,0 06 00 0,0 0,0 18 1,11
1088 99,5 94,5 1000 06 00 00 0,0 18 107
1068 1035 96,2 WMo 0a 00 0,0 0,0 31 0,92
1068  107,5 98,1 1000 08 09 0,0 0,0 19 1,08
1068 111,5 98,5 1000 00 00 o0 0,0 13 1,08
1088 1155 98,0 0,0 06 00 0.0 0,0 1,7 1,14
1182 1196 96,0 1000 00 09 0.0 0,0 19 107
1084 1236 59,2 100,0 00 00 0,0 0,0 1,8 1,05
1064 127,56 98,7 1000 DO 0,0 0,0 0,0 19 1,01
1084 1815 94,8 1000 00 00 0,0 0,0 3,7 110
1064 %55 28,0 wen 00 00 0,0 0,0 17 111
1064 139,5 99,3 10,0 00 00 0,0 0,0 1,7 1,10
1064 143,56 98,5 w0 00 00 0,0 0.0 21 9291
1064  147,5 a7.5 1000 ©0 00 0,0 0.0 1.9 1,00
1064 1515 99,1 1000 00 09 0.0 0,0 21 090
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Table B.21: 10%Co/C/y-AlL O, stability — deactivation

Teamp Tine — CHy - Belectivity (%) -
(?C) {h) conv, {%) (w10 G CsHsi Colbp GSHE_ Ha jCO B’
1084  151,5 96,1 0o 08 G0 0o o5 2,1 0,90
1064 1556 2 99,1 00,6 090 0,8 0,0 co 21 0,95
1064 1585 99,1 298 02 0,0 0,0 0,0 1.8 1,06
1064 183,56 89,2 99,9 0,3 0,0 0,0 0,0 1,2 1,66
1064 1675 983 1000 OO0 0,0 0,0 o0 2,0 0,97
64 171,56 08,8 100 0,0 0,0 0,0 0,0 1,8 107
1064 175,56 91,7 10,6 00 0,0 0,0 0,0 1,7 . 1,18
1064 175 93,0 99,1 08 vo 0,0 0,0 1,5 1,31
1084 1836 97.8 98,1 39 0,0 o0 090 1,5 1,08

1064 1875 97,0 951 48 00 00 00 14 1,07
1084 1915 24,7 30 O 00 00 00 1,5 0,90

1064 185,65 89,0 680 188 32 0,0 10,1 e 082
1084  199,5 99,8 336 664 09 0,0 0,0 05 048
1064 2035 100,0 48 952 00 0,0 0,0 124 0,07
1084 2075 93,8 52 94,38 090 o0 0,0 1,0 0,05
1084 211,56 100,0 110 890 00 0,0 0,0 07 003
1064 2155 100,0 14 9856 08 0,0 0,0 12 013
1064 219,56 15,1 51,0 148 332 00 1,1 1,5 1,34
1064 2936 14,6 51,2 182 294 00 1,1 14 142
1064 2975 22,1 §36 179 279 00 0,7 10 02

1064 2315 1900 17,8 82.2 6,0 0,0 0,0 0,7 0,41

1084 235,56 1600 0,8 99,2 0,0 0,0 0,0 0z 0,23
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Table B.22: AR stability {Table 3.9, figures 3.2 and 3.3)

Temp Time CH, Selectivity (%)

(°C) (1)  comv.(%) CO GOz GCaHy GCpH; GpHs Haz/CO B
535 05 713 88,31 I8 00 00 00 18 1,08
636 1,0 Trd 938 B2 00 0,0 0,0 18 1,63
736 1,8 85,6 873 27 00 2,0 0,0 1,9 0,95
837 20 94,1 84 1,6 00 0,0 0,0 1,8 0,98
835 2,6 984 o8 0,2 0,0 0,0 0,0 1,8 0,97
935 30 98,4 996 04 00 0,0 0,0 1.8 0,96
935 9,0 95,1 99,8 04 00 Do 0,0 1,7 1,01
935 150 99,0 g5 45 00 6,0 0,0 18 1,08
935 20 98,4 w7 03 0Q 0.0 0,0 1,7 10
o5 27O 08,7 998 D4 0,0 0,0 0,0 1,8 0,93
035 33,0 98,6 998 04 a0 0,0 ¢,0 1,5 1,09
935 390 08,4 a9,8 0,4 0,0 0,0 0,0 1.8 1,08
936 450 97,7 988 94 00 0,0 0,0 1,9 0,88
835 51,0 08,0 997 03 0p 0,0 0,0 1,8 0,94
835 570 98,1 598 04 00 0,0 0,0 1,7 097

935 43,0 97,8 99,8 0.2 0,0 G,0 0,0 L7 0,99
P35 9,6 7.3 99,3 0,7 0,0 [UAY] 0,0 1,7 1,00

935 750 97,2 994 08 00 09 o0 1,8 094
835  B1,D 97,7 995 05 00 0,0 0,0 1.8 092
936 870 97,6 1000 00 00 00 00 1.8 053
935 830 97,1 M4 06 00 0,0 00. 17 1,00
935 99,0 98,1 97 03 00 00 0,0 18 094
935 1230 9,0 998 02 00 0,0 00 19 088
935 1200 - 93,3 996 04 00 08 . 09 17 1,00
935 1650 98,6 @y 63 00 00 o0 19 087
935  171,0 89,1 98 04 00 0,0 o0 1.6 1,13
935  177,0 99,1 995 05 00 0,0 0.0 1.6 1,04
935 1830 98,8 997 03 00 0,0 60 . 18 1,08
837 1890 98,4 956 1,2 00 0,0 0,0 1,9 089
837 1950 94,4 984 16 00 00 00 1,7 098
837 2010 94,4 83 1,7 00 0,0 0,0 16 1,06
837 2070 93,8 e 14 08 060 0,0 1,7 098
837 2130 93,2 88 1,2 0L DO 0,0 1.8 097
837 2190 84,0 883 1,7 o8 B 00 1,7 099
837 2250 94,1 984 18 00 00 00 16 103
37 2810 93,4 988 12 00 0,0 6,0 18 093
837 2970 92,4 982 I8 00 0,0 0,0 20 088
837 2430 93,4 984 16 0D 0,0 0,0 18 095
837 2490 836 86 14 00 0,0 0,0 7 1,01
837 - 2550 93,0 987 1,3 00 0,0 0,0 1,7 098
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