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Abstract 

This paper gives a brief summary of some processes, direct and indirect, for the conversion of natural gas to useful 
products. It then proceeds to give an outline of some work from the authors’ laboratories on subjects such as steam 
reforming, oxidative coupling and CO, reforming of methane, paying particular attention to the development of novel 
catalysts for these processes. 
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1. Introduction 

Natural gas is defined as a combustible gas 
that occurs in porous rock of the earth’s crust 
and is found with or near accumulations of 
crude oil [l]. It contains between 70 and 98% of 
methane, with higher hydrocarbons (ethane to 
hexane) present in quantities of up to a maxi- 
mum 16%, while diluents (N,, CO,) can ac- 
count for a maximum of 15%, depending on the 
location from where it is produced. Some reser- 
voirs also contain large amounts of sulphur-con- 
taining molecules, particularly H *S. The re- 
serves of natural gas outstrip those of oil and, as 
a result, it is likely to become one of the main 
sources of carbon-based chemicals in the next 
century. Table 1 lists the currently proven re- 
serves and consumption of oil, natural gas and 
coal. 

Currently, the main use of natural gas is in 
(non-catalytic) combustion for heating purposes, 
while the only significant use in the (petro- 

)chemical industry is for the production of hy- 
drogen through steam reforming. Fig. 1 gives a 
summary of the various chemicals which can be 
produced from natural gas, together with the 
reaction pathways involved in these conver- 
sions. 

In general, two different types of route for 
methane conversion to useful products can be 
distinguished: direct and indirect. The direct 
routes are one-step processes in which the natu- 
ral gas is reacted with oxygen (or another oxi- 
dising species) to give the desired product di- 
rectly. Apart from complete combustion for 
heating purposes (giving CO, and water), all 
other possible processes are still at the research 
stage; this is mostly because the conversions 
and/or selectivities are insufficiently high for 
the reaction to be of interest for commercial 
application. For example, for the much-studied 
oxidative coupling reaction: 

2CH, + l/20, = C,H, + H,O 
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Table 1 
Proven world-wide reserves and yearly consumption of non-renewable energy resources (all figures are in billion (109) ton oil equivalent) 

Proven reserves Yearly consumption 

1973 1983 1993 1983 1993 

Crude oil 
Natural gas 

Coal 

80 92 144 2.6 3.3 
40 79 120 1.5 1.8 

330 510 470 2.1 2.2 

or 

2CH, + 0, = C,H, + 2H,O, 

the highest C2+ yields which have been attained 
to date are between 20 and 22%; a yield of ca. 
30% would be needed for the reaction to be of 
commercial interest [2]. Interest in this reaction 
in Europe and the US has therefore waned 
considerably, although there are still a small 
number of activities in the area. However, the 
reaction still receives very considerable atten- 
tion in a number of Asian countries, including 
China, as evidenced by the contributions from 
Chinese authors in this issue of Catalysis To- 
day. Some of the work on this reaction carried 
out in the authors’ laboratories will be sum- 
marised briefly in a later section. 

The indirect route is a two step process 
whereby natural gas is first converted into syn- 
thesis gas (a mixture of H, and CO) via steam 
reforming, partial oxidation, CO, reforming or 
a combination of two of these reactions; the 

synthesis gas is then converted into the desired 
product. For example, for the well-established 
steam reforming process, the reaction proceeds 
as follows: 

CH, + H,O = CO + 3H,. 

The composition of the synthesis gas may be 
altered by carrying out the water-gas shift reac- 
tion or its reverse: 

CO + H,O = CO, + H,. 

In one extreme, pure hydrogen can be produced, 
CO, being removed from the mixture by ab- 
sorption; in the other extreme, a mixture with 
CO/H, ratio of unity (or even lower) can be 
obtained. To illustrate the importance of synthe- 
sis gas, it is the main feed stock for the manu- 
facture of for example hydrogen, ammonia, 
methanol, formaldehyde and acetic acid. Most 
of the hydrogen, produced by a combination of 
steam reforming and the water-gas shift reac- 
tion, is used in refinery operations. In 1991, US 
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Fig. 1, Various direct and indirect routes for the production of useful chemicals from natural gas (the indirect also includes hydrogen). 
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refineries produced about a third of their hydro- 
gen requirement from steam reforming and par- 
tial oxidation [3], much of the balance being 
formed as by-products in other refinery opera- 
tions. Due to the environmental regulations im- 
posed on transportation fuels, an increasing de- 
mand for pure hydrogen is to be expected. 
Ammonia, which is the next largest utiliser of 
hydrogen, is one of the major chemicals pro- 
duced world-wide. For methanol, the demand in 
1995 is expected to be 23.90 mtpy (million tons 
per year) and this amount is likely to increase 
yearly due to larger demands for MTBE [4]; for 
formaldehyde, the current demand is 7.98 mtpy 
while for acetic acid it is 1.87 mtpy. 

This paper gives a brief review of the devel- 
opment of catalysts for three routes of methane 
conversion carried out in the authors’ laborato- 
ries. The first catalyst described is one now 
used commercially for steam reforming of natu- 
ral gas; various catalysts for the oxidative cou- 
pling of methane are then discussed; and finally, 
the development of Pt/ZrO, materials for the 
CO, reforming of methane is outlined. 

2. Steam reforming 

Early work carried out at the University of 
Bradford (UK) in collaboration with a group at 
the Technical University of Delft (The Nether- 
lands) led to a detailed understanding of the 
textural and structural factors dictating the activ- 
ity and stability of co-precipitated nickel- 
alumina materials originally developed by 
British Gas for the steam reforming of naphthas 
to form synthetic natural gas in the so-called 
catalytic rich gas (CRG) process [5-S]. The 
high activity and stability of these catalysts 
depends on the formation in the precipitation 
stage of a well-defined layer structure, ‘hydro- 
talcite’, in which brucite-like layers containing 
Ni*+ and A13+ and OH- ions are separated 
from one another by ‘interlayers’ containing 
anions (CO:- in a well-prepared material) as 

well as water molecules, the structure having an 
approximate molecular formula: 

Ni,Al,(OH),, . CO, * 4H,O. 

The nature of the charge-balancing anion formed 
in the interlayer depends on the pH of precipita- 
tion and on the anions present in the precipita- 
tion solution; using nitrate salts and sodium 
carbonate as precipitant, two nitrate ions are 
incorporated per unit at lower pH values but 
these are replaced by single carbonate anions at 
higher pH ( > ca. 7). 

Subsequent work [9] showed that these mate- 
rials could be modified by the addition of other 
cations such as La3 + to the formulation; lan- 
thanum additions not only stabilised the struc- 
ture of the final catalyst but also gave some 
increase in specific activity for methanation (the 
test reaction used to study the behaviour of the 
catalysts). It was further recognised that the 
La-modified hydrotalcite material could be in- 
corporated within the macropores of a suitable 
preformed a-alumina by filling the pores (by 
vacuum impregnation) with a urea-containing 
solution of the nitrates of Ni, La and Al, heating 
to ca. 130°C to bring about hydrolysis of the 
urea and precipitation of the hydrotalcite mate- 
rial, followed by calcination to decompose the 
hydrotalcite. These materials have the advan- 
tages of the very high mechanical and thermal 
stability of the a-alumina combined with the 
high activities of the incorporated species. Al- 
though these catalysts were at first developed 
with the intention of using them for methanation 
purposes in chemical heat-pipe applications, 
tests were carried out with them which showed 
that they were very suitable as steam-reforming 
catalysts for hydrogen production from natural 
gas. They are now produced commercially by 
Dycat International who also make magnesia- 
modified formulations of the same materials 
using various differently shaped pieces of cr- 
alumina to minimise pressure drop through the 
reactor. One recent application of these catalysts 
is in the Midrex process in which syngas pro- 
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duced by a combination of steam reforming and 
CO, reforming is used to reduce iron ore, the 
resultant CO, and water being recirculated for 
the reforming steps [lo]. 

3. Oxidative coupling of methane 

In 1982, a paper by Keller and Bhasin 
demonstrated that two molecules of methane 
could be coupled oxidatively (in a cyclic pro- 
cess) to produce ethane and ethylene [ 1 I]: 

CH, + l/20, = C,H, + H,O 

CH, + 0, = C,H, + 2H,O. 

Undesired by-products in the reaction are CO 
and CO, 

CH, + 1 l/20, = CO + 2H,O 

CH, + 20, = CO, + 2H,O. 

Shortly after the paper by Keller and Bhasin 
appeared, Baerns and his group demonstrated 
that it was possible to carry out the reaction 
under co-feed conditions and showed that 
PbO/alumina materials would catalyse the reac- 
tion with reasonable selectivities [ 121. There- 
after, Lunsford and co-workers published an 
important paper describing the use of Li doped 
MgO catalysts for the reaction under co-feed 
conditions, demonstrating that methyl radicals 
formed at the surface of the catalyst may be 
desorbed from the surface and may combine to 
form ethane in the gas phase [ 131. Work on 
methane coupling commenced at the University 
of Twente in 1985. Our preliminary work [14] 
showed that catalysts containing lead oxide were 
unstable under operating conditions due to the 
evaporation of metallic lead. Further, the 
Li/MgO system was also unstable due to the 
evaporation of LiOH from the catalyst surface. 
A large number of catalyst formulations were 
examined during the next decade in the Twente 
laboratory. Of the various materials studied, one 
of the most stable was a BaO/CaO mixture [15] 
and the most selective materials were those 
based on the Li/MgO system but doped with 

various oxides, particularly tin oxide [16]; it was 
later shown that this facilitates the formation of 
a solid solution of Li,SnO, in MgO and gives 
rise to the formation of Li,Mg ,SnO, and hence 
the stabilisation of the lithium content of the 
catalyst under the reaction conditions [17]. An- 
other stable catalyst turned out to be one based 
on the K/Ca/Ni system first described by 
Heinemann et al. [ 181 who claimed that the 
catalyst gave very high selectivities to C, hy- 
drocarbons. Detailed examination showed that 
this effect was only apparent as the CO, formed 
in the early stages over this catalyst was ad- 
sorbed by the catalyst surface [19]. However, by 
changing the allover composition of the catalyst 
and calcining it at much higher temperatures 
than those used by Heinemann et al., a signifi- 
cant improvement in behaviour was found and 
the materials now gave yields of the order of 
20%, among the highest recorded in the litera- 
ture under normal co-flow conditions [20]. Some 
of the work outlined above has been reviewed 
elsewhere [21]. 

4. Carbon dioxide reforming of methane 

Even though research into the CO, reforming 
reaction commenced in the 1920s [22], it has 
recently attracted renewed interest [23,24]. Ini- 
tially this renewed interest was a caused by a 
belief that the reaction offered a potential 
method of reducing the concentrations of CO, 
emitted to the atmosphere but it was later recog- 
nised that the reaction would have an insignifi- 
cant effect; at the best, the syngas produced 
could be converted to polymers or chemicals 
but the total amount used for these purposes 
would be very small compared with the total 
world-wide emissions of CO,. However, there 
is also a developing interest in the production of 
syngas with a low H,:CO ratio for the produc- 
tion of molecules such as acetic acid or 
formaldehyde [4]. A novel series of catalysts for 
this reaction has been developed at the Univer- 



J.R.H. Ross et d/Catalysis Today 30 (1996) 193-199 197 

Time (ins) 

Fig. 2. The CH, conversion vs time for several 1 wt% Pt 
catalysts: 0, Pt/ZrO,; 0, Pt/TiO,; and A, Pt/AI,O,. During 
the first 10 h on-stream, the temperature of reaction was raised at 
regular intervals from 5.50 to 800°C. CO, /CH, ratio = 2. 

sity of Limerick which appear to resist signifi- 
cant carbon laydown under reaction conditions 
close to those likely to be encountered under 
industrial conditions. Some of this work, which 
has been described in more detail elsewhere 
[25], will now be outlined. 

Starting from the premise that a Group VIII 
metal would have to be used, the activity and 
stability of Pt on various different supports was 
first examined]. The oxides ZrO,, TiO, and 
Al,O, were selected for study as it had been 
reported in the literature that other supports 
such as MgO, and SiO, do not give active 
materials [27,28]; a La,O, support was not 
examined in any detail as it fragmented under 
the reaction conditions employed. Fig. 2 shows 
the conversions of methane at a series of tem- 
peratures plotted as a function of time on stream 
for three catalysts containing approximately I 
wt% of Pt on ZrO,, TiO, and Al,O,. Even 
though at lower temperature not much differ- 
ence is observed, at high temperatures it can be 
seen clearly that Pt/ZrO, is the most active and 
stable sample. The Pt/Al,O, sample deacti- 
vated due to carbon deposition, large amounts 
of carbon being detected on the material after 
use. The titania-supported material exhibited an 
intermediate behaviour. 

The next step was to decide on which metal 
was most suitable for the active phase. As initial 
experiments showed that Ni, Co and Fe samples 
were prone to coking [25], these materials were 
subsequently ignored and only the noble metals 
(e.g. Ir, Rh, Ru, Pd and Pt) were examined; 

; 2 

GHSV (*lOOOOO h-t) 

Fig. 3. CH, conversion as a function of GHSV at 800°C for 
catalysts consisting of Rh (A 1, Pt (0 ), Pd CO), Ir ( X ) and Ru 
(+), all at a content of 1 wt%, supported on ZrO,.CO, /CH, 
ratio = 2. 

based on the results described above, ZrO,, was 
used as the support. Fig. 3 shows the activities 
of these catalysts for methane conversion as a 
function of GHSV at 800°C. Pt/ZrO, and 
Rh/ZrO, were the most active catalysts and 
they were stable over the relatively short tests 
shown. It was decided to continue the catalyst 
development work with the Pt/ZrO, system 
rather than the Rh/ZrO, system as Rh is likely 
to be too expensive for use in an industrial 
process, especially if large quantities of metal 
would be required. (Even though the current Rh 
price is approximately the same as that of Pt 
[29], the supply of this metal is limited and so a 
significant increase in the price would probably 
occur if large quantities were required for this 
or any other process.) Further work [25] showed 
that the activities of catalysts with Pt loadings 
between 0.25% and 1 wt% did differ not signifi- 
cantly but that to achieve a stable catalyst per- 

60 
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Fig. 4. CH, and CO, conversions as a function of time for a 0.5 
wt% Pt/ZrO, catalyst. Conditions: 1.9 g catalyst, 7’ varied from 
650 (end of the catalyst bed) to 700°C (beginning of bed); 
GHSV = 16000 hh’ ; CO,:CH, = 2: 1; gas mixture contained 5.7% 
N, dilution. ( A ) CH, conversion, (0) CO> conversion. 
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formance a Pt content of at least 0.5 wt% was 
needed. The platinum optimum loading was 
therefore chosen as 0.5 wt%. 

A sample of a 0.5 wt% Pt/ZrO, catalyst was 
then subjected to a life-time test of 1000 h at ca. 
700°C and the results are shown in Fig. 4 in 
which the CH, and CO, conversions are plotted 
as a function of time. During this experiments, 
there were a number of discontinuities in the 
results as a result of various experimental fac- 
tors. For example, at the points 1, 3, 4 and 7, 
the reactor was by-passed by the reactant gases 
to allow one or other to be replaced, this result- 
ing in a temporarily increase in the activity of 
the catalyst. At points 2 and 6, the reaction 
temperature was allowed to drop to below 
300°C resulting in a lower activity but more 
stable behaviour. Finally, at point 5, the methane 
feed was temporarily cut off, this resulting in 
the activity regaining the initial value once more. 
After use, the catalyst revealed no extensive 
carbon deposition even though it would appear 
that the working catalyst has approximately a 
monolayer of carbon on its surface under reac- 
tion conditions. It would appear that the Pt-ZrO, 
combination works well because the zirconia 
encourages the adsorption of the CO, which 
then reacts with any surface carbon to give two 
molecules of CO; this reaction very probably 
occurs at the interface between the Pt and the 
zirconia. Further work is in progress to further 
establish this model. 

Based on the performance of this Pt/ZrO, 
catalyst for the CO,-reforming reaction, an eco- 
nomic evaluation was performed [26]. This case 
study was based on the production of 180000 
tonnes of acetic acid per year using the Mon- 
santo process [30]; four different processes for 
the manufacture of the necessary syngas were 
considered: steam reforming, autothermal re- 
forming, partial oxidation and CO, reforming. 
The results of the evaluation showed that the 
CO, reforming option has the lowest operating 
costs, about 20% lower than the other processes, 
this lower cost being mainly due to the lower 
feedstock requirements. 

Further work on the Pt/ZrO, catalyst is cur- 
rently under way. For example, it has been 
shown that the material is effective for a combi- 
nation of CO, and steam reforming or of CO, 
reforming and partial oxidation; by using two 
different oxygen containing molecules simulta- 
neously, different H,/CO ratios ranging from 
below 1.0 (pure CO, reforming) to above 3.0 
(steam reforming together with the water-gas 
shift reaction) can be achieved at will. High 
pressure experiments are also being conducted 
to examine whether the catalyst will withstand 
even more extreme conditions; the results ob- 
tained so far indicate that the catalyst is stable at 
pressures up to at least 10 Bar and at tempera- 
tures of at least 800°C. 

5. Conclusions 

It is likely that the non-catalytic combustion 
of methane will remain one of the main uses of 
natural gas for the foreseeable future. However, 
steam reforming is a major use of natural gas 
for the production of hydrogen in the petro- 
chemical industry and for methanol synthesis. It 
is probable that there will be some limited 
expansion of the use of CO, reforming or com- 
binations of CO, reforming and steam reform- 
ing for very specific purposes if the economics 
of the process indeed turn out to be favourable. 
It is less likely that methane coupling will be 
commercialised unless the economics of the 
process become much more favourable, for ex- 
ample by a relatively larger rise in the price of 
oil than that of natural gas. Further development 
of methane coupling is also possible if suitable 
methods can be found to combine the reaction 
with other chemical processes in order to opti- 
mise the energetics of the combined process and 
also if more economical methods (e.g. mem- 
brane separation) can be found to separate the 
C, products from the other gases present in the 
reaction mixture exiting the catalytic reactor. 
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