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Summary

Although all the Group VIII metals are catalytically active in the hydrogenation of carbon
monoxide to form methane (“methanation’), nickel, despite extensive investigations of
alternative materials, remains the favoured catalyst for the reaction by virtue of its life, high
activity, selectivity towards methane formation in preference to other hydrocarbons, and
its comparatively low cost. Sensitivity to poisoning by sulphur is the main disadvantage of
nickel catalysts. Some sulphur-resistant materials catalyse the methanation reaction, but are
much less active than nickel.

Much of the recent literature on methanation catalysts is concerned with preparative
techniques and the nature of catalyst supports, factors markedly affecting catalyst properties.

The mechanism of methanation catalysis is not yet completely established; this review contains
a list of the most feasible theories.

The review also presents suggestions that have been made for further research into
methanation catalysts.
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1. Introduction

Reaction between hydrogen and carbon monoxide can lead to a variety of useful products
depending on reaction conditions, ratio of the gases in the feed and the type of catalyst.
Although the processes may be technically feasible, at present they are not all commercially
viable. Among the reactions of greatest interest are those producing methane (3H, +CO = CH,
+ H,0), paraffins ((2n+1)H, nCO = CpH;p4: +nH, 0),! alcohols, especially methanol
(2nH, + nCO = CyH,p+, OH +(n—1)H, 0), and olefins (2nH, + nCO = C,H,,+nH,0). .
Since mixtures of hydrogen and carbon monoxide derive from water gas, the reactions provide
methods of manufacturing products from fossil fuels and particularly a means of increasing the
amount of hydrogen combined with carbon in coal, which is hydrogen-deficient compared
with petrolcum.

Currently, the synthesis of methane from hydrogen and carbon monoxide (“methanation’)
is receiving particular attention because it is an essential step in one process for the manu-
facture of that gas from coal, a process likely to be commercially operable in the future when
it becomes necessary to meet dwindling reserves of natural gas in the North Sea and elsewhere
by a substitute natural gas (SNG). The process comprises

1. total gasification of coal in steam, perhaps with oxygen, basically C+H, O=H, +CO);

2. adjustment of the ratio of hydrogen to carbon monoxide in the product gas by the
water gas shift reaction and removal of carbon dioxide as necessary (basically
CO+H, O=H, +CO,);

3. catalytic conversion of the hydrogen and carbon monoxide to methane after removal
of any deleterious materials (such as hydrogen sulphide) in the reaction gas (CO+3H,
= CH,+H, O). Although the optimum molecular ratio of hydrogen to carbon
monoxide is 3: 1 in some cases it may be economically advantageous to use a lower
ratio. :

Methanation is practised also for another purpose. In the manufacture of ammonia by the
catalytic reaction of hydrogen and nitrogen the content of oxides of carbon in the synthesis
gas must be reduced to a very low Jevel to prevent catalyst poisoning. To effect this, after
conversion of carbon monoxide to carbon dioxide by water gas shift and absorption of the
latter, residual oxides of carbon are removed by methanation, a simple and relatively
inexpensive process. The methane produced is inert to ammonia synthesis catalysts.

In the application of methanation to produce SNG the reaction mixture of hydrogen and
carbon monoxide will contain probably 30% to 50% of the monoxide, whereas in
“purification’’ methanation very low concentrations of carbon oxides are hydrogenated. Under
the latter conditions at least, catalysts effective for carbon monoxide hydrogenation are
generally also effective for the hydrogenation of carbon dioxide (Randhava and Rehmat 1970,
Kreindel and others 1972b), although it has been reported in a paper dealing with the kinetics
of the reactions 4H, +CO,=CH, +2H, O and 3H, +CO= CH, +H, O that over a nickel catalyst at
200°C carbon monoxide even in low concentration markedly reduces the methanation rate
of carbon dioxide (Van Herwijnen and others 1973). In this review catalysts intended for the
removal of carbon oxides in low concentration from other gases (‘‘purification” methanation)
are considered in a separate section. Tt is hoped that this arrangement, although entailing some
repetition, will be helpful to the Reader.

Methanation, CO+H,O = H,+CO,); is apparently a comparatively simple reaction, and
most of the thermodynamic data are readily available in the literature, but the detailed
mechanism of the reaction over catalysts has not been established entirely unambiguously.
Equilibrium constants for the reaction, calculated from thermodynamic data, are given in
Table 1 (Imperial Chemical Industries Ltd 1970), which shows that, thermodynamically at
least, the forward reaction is favoured by low temperature and raised pressure.



Table 1. Equilibra for reactions CQ + 3H, = CH, + H,0 CO, +4H= CH, +2H,0
(Imperial Chemical Industries Ltd. 1970)

Equilibrium constants,

Ko = PCH, - PH,0

co =~ —
Pco -P’H,

K _ PcH, 'P'H,0

PCO,=  ————
Pco, -P H,

Temp. Kpco Kpco,
200 0.21547 x 10°2  0.94748 x 10°
220 0.23473 x 10! 0.15589 x 10°
240 0.30353 x 10'°  0.29435 x 10°
260 0.45626 x 10°  0.62706 x 107
280 0.78369 x 10°  0.14863 x 107
300 0.15161 x 10°  0.38747 x 10°
320 0.32635x 107  0.11001 x 10°
340 0.77350x 10°  0.33737 x 10°
360 0.20004 x 10°  0.11094 x 10°
380 0.56011x 10°  0.38882 x 10°
400 0.16862 x 105  0.14442 x 10*
420 054247 x 10°  0.56582 x 10°
440 0.18550x 10°  0.23282 x 10°
460 0.67099 x 10°  0.10023 x 10°
480 0.25564 x 10°  0.44995 x 10°
500 0.10219 x 10*°  0.20997 x 10°
520 0.42710x 10> 0.10157 x 10?
540 0.18605 x 10>  0.50814 x 10
560 0.84234x 10" 0.26225 x 10
580 0.39532x 10" 0.13936 x 10!
600 0.19186x 100 0.76104 x 10*

The reaction between carbon monoxide and hydrogen over a nickel catalyst to produce
methane was first reported by Sabatier and Senderens (1902, 1905) in the early part of this
century, and since then, despite much research, nickel had continued as the major catalyst for
the reaction because of its high activity, selectivity for methane formation and low cost
(Atkinson and Nicks 1976a).

Methanation catalysts operate for long periods and in large catalyst beds. Catalyst life and
strength are, therefore, of more importance than initial activity (although, of course, this
must be adequate), and the major problems are those connected with factors causing or
contributing to catalyst decay, notably (i) sulphur poisoning, (ii) loss of activity due to too
low thermal stability, (iii) catbon deposition (Vannice 1976a, McArthur 1977b). These have
been considered in detail by Cusumano, Dalla Betta and Levy (1976, pp459-468), whose
conclusions are summarised below.



(i) Sulphur poisoning.

Methanation catalysts in general are very sensitive to sulphur poisoning. In the case of nickel
catalysts, for example, the adsorption of sulphur from the feed gas is almost quantitative and
the sulphided catalyst is inactive for methanation. The mechanism may be complex. Adsorbed
sulphur poisons by competing with reactants for active sites on the catalyst surface, but often
the effect is greater than can be accounted for by simple loss of active surface area, and it has
been suggested that it is due to reconstruction of the catalyst surface (Cusumano and others
1976, p 94).

Additives to and particle size of a catalyst can affect its sulphur tolerance.

Table 2, due to Cusumano, Dalla Betta and Levy (1976, p461), shows the expected life ofa
high loading Ni/Al, O, catalyst in reaction gases containing various proportions of H, S. Bases
for the calculations are shown in the table. It was assumed that the catalyst must be replaced
when 50% of the bed is sulphided, and the table shows the time required (a) to sulphide 50%
of the Ni surface, (b) to convert 50% of the bulk nickel to nickel sulphide. In reality, catalyst
replacement would probably be necessary before 50% sulphidation because of low
productivity.

Table 2. Calculated catalyst- lifetime in sﬁlphur-containing streams (Cusumano and others
1976, p.461)

Basis of calculation:
Process: Gas space velocity: 10,000h—*
Catalyst deactivated and replaced at 50% sulphidation

Catalyst: Ni/Al,0; with 25% Ni
Apparent bulk density: 1 g/em?®
Ni dispersion (i.e. ratlo of surface nickel to total nickel in catalyst) : 0.25

Type of sulphidation Bulk 50% NiS Surface 50% Ni

H, conc. in reaction 10 1 0.1 10 1 0.1
gases, ppm . ‘
Catalyst life, days - 20 200 2000 5 50 . 500

From Table 2 it appears that the life of a nickel methanation cafalyst is adequate for a
practical process only when the level of H, S in the reaction gases does not exceed perhaps 1
ppm. Data obtained from methanation in a pilot plant at Sasol, South Africa, compare to the
estimates shown in Table 2 (Cusumano and others 1976, p 460). With a supported nickel
catalyst a level of 0.05 ppm of H, S in the reaction gases resulted in slow deactivation of the
initial portion of the catalyst bed but no deactivation further into the bed even after fifty days
on stream. A level of 3 ppm of H, § in the gases caused very rapid deactivation much further
into the catalyst bed after only six days of operation.



The above authors point out that at the temperature of most methanation processes (300° -
450°C) bulk nickel sulphide is not stable in a reaction stream containing 60% hydrogen with a
level of 1 ppm H, S (i.e. a ratio of H, S/H, of 2x10—°): the observation that a surface sulphide
layer on nickel is stable to much lower H,S/H, ratios indicates that deactivation of Ni by
sulphur is probably due to strong adsorption of H, S. The form of a nickel catalyst does not
appear to have much cffect on its sulphur tolerance or sulphur capacity.

At present no straightforward or economic method of regenerating sulphur-poisoned nickel
catalysts is known, although as indicated in Section 2.8, it may prove possible to regenerate
certain metal catalysts used in suspension in molten metal salts. As stated later in this review,
molybdenum and tungsten sulphides are not poisoned by sulphur, but they are less reactive
methanation catalysts than some other materials and require higher reaction temperatures.

(ii) Thermal stability.

The high exothermicity of methanation is an important factor in considering techniques and
plant for operating the process, because if the reaction temperature becomes too high not only
is the equilibrium state of the hydrogenation reaction adversely affected but the catalyst life
is shortened by sintering of the metal particles. The process can be operated in two basically
different ways. In one, reaction temperature is kept low by process technique: in the other the
process is operated adiabatically without temperature control, the maximum temperature
depending on the conversion limit. Methods of controlling temperature in the first system
include product gas recycle, addition of steam, tube-wall reactor designs, use of a liquid
phase heat removal medium and fluidization. These techniques are referred to later in the
text in connection with catalysts described for them; a few recent papers concerned primarily
with technique and only cursorily with catalysts have been noted but not reviewed (Blum and
others 1974, Diehl and others 1974, Sherwin and others 1975, Alpert and others 1976, Sidel’
nikov 1976, Moeller and Heinz 1976, Takenaka and others 1977, Moeller and others 1976,
Kato and others 1976, Haynes and others 1972).

Reaction temperature in either method of operation lies between 300° and 450°C, at which
with the exercise of care catalyst life and activity are adequate, although, of course, any
improvement in these is advantageous, However, catalysts capable of operation at higher
temperature are desirable. This is because (within limits) the higher the temperature at which
the heat of methanation is released the more effectively can it contribute to overall thermal
efficiency of the conversion process, for example of coal to SNG. Also, sulphur poisoning may
be less of a problem at higher temperature because of decreased stability of catalyst metal
sulphide under the conditions of operation.

(iii) Carbon deposition.

In actual use uncontaminated nickel catalysts operating at up to 450°C with 20% to 50% mole
H, O in the methanation reactants maintain activity for prolonged periods when the H, /CO
ratio varies from 5.8 to 2.0. Although, as stated in Section 2.10, reactive carbon may play an
important role in the methanation reaction, under certain transient conditions or at higher
temperature (or even at 400°C in the absence of added water)bulk carbon in unreactive form
or as Ni, C, produced on or in the catalyst, can lead to loss of catalyst activity and fouling of
equipment (Dalla Betta and Shelef 1976).

Mohnot and Kyle (1978) have determined the conditions for carbon deposition from various
gas compositions by considering gas-phase/solid carbon equilibria for the system comprising
carbon, hydrogen, oxygen, nitrogen over the range of conditions 500—1500 X, 100 to 2500
kPa, O/H atomic ratios 0.001 to 1000 and N/O atomic ratios O to 10.

White and others (1975) have calculated the equilibrium constants of reactions between
hydrogen, oxides of carbon, carbon, methane and steam, and described how the deposition of
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bulk carbon in SNG manufacture can be avoided by control of the water gas shift reaction.

However, conditions may arise in which the deposition of unreactive carbon on catalysts
cannot be avoided, and attention has been given to its removal. Bernardo and Trimm (1979)
studied the kinetics of gasification of carbon deposited on nickel foils and nickel-alumina
catalysts by steam, carbon dioxide and hydrogen in the temperature range 450°—-850°C.
Carbon deposition was effected by passing a mixture of n-hexane (13.5 molar %), hydrogen
(25%) and nitrogen (61.5%) over the catalyst at 600°C. Steam was the most effective gasifying
agent at atmospheric pressure. Hydrogen was more effective than carbon dioxide between
500° and 650°C, but the reverse was true at higher or lower temperatures.

Work of this kind may point the way to the regeneration of catalysts deactivated by carbon
deposition, though in the particular case just cited it is unknown to what extent the catalyst
would be effective for methanation after carbon removal.

Most of the recent catalytic methanation research is concerned with these problems, mostly
with nickel catalysts, although not to the exclusion of other materials, notably other Group
VIII metals. The aims of the research fall broadly into the categories: maintenance of catalyst
activity over long periods, resistance to poisoning and improved techniques of catalyst
preparation. Attention is being directed also to the mechanism of catalytic methanation and to
the assessment of the specific activity of catalysts.

Methanation catalysis has been reviewed fairly recently by Mills and Steffgen (1973), by
Vannice (1976a), by Cusumano and others (1976) and by Ponec (1978). Their excellent and
comprehensive treatises have been drawn upon freely in the preparation of this paper, which
attempts a review of literature since they appeared.

Also of much interest, although for the most part not dealing specifically with methanation,
are papers describing the preparation and testing of a number of catalysts, which were
presented at an international symposium in 1975, the proceedings of which were published
under the editorship of Delmon, Jacobs and Poncelet (1976).

The approach to catalyst: choice and preparation is still much a matter of trial and error and
often does not follow strictly scientific principles. The increasing amount of literature in the
field is evidence of the truth of the statement in the paper by Mills and Steffgen that “further
improvement in methanation catalysts constitutes one of the most fertile fields of researc .

11



2. Methanation in the production of SNG
2.1 Nickel

As already stated, nickel is pre-eminent as a methanation catalyst: it can be very reactive, is
selective towards methane production in the reaction between carbon monoxide and hydro-
gen, and is relatively cheap. Nickel with carbon monoxide can form Ni;C (Bousquet and
others 1972), Ni(CO), (Tabij 1975) or even free carbon, but these can be avoided by the
correct reaction conditions (Staege and Goeke 1975, White and others 1975, Mohnot and Kyle
1978).

Broadly, Raney nickel or a supported nickel catalyst, or a nickel alloy is used in the
temperature range 250°—450°C and under pressures of 3000 to 6000 kPa (Vannice 1976a).
Most commercial nickel catalysts consist of 25—77% nickel dispersed on a refractory support
of high surface area such as alumina or kieselguhr. Often commercial preparations are used in
the form of cylindrical tablets, perhaps 9.5 x 9.5 mm or 6.5 x 6.5 mm in size (Franz and Hess
1973). Suitable catalysts also include such materials as NiO-MgO precipitated on kaolin and
reduced in hydrogen (Franz and Hess 1973) or nickel, ThO, , MgO and kieselguhr.

The composition of a number of nickel methanation catalysts as summarised by Mills and
Steffgen (1973) is shown in Table 3. Vannice (1976b) has compared the specific activity of
nickel catalysts from various studies by expressing the results on a comparable basis, i.e. after
adjustment to the same hydrogen and carbon monoxide pressure and expressed at the same
temperature. His comparison is shown in Table 4. For the data from which the figures in this
table were derived the Reader is referred to Table 7b in Vannice’s review (1976a) already
referred to. Also of interest at this stage is Table 5, due to Vannice (1976b), showing the
rates of reaction between hydrogen and carbon monoxide over nickel catalysts.

2.1.1 Raney nickel

Raney nickel has long been recognised as an effective methanation catalyst. Flame-sprayed
Raney nickel alloy catalysts on tube-wall reactors are very reactive (Haines and others 1972,
Cusumano and others 1976 p.473), and the good heat exchange properties inherent in such
systems aid temperature control of the highly exothermic methanation reaction, but the
catalyst, like other nickel catalysts, is very sensitive to sulphur poisoning.

Massive inserts of Raney nickel catalysts to provide a heat sink and thus control reaction
temperature are described for use in tube-wall reactors in US patent applications (O’Hare
and others 1976, 1977). The inserts were removable and were massive enough to allow the
surface to be sand blasted and reactivated with sodium hydroxide solution. The catalysts were
made from Ni-Al Raney alloys by leaching with alkali to leave Raney Ni, the remainder of the
massive material being unactivated.

A stainless steel X-shaped insert coated with Raney nickel catalyst was used in pilot plant
studies of the non-adiabatic methanation reaction (Schehl and others 1976). In preparing the
catalyst the stainless steel surface was blasted with iron-free grit and a coating of bonding
material, consisting of 80% Ni and 20% A1, was deposited on it to a depth of about 0.18 mm.
Raney nickel alloy powder was then deposited thermally on to the bond surface to a thickness
of 0.58mm. Two methods were used for depositing the Raney nickel on the substrate: (i)
by flame-spraying with an oxy-hydrogen flame; (ii) by means of a plasma arc with nitrogen as
carrier gas. The flame-sprayed catalyst had longer stability.

12
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Table 3 Composition of nickel methanation catalysts (Mills and Steffgen 1973)

Type Composition Proportions Comments References
1 Alloy Ni-Al - Fluid bed used. Catalyst . - Gudkov and Chernyshev 1955
2 Ni-Al (Raney) 42:58 prepared by partially leaching Ni-Al ~ Chernyshev and Gudkov
alloy. Catalyst very active. 1956, Bienstock and others
1961, Dirksen and Linden
1963
3 Ni-A1-A1,03 30-35Ni: Leached Raney Ni catalyst Rehmat and Randhava
1970
- 5-18A1:
7 *50-60 A1,03.311,0
4 Ni-Cu <4%Cu CHg, yield reduced if catalyst Cratty and Russell 1958
AL 10:2: 1 contained >4% Cu Wendlzndt and others
S M- 22 1954, Wendlandt and
Hoffiman 1958
6 Ni compound 2NiO A1,0;. Ni hydmalunginate dehydrated in Bousquet and Teichner
4.74,0 . vacuo at 500°C; treated in H, at 1972
500°C. Surface area 203m?/g.
Initial reaction rate over catalyst
1.4 0.9
n=kpy, Peo
Rate changed with time and presence
of CHq4 to
0.5 -0.5
_ 1 1.5 .
T=kT Py,  Peo T Popg
7 NiB Precipitated on silica gel from NiC1, Kurita and Tsutsumi 1961
8 ' Alumina- Ni-A1,03 23% Ni Vahala 1971b, Wenke 1958
supported '
9 Ni—n-Ai-;O3 12% Ni Reduction at 420°C. (Seealsonote  Schoubye 1970
: below)
10 Ni-Ca 27:25:48 A blend of powdered nickel oxide,  Catalyst and Chemicals Inc.
aluminate on calcium aluminate and alumina 1970
fA1,03 hydrate was water-sprayed and Catalyst and Chemicals Inc.
hydrate rolled to form pellets, which were 1970
calcined to a highly active catalyst. A
catalyst of Catalyst and Chemicals inc.
11 Ni-K0- 11.5:2.5:86 Reduction at 450°C. (See also Schoubye 1970
7A1,03 note below)
12 NiO-MgO- 20:55:25 Reduction at > 600°C (see also Schoubye 1970
Al,05 note below)
13 Ni-Mn on 100:20:350:100 Prepared by co-precipitation of Novohradsky 1960
"A1,03 and nitrates with alkali in presence of
diatomaceous diatomaceous earth, filtering and
earth washing. Filter cake produced was
extruded and dried and activated in
H, for 2h at 340°C o for shorter
time at 400 C.
14  Spinel- NiO-MgA1,05 9-10%Ni Reduction at 420°C. (see also note - Schoubye 1970
supported . below)
15 NiO-K,0- .9-10% Ni; Reducticn at 570°C. (seé also note Schoubye 1970
MgAl,04 2-3% K,0 below)

13



Type Composition  Proportions Comments References
16 Chromia- NiO-Cry03 4.2:1 (mol) Reduction at 300°C. Catalyst had Solo 1962
supported : apparent activation energy
86kJ with CO,.
17 Ni-Cr, O3 A cheap iron catalyst isused in the  Schishkova and others 1970,
first stage to remove sulphur poisons  Skol and others 1970
and partially methanate the gas. See
also Section 3.3.
18 Ni-Cr,03 50:50 Reduction at 350°C. (See also note  Schoubye 1970
(a) below}
19 NiO-Cr,03 1:0;1.8:4 and NionCry03 lessactive thanNion  Vahala 1971a, Vahala and
9.0:1 kieselguhr Jademik 1971
20 Ni-Cr, O3 23% Ni See catalyst 8 above. Vahala 1971b
21 Kieselguhr-  Niksr 59% Ni CH4 and CO from CQ, Dew and others 1955
supported
22 Ni-ksr Comparable to Raney Ni Dirksen and Linden 1963
23 Ni-ksr 58% Ni Section 3.1. Randhava and others 1969b
24 Ni-ksr 23% Ni Compares favourably with other Vahala 1971b
compositions
25 Ni-MgO-ksr Organic S compounds removed in Ruhrchemie A.G. 1957
first stage by use of sulphided Ni
26 Ni-MgQ-ksr 60:5:35 Metl_'lanation geacﬁon maintained at  Rottig and Schenk 1955
165°C — 205 C. Gas rates up to
5000h~! space velocity
27 Ni-MgO-kst 60:10:30 Methanates >15% CO, at 150° - Rottig 1962

250°C in two stages to give yield
of 98-99%.

There emerged the following observations concerning catalyst composition:

There was an effect of carrier on methanation rate in which nA1, 05, Cr, O3 > MgA1,0,

Apparent activation energies varied from 75 to 117kJ/mole with the lowest value

assigned to n-A1,0;

Both K, O and MgO promoters had an adverse sffect on methanation activity; K, O was

particularly harmful

Regarding catalyst 4 it is of interest that the addition of copper to nickel reduces the
activity of nickel and reduccs its selectivity towards methane formation (Araki and
Ponec 1976, Van Barneveld and Ponec 1978).

14



Table 4. Comparison of specific activities of nickel catalysts (Vannice 1976b)
For reaction 3H, + 1 CO at pressure 103 kPa

Catalysts Temp. NCH x102 Ni Crystallite Dlsperswn(b) NCOXIO3 References
o G size ()@ #) )
5%Ni/Al,0; 275 37 9.0 o 44  Vannice 1975a,b
15%Ni/A1,0; 275 35 — - 43 Bartholomew 1975
Ni/A1,0O; 275 35. 75 8.5 12 Bousquet & Teichner
1972, Bousquet and
: others 1972
Raney Ni 275 45 320 3.1 115 Dalla Betta and
: others 1975
8.8% Ni/Al, O, 275 85 . 385 2.5 128 Vannice 1976b
3%Ni/Al,0; 275 99 12.0 8.4 119 Bartholomew 1975
2%NifAl,0; 275 90 . 30.0 3.3 220 Dalla Betta and Others 1975
S%Ni/Al, O, 275 91 12.5 7.9 170 Dalla Betta and others 1974
16.7% Ni/ 212 1.7 13.0 7.9 —  Vannice 1976b
Si0, : .
12.2%Ni/ 212 0.61 6.5¢ 10.0d —  Fontaine 1973
Si0, '
5.3%Ni/ 212 0.56 5.5¢ 11.8d —  Fontaine 1973
Si0, - '
2.0%Ni/ 212 0.29 4.5¢ 14.6d —  Fontaine 1973
Si0,

NCHa :Turnover number for methane as molecules of CH, formed per second per metal site.
Nco : Similarly for carbon monoxide. ‘
: Calculated assuming spherical Ni particles

: Represented as H/Ni ratios.
: Estimated from CO desorption assuming a 1:1 ratio between linear and bridged CO.

(= e I = -

: Expressed as CO/Ni ratios.

Table 5. Rates for reaction between hydrogen and carbon monoxide at 275°C
(H, /CO = 3) (Vannice 1976b)

Catalyst - o Rate/g Ni EcHa
‘ CH,
(CH, /s) (kI/mol)

5% Ni/nAl1,0, 70 98
8.5%Ni/nAl, 0, 37 ' 110
42%Nifa Al,0, 13 ' 154
30%Ni/aAl, 0, 36 . 123-
16.7%Ni/SiO, 9.8 111
20%Ni/graphite 27 147
NiO (reduced) - 1.0 103
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Flame-spraying aluminium onto a nickel surface was used by Baird and Steffgen (1977) in the
preparation of methanation catalysts. The sprayed surfaces were heated at various
temperatures from 400° to 950°C to form Raney-type alloys and activated by leaching with
alkali. It was observed that at 400°C little alloying occurred even when the surface was heated
for over 900h. Alloy formation was rapid near or above the melting point of aluminjum, and
the most active methanation catalyst was made with an alloying temperature of 725°C. The
investigators concluded that active catalysts were not made by slow diffusion of one metal into
the other at methanation temperatures.

This conclusion is of interest in relation to two other patent specifications describing processes
depending on intermetallic diffusion. In one (Larson and Snape 1974) a layer of nickel and
one of aluminium are electrodeposited on a metallic surface, which is then heated to 480°C
(i.e. well below the fusion temperature of aluminium) for some houss to enable, it is stated,
the aluminium to diffuse into the nickel layer. Aluminium is subsequently removed by
leaching with 25% NaOH at 90°C. In the other specification (Sanker and others 1976) much
higher temperatures are used and very short times allowed for diffusion. Molten aluminium
heated to about 850°C is cast round a nickel substrate in a mould at about 1050°C. The
metals are retained in the mould at this temperature for only about 30 s and allowed to cool.
The casting is activated by leaching with hot sodium hydroxide solution. Ramey nickel
catalysts made in this way can have layers about 1.3 mm thick on both sides of the subtrate.

Raney nickel catalysts have also been prepared by dip-coating nickel sheets in molten Ni-Al
alloy; coatings are formed at 1050°C (Oden and others 1976). The coated material is heated-
treated and quenched at 700°C in molten CaCl, —~NaCl. The catalyst is prepared by leaching
out aluminium with sodium hydroxide solution. Partially coating a heat-conducting support
with a catalyst in this way provides a means of controlling an exorthermic reaction, since the
heat generated can be removed by conduction and convection (Russell and others 1977).

A method of removing reaction heat adopted by the Pittsburgh Energy Technology Center
involves the use of an adiabatic hot-gas recycle methanator. The catalyst comprises Raney
nickel flame-spray coated onto a stainless steel grid of parallel plates. In this system, gas
containing 75% H, and 24% CO was methanated at 2170kPa, at temperatures up to 475°C
and at space velocities up to 300 h—!. The product gas contained <0.1%—-4% of CO, and
900m® of CH, were produced during 2307 h of operation (Haines and others 1972, 1974).
The Center found that their Raney nickel catalyst had greater activity and longer life than a
precipitated nickel methanation catalyst. This observation was in line with that of Dalla Betta
and others (1975), who found that under steady state conditions a Raney nickel catalyst was
more active than nickel supported on Al, O; or ZrO, . See Table 4.

In an analogous device a methanator comprises metal tubes metallurgically coated on the
inside with Raney nickel catalyst (Fukui and others 1976). Reaction gas flows through the
tubes in contact with catalyst while cooling medium is passed over the tubes to remove
reaction heat.

A Japanese patent specification describes the formation of a catalyst layer on the surface of
an alloy of high strength and ductility having latent catalytic properties (i.e. one containing
Ni or Co) (Fukui and others 1977). For example, aluminium was diffused by powder packing
into the surface of a treated alloy containing

Ni 35.03%
Cr 24.87
Mn 1.51
Si 1.48
C 041
Fe balance

Diffused aluminium was leached out with 20% NaOH at 80°C.
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Removal of reaction heat can also be accomplished by the use of a Raney nickel catalyst in
aqueous phase. It has been claimed that with such a catalyst containing platinum group metals,
and with the addition of 158,760 kg/h of water, methane containing CO 0.1, CO, O.1, H,
2, N; 7% could be made at 184—194°C and 2010-2155 kPa from a fuel gas of composition:

CO 25.0%
CO, 25.0
CH, 10.0
H, 35.0
N, 50

at a rate of 208, 150m3 /h (Harris and Fowler 1975).

An investigation has been made into the effectiveness for CO hydrogenation of Raney nickel
catalysts prepared from precursors in the range of compositions NiAl; to Ni, Al, at 300°--
360°C. It was found that the catalyst from the percursor Ni, Al; was such less active in
methanation than the other catalysts (Oden and Russell 1978).

2.1.2 Nickel-alumina

Cobalt, copper, iron, zinc oxide, barium oxide, calcium oxide, magnesia, chromia, alumina
were investigated as promoters for nickel in the catalytic methanation of carbon dioxide
(Barcicki and others 1977). Experiments were made with layers of catalyst on a quartz surface.
It was observed that with respect to activity and thermal stability alumina, chromia and
magnesia were the best promoters. It was found also (Kreindel and others 1974) that from the
standpoint of thermal and mechanical stability the best of a number of NiO methanation
catalysts on supports of Al,0;, a mixture of A1, 0; and CaQ, MgO, SiO, and Cr,O; was
NiO-Al, O, containing 35% NiO.

Dalla Betta and others (1975) in a paper referred to in Table 4 describe investigations into the
reaction between hydrogen and carbon monoxide over Ni-Al,0; (2%Ni), Ni-ZrO, (5%Ni)
and Raney Ni catalysts. The supported catalysts were prepared by impregnation into alumina
or zirconia. Initially the activity was similar for the three catalysts. Under steady state
conditions activities were lower and in the order Raney Ni> Ni-Al, O3> NiZrQO,. The large
decrease in activity under steady state conditions was temperature dependent. There was a
large decrease in activity when sulphur compounds even in low concentration were added to
the reaction stream. Sulphur impaired the ability of the catalyst surface to hydrogenate carbon
atoms more severely than the ability to form C-C bonds, i.e. the formation of hydrocarbons
higher than methane began with the addition of sulphur to the reactants.

In addition to the publications cited in Tables 3, 4 and 5 nickel-alumina catalysts have been
described in a number of recent patent specifications. Thus, a German patent (Fremery and
others 1976) was granted for a process in which a mixture of:

H, 64.7%
CO 15.2
CO, 17.9
CH, 2.2

was converted by a Ni-Al, O, catalyst at 550°C and 3000 kPa to a product comprising :

H, 22.8%
-.CO 1.1

CO, 32.2

CH, 439
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A catalyst comprising:

NiO 10.0%
Al,0; 39.6
SiO, —Fe, O, 0.1
K,O 0.3

when used for the methanation of hydrogen and carbon monoxide at 3000-4500kPa in which
the materials passing over the catalyst rose in temperature from 350°--450°C to 510°--615°C,
was claimed tc show no loss of catalyst activity after 800 to 1000 h (Fremery and others
1978).

A simple co-precipitated Ni-Al, O; catalyst is used in a process, the subject of a US patent
(Thompson 1971), in which conversion of liquid hydrocarbons to SNG is effected in two
stages: steam reforming followed by methanation. Catalysts of co-precipitated Ni-Al,0;
(containing 50% Ni) with 3% graphite and Ni-keselguhr (containing 50% Ni) with 3% graphite
were also used in a two stage process for the methanation of synthesis gas (Hansberger and
Hammons 1977).

It is perhaps of interest to note that although under normal conditions in the hydrogenation of
carbon monoxide nickel alumina catalysts are very selective towards methane formation, co-
precipitated nickel alumina catalysts, if reduced at low temperature, can give rise to products
containing higher hydrocarbons (Doesburg and others 1977).

A US patent application (Tabjl 1975) claims the prevention of Ni(CO), formation and catalyst
damage by methanation over a Ni-Al, O, catalyst in multiple stages. Multi-stage methanation
of H, and CO over an alkali-promoted Ni-Al, O, catalyst is referred to in a Canadian patent
specification (Galstaun 1977) and over a Ni-Al,O; catalyst in a Japanese patent (Imperial
Chemical Industries Ltd. 1976). Another multi-stage process (White and Roszknowski 1976)
used Ni in low proportion on a thermally stabilized ceramic alumina base, such as is usually
employed in the steam-reforming of methane to hydrogen and carbon monoxide. It was
claimed that catalysts of low Ni content are less sensitive to steam and are stable at higher
temperature than catalysts of high Ni content.

Other methanation catalysts of low metallic content have been formulated to contain nickel
promoted with cobalt. One of these (Parthasarathy 1976) comprises NiO and CoO in a Ni/Co
ratio of 1:1.5 supported on very pure vy Al,0;. The catalyst was made by impregnating
the alumina with a solution of nickel and cobalt salts, heating the resulting mass at 300° to
500°C, and reducing in hydrogen at 250° to 600°C. The catalyst had a surface area of 100 to
200 m? /g, with a pore volume of 0.25 to 0.7m? /Mg. The metal content was 3 to 10%.

A catalyst of rather similar formulation contained Ni and Co on a refractory support (e.g.
Al,Q,), free of alkali, having a surface area of at least 1 m? /g. The Co content of the catalyst
was at least 0.5% and the Ni content 5 to 70%. The formulation was said to reduce carbon
deposition in methanation reactions (Kang 1976).

A bimetallic catalyst of nickel and cobalt not supported on alumina was prepared in the
following way. A 10% solution of oxalic acid was added to a slurry of Ni and Co carbonates
until a constant pH of 2 was reached. The residue from the resultant slurry was reduced in
hydrogen at 360°C for 3 h and then cooled in CO, (Bland 1975).

A catalyst with a specific surface 5—200 m? /g consisting of 2-20% Ni and Co supported on
amorphous alumino silicate (A1, O; 5-35%) was prepared by impregnating the support with
nickel and cobalt nitrates and firing (Grace 1976). The catalyst was reduced in hydrogen. With

18



the catalyst a gas mixture containing:

CO 20.0%
H, 58.0
COo, 20 .
CH, 2.0

underwent above 80% methanation at 400°C at 7000 kPa.

A thermally stable Ni-Al,O; methanation catalyst is prepared, it is claimed by a technique
involving the dispersion of alumina hydrate as boehmite in an aqueous solution of an ammino
complex of a nickel salt (McArthur 1977b, 1977c). The slurry is heated to effect gradual
decomposition of the ammino complex with precipitation of nickel hydroxide in the pores
of the alumina hydrate. This product is filtered, heated and extruded or tabletted. The tablets
are calcined to convert the alumina hydrate to y-alumina, and contain 40-65% NiO and
35-60% A1,0,. The material can be reduced in hydrogen.

Broecker and co-workers (1974c) described a Ni-A1,0; methanation catalyst prepared by
" precipitation of NigAl, (OH);¢ COs. 4H,0 on Al,0;, followed by calcination and
reduction in hydrogen. Gas containing:

CH, 60.5%
H, 254
CO, 12.5
co 1.1

was converted to:

CH, 85.5%
H, 43
CO 10.2

by the catalyst at 1760 kPa and 270°—295°C.

It has been claimed (Dalla Betta and others 1976) that methanation catalysts of nickel
supported on zirconia are resistant to poisoning by sulphur compounds, and there is other
evidence that zirconia in a nickel catalyst support increases catalyst life, although it may
reduce activity. A German patent (Anderson and others 1976) claims durability and stability
in hydrogen and steam for a catalyst of nickel supported on Al; Os |Zr0O, . The life of a similar
catalyst (an Al,0O;/ZrO, support containing 32% Ni) is reported to be much increased by the
addition of 0.25 - 8% molybdenum, though at the cost of a slight decrease in initial activity
(Topsoe 1976).

Metal sponges for supporting or compromising catalysts have been described (Golebiowski and
others 1977 b, c, d, Instytut Nawozow Sztucznych 1977). Their principle use is to remove
heat from exothermic reactions and aid in controlling the temperature. Thus, catalyst tubes for
steam-reforming of hydrocarbons and methanation have been made by electrochemical
deposition of nickel sponge on the inner walls. After scouring of the nickel deposit the tubes
were roasted with aluminium nitrate and then with nickel nitrate to form alumina and a nickel
catalyst. In a typical preparation the catalyst, containing 6% Al, 05, had an internal surface
of 12 m? /g (Golebiowski and others 1977a).

Catalysts stated to be more active than those prepared by conventional methods were made
by introducing nickel into alumina through the controlled adsorption of Ni(CO),. Catalysts
produced had a specific nickel surface of 2-15 m?/g (Dergachev and others 1972, 1973).

An unconventional techmique was used to produce nickel-alumina catalysts claimed to be
thermally very stable (Hansford 1976). An aqueous solution of Ni(NO; ), , ANO; ), and urea
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was heated to a temperature at which the urea was hydrolysed to CO, +NHj, delayed co-
precipitation from the nitrates ensuing. The co-precipitate was washed, dried, shaped and
calcined. The catalyst was active, although the surface area of the active metal was Jow
(zenerally below 18 m? /g) even for catalysts containing 60% of active metal oxide.

The patent specification covers similar formulations using iron, cobalt or copper as well as
nickel.

2.1.3 Nickel-chromia

It has often been reported that better methanation catalysts can be obtained from nicker
alumina than from nickel-chromia formulations. For example, Kreindel and others (1974)
in studying NiO catalysts on Al,0;, Al,0;-Ca0O, MgO, SiO, and Cr,Os found that a
NiO-A1, O, catalyst containing 35% NiO was the best from the stand point of thermal and
chemical stability. And in a patent specification claiming good performance and thermal
stability for methanation catalysts consisting of 25-45% NiO and 0.1-0.3% CuO and porous
Al,0;-Si0,, it was stated that a catalyst comprising 61.9% NiO and 38.1% Cr, Os performed
well initially but had poor thermal stability and low activity after heat treatment (Luft and
others 1975). Despite this, however, several nickel-chromia catalysts have been described
recently, some of which are referred to in the tables and in the section on methanation for gas
purification.

A so-called nickel-chromite methanation catalyst was preparcd by co-precipitation from an
aqueous solution of nickel nitrate and a hexavalent chromium compound using ammonia.
The finely divided precipitate was calcined to produce material containing a limited amount

of hexavalent chromium, which was then reduced to trivalent chromium without reduction of
nickel oxide (Stiles 1976).

Another patent specification describes the preparation of a nickel-chromia catalyst from a
solution containing Ni(NO;), and Cr(NOs); (Jelink and others 1969). Although primarily
for the selective hydrogenation of aldehydes, the catalyst was satisfactory for the methanation
of oxides of carbon.

A catalyst comprising 30—50% A1,0;, 50-60% NiO, 3-10% Cr,O; and 3-10% MgO was
prepared by the calcination of precipitates of A1, O; (from A1(NO;), ), NiO (by boiling Ni
complexes), CrO; (from Cr(NO; ); ) and MgO (Cobzaru and others 1971).

2.1.4 Nickel-magnesium compounds

Simple nickel-magnesium catalysts have been prepared by the co-precipitation of nickel and
magnesium carbonates followed by heating for 6-8 h at 300°-500°C (D’Yakonov 1971).

A German patent describes the preparation of a methanation catalyst precursor by depositing
precipitated nickel carbonate on a magnesium silicate carrier. Catalysts were prepared from
this materal, after drying to granulate it, by mixing with boehmite, hydrargillite or Al,O;
(Sapper and Laurer 1978).

A group of methanation catalysts, claimed to be superior to nickel precipitated on kieselguhr
or alumina in respect of thermal stability and carbon deposition (Kobylinski and Swift 1977,
Robinson 1973), comprised magnesium substituted nickel chrysotiles, i.e. layered complex
metal silicates having repeated units of formula [(1-x) Ni2* + x Mg *2]; (OH), Si; Os w H, O,
where x =0.01 to 0.6 and w=0 to 4.




Typical catalyst compositions were fepresented by (Nig.s3 Mg0o.16)s (OH)s Si,Os.w H, O,
with surface areas, as determined by the Brunauer, Emmett Teller (B.E.T.) method, rangmg
from 100 m? /g to 150 m? /g.

Akin to this substituted chrysotile as a methanation catalyst is unsubstituted nickel chrysotile,
Ni; OH, Si, Os . This was prepared from colloidal silica and nickel chloride. It was effective for
methanation between 200° and 600°C, and was claimed to be a better catalyst than nickel
supported on silica mainly because of its longer life and better selectively towards methane
‘formation and because it is less conducive fo the formation of carbon on the catalyst
(Kobylinski and Swift 1976).

Inclusion of kaolin in Ni-Mg-Na/A1l,0; gave catalysts claimed to be stable and strong for over
980 h at 650° and over 1500 hat 525°C. The material was specified for use in two-stage
methanation of synthesis gas (Gent and others 1975). ’

Broecker and others (1976) described methanation catalysts of good stability prepared by the
precipitation of NisMg Al,0, on titania, zirconia or alumina, followed after calcination by
treatment with Ca aluminate and reduction. These authors, incidentally, have specified Nis; Mg
Al, (OH),s CO;. 4H, 0 as a precursor in the preparation of a catalyst for producing methane
by the steam reforming of hydrocarbons (Broecker and others 1974a, b). The sintering of
catalysts in which y-A1,0; is converted to a-Al,O; is hindered by compounds of this kind
because MgO and Al, O, can react to form spinel; in the formation of this the average pore
radius is increased (Kaempfer 1975).

A catalyst precursor containing NigAl,(OH);6.CO;.4H,O0 and Ni,;sMgAl;(OH),6
CO5.4H,0 has been prepared by treating nickel nitrate, magnesium nitrate and aluminium
nitrate with Na,CO, and adding Al1,0;.3H,O and heating. Methanation catalysts were
obtained by heating the precursor, mixing with a carrier and tabletting (Woodward 1975).

Nickel methanation catalysts containing magnesium have also been prepared by adding an
aqueous solution of NaBH, and Na,CO; tfo a solution in methanol of nickel nitrate and
magnesium nitrate cooled to O°C (Hammer and Ibrahim 1976; Hammer and Hakim 1978).
The precipitate was reduced in hydrogen at a temperature about that required for
methanation. The role of the boride is not altogether clear, but the specification covering the
formulation includes also catalysts made as above but with aluminium nitrate replacing
magnesium nitrate: in the latter case B, O, derived from the borate may increase stability of
the catalyst by inhibiting the formation of a-A1, O (Cusumano and others 1976, p33).

The beneficial effect of including MgO in nickel catalysts for hydrogen pun'ﬁ.cation is referred
to in Section 3.1,

2.1.5 Nickel with rare earth elements

Methanation catalysts consisting of nickel with rare earth elements have been investigated.
Atkinson and Nicks (1977) worked with alloys of nickel and mischmetal (Ce67, Lal3, P9,
Nd11%) in various proportions and compared the catalyst made from these with a commercial
catalyst containing 15% Ni on Al,0;. They found that the mischmetal samples were more
active than the commercial catalyst, the most active bemg that containing 30% mischmetal:
their results are summarised in Table 6 below. i

Atkinson and Nicks (1976) have applied for patent cover for methanation catalysts composed
of an oxide of a rare earth metal with a Group VIII metal or its carbide. The specification
describes inter alia catalysts prepared from precursors of alloys of approximate compositions
CeNi; and CeCos. Alloys of approximate compositions CeNi, and CeCo, have also been
described as precursors for methanation catalysts (Luengo and others 1977). '
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Table 6. Activity of mischmetal catalysts
{ Atkinson and Nicks 1977)

Surface area  CO uptake E Turnover number at
Catalyst (B.E.T.) on catalyst  kcal/mol 275° C x 10® (molecules
m?/g pmolefg CH, formed per active

site of catalyst per s)

commercial 77.6 177 27 13
(15% Ni/A1,0;)

20%m*-Ni 20.1 87 28 65
30%m-Ni 30.0 286 32 150
40%m-Ni 350 313 32 i11
50%m-Ni 37.2 172 31 728

* m= mischmetal

However, although interesting, catalysts of this kind are unlikely to be favoured just for
methanation. Under reaction conditions they decompose into a rare earth metal oxide or
oxides and free cobalt or nickel, and in their decomposed state they are not more reactive than
free cobalt or nickel. Moreover, they tend to be less selective towards methane formation, as
against higher hydrocarbons, than free cobalt or nickel, particularly the latter (Luengo and
others 1977, Wallace and others 1977).

It is stated in a Japanese patent that a methanation catalyst prepared by heating Ce(OH)s
at 700° C exhibits some resistance to poisoning by H, S (Tomii and Kaneko 1976).

A catalyst efficient for the methanation of oxides of carbon consisted of small amounts of
La, O, and Ru incorporated with a nickel substrate supported on silica. The activity of the
Ni-La, O;-Ru catalyst was much greater than that of the components. Whereas over a nickel
catalyst the rate of CO methanation was greater than that of CO, , the opposite was true over
both the Ni-La, O;-Ru catalyst and a Ru catalyst (Inui and Funabiki 1978, Inui and others
1978).

2.1.6 Nickel alloy catalysts

References are made in this review to bimetallic or alloy catalysts, but the literature in this
field is not extensive. Bartholomew and Barton (1976) have studied alumina-supported alloys
of nickel with ruthenium, rhodium, molybdenum oxide, iron, cobalt, platinum, palladium and
copper as methanation catalysts. Reactant gases comprise 1% CO, 4% H, and 95% N, were
used for determining activity data under conditions such that effects of heat and mass transfer
were minimized; specific rates were reported at 1 bar and 225° and 250°C, based upon active
surface areas. Catalysts were prepared by co-impregnation of the alumina support, followed
by drying and reduction in a stream of hydrogen at space velocity 1000-2000 h—* while
heating at less than 5° C/minute to 450-500°C.
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Bartholomew and Barton found that turnover numbers were not significantly different for
Ni-Rh, Ni-Ru and Ni catalysts and compare favourably with initial rates reported for 5%Ni/Al,
0, and 0.5% Ru/Al, O;. Ni-MoO,/A1,0; was the most active catalyst on a surface area basis
and a 14% Ni/Al, 0, the most active on a mass basis. Ni-Pt/Al, O; had the highest selectivity
towards methane production. Their results are typified in Fig. 1.
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Reaction conditions: Temp.: 250°C
Space velocity: 30,000h
Fractions represent selectivity to methane production.

Figure 1. Turnover Numbers (molecules product/site sec) for Methanation on Nickel and -
Nickel Alloy Catalysts (Bartolomew and Barton 1976)
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2.1.7 Other nickel catalysts

Several other nickel catalysts have been described as follows:

1. Nickel and promoter supported on calcium phosphate:

In the preparation of this methanation catalysi, calcium phosphate, precipitated from
aqueous solutions of a calcium compound and a phosphate, was compounded with
suitable nickel and promoter metal compounds. After drying the mixture was tabletted
and before use reduced with hydrogen at 300°C to 650°C, with or without prior
calcination. Barium or uranium was used as promoter. Typical preparations contained
Ca,P,Ni and Ba or U in the proportions 5-35, 2-20, 10-50 and 1-20 or 2-40% (Johnson
and others 1977).

2. Intermetallic compounds:

Intermetallic compounds of formulae ThNis, UNis, ZrNi; were found to be effective
methanation catalysts (Elattar and others 1977). These materials are similar to the
compounds CeNi; and CeNi, referred to in the section on nickel and the rare carth
compounds (Section 2.1.5), and like those decompose under reaction conditions, so that
in use ThNi; is transformed into Ni supported on ThO, and ZrNi; into Ni supported on
ZrO,. Auger spectroscopy indicates that in the latter case the nickel is overlaid with
graphite, but this does not occur with the nickel on ThO, (Moldovan and others 1978).
This accounts for the greater activity of Ni on ThO, than of Ni on ZrO, . It has been
claimed that methanation catalysts supported on zirconia are resistant to sulphur poison-
ing (Dalla Betta and others 1976), but ThNis has greater resistance to sulphur than ZrNis
because the transformed ThNig has a large surface area of nickel.

It was stated that the specific activity of ThNi; is greater than that of a typical com-
mercial oxide-supported catalyst (Elattar and others 1977).

2.2 Cobalt

Cobalt is a very active catalyst for the hydrogenation of oxides of carbon. It is less selective
than nickel towards the formation of methane, although that predominates in the hydrocarbon
products above 300°C. For example, from catalysts comprising 1-15% CoO, 15-60% A1,0;
and 35-70% ZnO, mixtures of hydrocarbons (C, to C,) containing 82-99% CH, were obtained
from mixtures of hydrogen and carbon monoxide in the proportions (47:53 to 60:40) at
350° to 450°C, 1,400 to 69,000 kPa, with space velocities 500 to 6000 h—'. In preparing
the catalysts hydroxides of Co, Al and Zn, separately precipitated with ammonium hydroxide
from solutions of nitrates or acetates, were mixed and calcined (Khera 1976).

Raney cobalt has been reported as very active for CO methanation (Bienstock and others
1961).

It is of interest that cobalt catalysts were among the first developed for the production of
liquid hydrocarbons from water gas by the Fischer-Tropsch process (Vannice 1976a, Storch
and others 1951).

Methanation catalysts containing both nickel and cobalt are referred to in Section 2.1.2.

In general, techniques for the preparation of nickel catalysts can also be applied to cobalt
catalysts.
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2.3 lron

Methanation catalysts can be prepared from iron, but nickel is far more effective in yield,
activity and selectivity towards methane production (Haynes and others 1972), and reduced,
promoted iron oxide is best used as a catalyst in the Fischer-Tropsch synthesis (Storch and
others 1951). It may be noted, however, that in terms of unit surface area of active metal iron
is intrinscizlly as active as nickel. Some nitrided iron catalysts are compared with nickel and
cobalt catalysts in respect of methanation in Table 7, which quotes results from the work of
Haynes, Elliot and Fomey (1972).

At slightly slevated pressure (ca. 1000kPa) both cobalt and iron catalysts with CO and H,
give olefins and alcohols as well as paraffins, but cobalt gives a much lower proportion of
olefins and alcohols (Vannice 19764, Storch and others 1951).

Iron-containing catalysts of the type M[Fe(CN), ] have been described for the reduction of CO
to produce hydrocarbons, especially CH,, C,Hy, C; Hg, C3Hsg . The cation M can be Ce, Cu,
Co, Fe, Ni, Mn, Ag, Ca, Mg, or Zn or can be a composite of two or three cations (Vogt and
others 1978). -

Catalysts consisting of finely divided iron suspended‘i’n molten metal salts are referred to in
Section 2.8.

2.4 Ruthenium and the ‘noble’ Group VIII metals

The precious metals of Group VIII are catalytically active for methanation. Ruthenium, in
particular, is outstandingly active even at low temperature and under mild hydrogenation
conditions, where it is, perhaps, the most active of the methanation catalysts. It is, however,
expensive and therefore is normally encountered at low attenuation (0.5% support) at which
it is not markedly superior to nickel. Table 8 after Vannice (1976a), compares the specific
activity of ruthenium with that of other catalysts. Data for Table 8 were obtained at low
conversion in order to minimize heat and mass transfer problems. Vannice concluded that the
methanation could be described by a law of the form

= _ Xp ¥
[rCH, = A exp. ( Em/RT)PH2 .PCO ]
where the rate, 1CH,, is equal to the tum-over nurpber as defined in the notes to Table 4.

With regard to selectivity towards methane formation (as against hydrocarbons and other
materials of higher molecular weight) the picture is, however, different and ruthenium is the
least selective of the catalysts listed in Table 8 (Vannice 1975a). It is of interest that at low
temperature and high pressure ruthenium induces the production of high molecular weight
paraffin wax. '

A major disadvantage in the use of ruthenium is its high cost. Despite this, howéver,
ruthenium (and other expensive Group VIII metals) are still investigated as methanation
catalysts because of their high activity which makes their use in attenuated form possible.

Kester (1974) and Lunde and Kester (1974) investigated the methantion of carbon dioxide over
four catalysts: (i) 80% Ni and NiO on kieselguhr, (ii) 0.5% ruthenium on alumina, (iii) 0.5%
rhodium on alumina, (iv) 0.5% cobalt on alumina, In agreement with others, they observed
that Ru and Ni were the most active catalysts, Ru being rather more active than Ni. But they
reported that Ru presented less operating difficulty than Ni in respect of sulphur poisoning



Table 7. Methanation with catalysts in fixed beds (Haynes and others 1972)

Pressure : 2170 kPa

Methanation Conditions

Catalyst composition and H, /CO space Temp. Cli,; in products
pretreatment ratio velocity °C % vol
h--1* (CO, H,; O free)

Cuban iron ore - - reduced 1 100-300 321 37.5
Fused Fe; O,4, reduced and nitrided
N/Fe=0.44 2 100300 395 30.5
Fe; 0, (50%) and ball clay, reduced .
and nitrided NfFe = 0.48 2 100-300 312 27.5
Fe-Ni-MgO-8i0, (58.8:12.4:2.21:0.2)
N/Fe = 0.314, reduced and nitrided 1 300 273 39.7
Mi, ThO,-Cr, O; ppt. on kieselguhr
(30.0:7.6:1.6:59.9) — reduced 1 100300 320 60.8
10% Ni impregnated on steam-treated
cracking catalyst base reduced 1 300 insignificant
5% Ni impregnated on cracking
catalyst base — reduced 1,2 300 398 44.6
5% Ni impregnated on cracking
catalyst base plus K,0 — reduced 2.5 300 400 39.1
1% Ni impregnated on activated
charcoal — reduced 1 100-300 insignificant
10% Ni ppt. on silica — reduced 1 100-300 355 48.3
NiO-Al,O; ppt. on kaolin (100:
200: 125) -- reduced 2 300 300 98.9
NiO-MgO ppt. on kaolin (100: 200:
125) — reduced 2.5 300 264 97.3
28% Ni, 5.5% Mn, 2.4% Al ppt. on
kaolin — sintered and reduced 2.5 300 insignificant
NiO, MnO, Al,0; ppt. on cracking
catalyst — reduced 2.5 300 404 17.3
Ni pellets steam-treated — reduced 2.5 100-300 insignificant
Raney cobalt (50% Co, 50% Al), Al
partly extracted with NaOH 2.5 300-2,800 286 92.1
Raney nickel (42% Ni, 58% Al),
steam-treated — reduced 2.5 300 insignificant
Raney nickel (42% Ni, 58% Al),
Al partly extracted with NaOH 2.5 300-1,500 300 96.9

* Space velocity = Std volumes feed gas per hour per vol catalyst
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Table 8. Specific activities and kinetic behaviour of catalysts in CO hydrogenation ‘
(After Vannice 1976a)

X y
. = Aexp. (=Eg, [RT) Py Py

H, /CO = 3. Pressure of H, + CO : 103 kPa

Catalyst Reactor Ecya X y NCII at 275°C(@)
temp. °C kI/mole s— x 103

5% Ru/Al1,0; 205-230 101 1.6 -0.6 181

15% Fe[Al, 0, 220-255 89 1.1 -0.1 57

5% Ni/A1,0, 230-255 - 105 . 08 -03 - 37

2% Co/A1,0; 225-250 113 1.2 0.5 20 |

1% Rh/A1, 0, ’ 250-280 . 100 1.0 -0.2 13
2% Pd/A1,0; 245-260 82 1.0 0 12

1.75% Pt/A1, 05 270-300 70 0.8 .0 2.7

2% Ir/A1,0, ) 265--285 71 1.0 0.1 1.0

Note (a) compared at 0.75 H, /CO=3 at total’
’ NCH,, is turnover number (see Table 4)

' and carbon deposition at above 350°C. With Ni, too, (unlike Ru) reactor start-up in H, was
advisable to assure reduction of Ni in its most active form.

The authors made a particular study of the hydrogenation of carbon oxides over a catalyst
consisting of 0.5% Ru on alumina pellets and presented a reaction rate ‘equation for the
temperature range 200° to 370°C

The kinetics of the reaction between hydrogen and carbon dioxide over ruthemum catalysts
have been considered also by Verostko and Forsythe (1974) and by Quach and Rouleau
(1976).

Most of the work with ruthenium is carried out in relation to methanation for gas purification,
particularly for the selective removal of carbon monoxide from hydrogen, contaminated with
oxides of carbon, to be used for ammonia synthesis, and is considered in the appropriate
section. The literature reviewed in this section has more general application.

Ruthenium and alloys of ruthenium and platinum mixed with 5-20% reduced amorphous
tungsten oxide have been described as catalysts for the methanation of CO and CO, (Fleming
and others 1975). Selective methanation of CO in gases containing those carbon oxides occurs
particularly at temperatures below 150°C. : °

A catalyst patented for the steam-reforming of naphtha to CH,, H, and CO, which would
probably be very satisfactory for methanation, was prepared by adding saturated aqueous
NH,HCO; to a hot solution of A1(NO;);, (AcO), Zn and RuCl; (Dick 1973). The
precipitate was dried at 120°C and pelletized after the addition of 2% graphite. The material
was reduced with hydrogen at 350°C to produce a catalyst which contained about 9%
ruthenium and about 54% of Al,0;.
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A United States patent (Kobylinski 1976) describes the preparation of a catalyst for the
production of methane from hydrogen and oxides of carbon which comprises a4 metal silicate
having repeated units of [(1-x) Nig+xRub], (OH), Si;O:.w H,O where x=0 to 1, this
expressing the atomic fraction of Ni and Ru,

a is the valence of Ni,

b is the valence of Ru,

n is 2 number defined by the ratio 6/[a(1-x)+bx],

w ranges from O to 4.

It is claimed that with catalysts of this kind coke formation is less likely than with other
catalysts, disproportionation of CO to CO, is less, and catalyst life is longer than with
conventional catalysts.

Other catalysts containing ruthenium with nickel or cobalt comprise the adducts
(Ni, B),, RhH, s and (Co, B),, RhHg. These are prepared from NiCl, or CoCl, with RhC1;
and NaBH, (Mitchell and others 1976).

In the description of a catalyst containing 1% Rh, a mixture of RhC'1; and graphite was dried
at 110°C for 24 h and then treated with air at 550°C in a tubular reactor (Morita and others
1977). The product from a 3: 1 H,/CO mixture passed through the reactor at 500°C with a
space velocity 1800 h—! contained:

H, 17.5%
CH, 74.4
C,H+C, Hs 5.0
CO, 3.1

Methanation catalysts containing nickel, lanthanum oxide and ruthenium are referred to in
Section 2.1.5.

A recent Japanese paper points out that thoria is a more effective promotor for palladium
catalysts than silica (Fujimoto and others 1978).

2.5 Molybdenum and tungsten

The virtue of molybdenum and tungsten catalysts for methanation is their resistance to
sulphur poisoning; they are, in fact, commonly sulphided before use. However, they are only
moderately active, require relatively high reaction temperature and are less selective to
methane formation than some other catalysts. Table 9 from a paper by Mills and Steffgen
(1973) summarises the properties of some molybdenum catalysts. The sulphided catalyst (Jast
column) appears the most effective for methanation.

Molybdenum disilicide (MoSi,), prepared preferably by direct reaction of the elements
heated in vacuo or in a protective atmosphere, can function as a methanation catalyst with
some resistance to sulphur, though it is not very active (Slaugh 1976). With such a catalyst a
mixture of H, and CO in the proportions 3:1 at 500° —600°C and space velocity 600-900h -*
underwent a 20% conversion of CO to CH,, i.e.
fmols CH, in product x 100.]

[mols CO+CH, in product

With tungsten disilicide (WSi, ) the same gas mixture under the same conditions underwent
only little conversion.



" Table 9. Methanation over molybdenum catalysts
(After Mills and Steffgen 1973)
Reaction conditions: H, /CO = 3:1 Pressure: 2100 kPa Temperature: 400°C

Mo in catalyst, % 112 38.5 406 _ 11.0
Catalyst support - Cracking Active carbon Al1,0; Al, 0O,
catalyst

Method of catalyst  Impregnation Impregnation Coprecipitation Coprecipitation

preparation . : +H, S
H,; —CO conversion 41.1 679 - 37.5 476
Hydrocarbon

distribution in
products, wt. %

C 79.7 83:6 84.1 93.7
C, 16.0 13.0 15.6 59
Cs +Ca 4.3 4.4 0.3 04
Cs + - - - Nil

Molybdenum has been used in catalysts in association with other active elements. A patent
specification describes a methanation catalyst comprising an oxide catalyst, conventionally
supported, of general formula Niz Cup MocOyx, where a, b and ¢ are chosen so that when b=1,
a and ¢ are in the range of 1 to 9, preferably 'in the range 1 to 3, and x is determined by the
valencies of the other elements (Alcom and Cullo 1976). The complex is.reduced before or
during use.

The complex is prepared by impregnating the support (preferably vy-A1,0;) with a
molybdenum compound, calcining to produce supported molybdenum oxide, which is itself
then impregnated with a mixture of Ni and Cu compounds and again calcining to produce the
supported oxide complex.

Catalysts of nickel molybdate supported on Al,O; and SiO;-Al1,0; have been investigated
for methanation. The catalysts were effective, but carbon was rapidly deposited on them
(Reddy and others 1978).

Methanation catalysts of nickel with molybdenum supported on A1, 05 (15-30%Ni, 2-6%Mo)
have also been described (Pop and others 1971). The catalysts were made by treating Al, 0O,
with nickel nitrate and ammonium molybdate and reducing in hydrogen.

The addition of tungsten in small proportions to catalysts containing nickel and the ‘“noble”
Group VIII metals has been specified, presumably to increase sulphur resistance, but whether
it is effective in this respect is doubtful (Fleming and others 1975, Finch and Ripley 1976,

Abidov and Munavarov 1977). :

Catalysts consisting of finely divided molybdenum suspended in molten metal salts are referred /
fo in Section 2.8.
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2.6 Homogeneous catalysts

As pointed out by Cusumano, Dalla Betta and Levy (1976, p477), homogeneous catalysts
could in principle be applied readily to methanation reactions, since reactants and products arc
gaseous and separation would not present difficulty. It has also been suggested that
homogeneous catalysts can be sulphur tolerant although this has not been experimentally
proved. Of interest, therefore, is a paper describing hydrogenation of CO to CH, catalysed by
osmium and iridium cluster compounds (Thomas and others 1976). With Os; (CO),; and Ir,
(CO), , methane was selectively produced at 140°C and 2 bar pressure at a rate comparing
favourably with that over supported iridium (Vannice 1975a). Substitution of the CO groups
by phosphites or phosphines raised the catalytic activity of the cluster but decreased selectivity
towards methane formation.

A titanium complex, (n°-Cs Hs ), Ti(CO),, catalyses the conversion of a mixture of hydrogen
and carbon monoxide to methane at 150°C or under UV radiation at 25°C. This is of
theoretical interest, but is, perhaps, of limited practical significance since the complex is
rapidly converted to a catalytically inactive cluster (Huffman and others 1977).

2.7 Intercalation

The forces between the layers of reticulated haxagons of carbon atoms in graphite are weak;
because of this certain molecules can penetrate the interlayer spaces and react strongly with
the layers, a phenomenon termed “intercalation”. The strong interaction changes the
properties of the graphite and can enhance its adsorptivity, and some graphite intercalates are
catalytically active for some reactions. There is interest -in the phenomenon because
conceivably it might provide a means of preparing catalysts for the direct gasification of coal
or carbon in steam or hydrogen (Cusumano and others 1976, p 507).

More immediately, it has been claimed that methanation catalysts incorporating graphite-
intercalated nickel, platinum or palladium are better than conventional catalysts in respect of
activity, resistance to sulphur poisoning and life, longer life being due to inhibition by the
graphite lattice of crystal growth of the metallic phase (Lalancette 1974, 1975). In preparing
the catalysts a salt of the metal is mixed with purified graphite and the mixture heated at
530°C in a stream of chlorine for 3 to 10 days. The resultant intercalated graphite complex
is reduced by treatment with an alkali metal compound and diphenyl in an organic solvent
such as tetrahydrofuran at -50°C in an inert atmosphere. Excess alkali metal salts are removed
with methanol and then water.

2.8 Catalyst supports

The importance of catalyst supports is evident from the many descriptions of catalyst
preparation cited in this document and, for example, from Tables 4 and 5. With reference to
Table 4, Vannice points out that specific activity is sensitive to catalyst support but the
variation is less than an order of magnitude. Catalyst supports are dealt with comprehensively
by Cusumano, Dalla Betta and Levy (1976, pp3049) who consider the subject in terms of the
effect of the support on:

(i) The availabile surface area of the catalyst:

Clearly the greater the surface area, the more effective is the catalyst, but this can also lead
to changes in the phase properties of a catalyst, which can affect its activity and selectivity.
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(ii) Thermal stability:
Loss of catalyst activity can occur through decrease in active surface area due to
agglorneration in the active metal, to sintering of the support and to interaction between
active metal phase and suppbrt, effects particularly likely with highly exothermic
reactions such as methanation. In particular, with methanation the sintering of nickel
crystals can present a problem, and the interaction of Ni/NiO must be controlled by
catalyst preparation and catalyst structure.

(iii) The addition of stabilizing compounds to catalyst systems.

Nickel supported on alumina is, perhaps, the most widely considered catalyst for the
hydrogenation of CO to CH,, so that in the context of methanation alumina as a support is
. of much interest. '

In the preparation of a catalyst by impregnation of a support with a solution containing the
active species, the technique of impregnation can affect catalyst properties. An interesting
study of impregnation variables for the system NiO/Al, O; was made by Cervello and others
(1976), who, using commercial v -Al, 05 and an aqueous solution of Ni(NOQ; ), , investigated
the effects of time of impregnation, previous state of the alumina, concentration of the
impregnating solution and successive impregnations. Nickel cation distribution along the
diameter of catalyst pellets was determined by means of an X-ray fluorescence micro-probe.

A form of alumina very effective as a support for nickel is y-Al, O;, and transformation of
alumina to a-Al, O, is often a cause of loss of catalytic activity (Kaempfer 1975, Cusumano
and others 1976, pp 32-33). Thus, methods of inhibiting «-A1, O; formation are among those
tried for stabilising Ni-Al,O; catalysts. Stabilising by spinel-forming elements has been
referred to (Section 2.1.4). It has been claimed that the presence of B, O; in Al, O, inhibits the
formation of «-Al,0; (McArthur 1974a, b, 1977a). Aluminium borate supports were
prepared by calcining shaped composites of A1, 0; and B, O; at 650°-1400°C for some hours,
and these were impregnated with the desired metal by conventional techniques.

The effect of some supports with platinum and palladium as well as with nickel in methanation
catalysts is to influence a shift as against the unsupported metal in selectivity towards
formation of higher molecular weight hydrocarbons than methane (Vannice 1976b, 1977).

In a study of the relative reactivities of complexes represented by (NH,),MCls where M
indicates Pd, Rh, Ru, Pt and Ir) towards y Al, O,, it was found that the relatlve reactivities
were Pd>Eh> Ru>>Pt"Ir (Summers and Ausen 1978).

The slightly increased resistance to sulphur poisoning conferred on nickel by a Z1O, support
has already been referred to (Section 2.1.2).

From a study of the reduction of nickel oxide supported on Al,0;, SlO2 , Si0,-A1,0, and
MgO it was concluded that there is probably reaction between NiO and the supports
(Khasanov and others 1978, Nozawa and Shirasaki 1978). It also emerged that NiO
impregnated into supports was more easily reduced than when produced in co-prcmpltatlon
with the supports or in gel-mixing.

A US patent specification describes preparations purported to yield supported catalyst of
controlled pore-size distribution (Mitchell and Whitehurst 1977). In an example methyl
trichlorosilane is hydrolysed and the product processed successively with caustic soda and
nickel chloride and aluminium chloride to produce material which after calcining is a nickel-
alurninium silicon solid suitable, inter alia, as a methanation catalyst.
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Novel carriers described are molten metal salts, melting below 1000°C and stable at 500° —
800°C, in which an active metal catalyst is suspended in finely divided form (Kiovsky and
Wald 1977a, b). Suitable salts include ZnBr,, ZnCl,, Znl,, mixtures of an iron halide
with NaC1 or KCl, and the ternary eutectic of Li, CO;, Na, CO, and K, CO, . Effective active
metals are zinc, manganese, molybdenum. Problems of carbon deposition and catalyst
instability are stated to be minimal with the system, and because it is liquid heat removal from
and temperature control of exothermic reactions are facilitated. Also, by absorbing water from
the reactants the equilibrium state of the methanation reaction is shifted towards methane
formation. A particular advantage lies in the possibility of regenerating the metal catalyst afier
poisoning by sulphur by separation and freatment.

2.9 Catalyst characterisation and testing

Proper understanding of catalytic phenomena requires satisfactory characterisation of catalytic
materials and measurement of the physical and chemical properties that affect their catalytic
activity, such as surface area, pore volume, pore size distribution, surface composition, surface
morphology. Measurement of specific surface areas, i.e. areas occupied by individual
components of a catalyst, is particularly important, as it is on this that the determination of
specific activity or “turn over number” depends. The importance of relating reaction rate to
surface area of the active component in a catalyst is shown by Vannice (19752) in expressing
some rate data in terms of unit surface area of active metal. On this basis iron, for example,
which hitherto had been regarded as a poor methanation catalyst, was shown to be intrinsically
more active than nickel.

Many of the papers in the proceedings of the 1975 symposium on catalyst preparation
(Delmon and others 1976), already referred to, describe in some detail testing of the catalysts
they describe, and catalyst characterisation, in particular measurements of gas adsorption and
surface area, is dealt with fully by Vannice (1976a) and Cusumano, Dalla Betta and Levy
(1976, pp 50-62). The latter discussed the use of X-ray diffraction, transmission electron
microscopy and gas chemisorption techniques in determining specific surface area and
discriminating between that of the active material and support.

Electron spectroscopy for chemical analysis (ESCA) has been used in the investigation of
catalysts prepared by the coprecipitation of nickel and aluminium carbonates followed by
calcination and reduction (Shalov and Reucroft 1977), and the magnetic properties of nickel
catalysts have been studied, mainly with a view to characterisation (Everson and others 1976,
Mulay and others 1976).

In view of the detailed treatment by the above authors the subjects of catalyst characterisation
and testing are not considered further in this document except to mention that in the last few
years papers have appeared dealing with differential scanning calorimetry (Beechcroff and
others 1975), differential thermal analysis (DTA) (Beechcroft and other 1975, Zlobina and
others 1973), differential contact potential (ID’Yakonov and others 1970), magnetisation
changes in studying catalysts (Rudajevova and Pour 19735), the differential photometric
determination of nickel in catalysts (Lisenkova and others 1969), and the determination of the
mechanical properties of catalysts (Le Page and Miquel 1976).

2.10 Mechanism

As stated in Section 1, although methanation is apparently a simple reaction, its mechanism
over catalysts has not been established entirely unambiguously. Postulated mechanisms fall
broadly into three categories (Mills and Steffgen 1973, Araki and Ponec 1976):
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(i) Carbonyls are formed as intermediates.

(ii) Oxygen-containing intermediates are formed on the catalyst which are then hydrogenated
to methane and water (Dalla Betta 1977, Farrauto 1976, Goddard and others 1977,
Grigor’ev and others 1975, Lafer and others 1974, Martm and others 1977, Vannice
1975b and references in Table 10).

(iii) The reaction occurs through surface reactive carbidic carbon, produced by dissociative
absorption of carbon monoxide on the catalyst surface (e.g. Araki and Ponec 1976, Ponec
1978, van Barneveld and Ponec 1978, Wentrick and others 1976a, b).

" Theories under the first category are generally rejected because the carbonyls are unstable at
the reaction temperatures usually employed.

Theories under category (ii) have been reviewed and discussed by Mills and Steffgen (1973),
Vannice (1976a), and Cusumano and others (1976 pp 110-113); proposals for models in-
corporating oxygenated intermediates are summarised in Table 10 over page, taken from
Vannice’s paper. The models were proposed only for nickel, except model 5, although it
was suggested that Model 1 might apply also to cobalt and iron.

Regafding model 1 it is suggested that with catalysts selective to the production of higher
hydrocarbons rather than methane CH, polymerisation becomes predominant after the step
[S-HCOH] * +[S-H, ]»S—CH, +H, O+S.

In model 5, y in the rate-determining step increases with increasing'ability of the catalyst to
produce higher molecular weight hydrocarbons (Cusumano and others 1976, pp 110-112),
thus:

Metal y
Pd 1
Ni .2
Co 3
Ru 4

It was also found that catalyst activity for methanation increased with strength of the H atom

bond to the surface and decreased with strength of the CO bond. This is consistent with the

model if it be assumed that the bond strength of the complex HCOH-metal surface is directly

related to the strength of the CO bond to the metal: as the latter decreases the surface -
coverage of the complex would decrease and make more of the surface available to hydrogen;

this would tend to equalise the surface coverages of HCOH complex and H,, thereby

increasing the rate of the rate-determining step.

From studies of the co-adsorption of hydrogen and carbon monoxide and the chemisorption
and decomposition of formaldelyde and methanol on nickel and ruthernium it was postulated
that oxygenated hydrocarbon complexes may play an important role in methanation on
ruthenium but not on nickel (Yates and others 1977, Goodman and others 1978). However,
later work has provided experimental evidence much more cogently favouring methanation
models in which dissociative adsorption of CO on a catalyst produces active surface carbon as
an intermediate (i.e. category (iii) above). The evidence is presented in papers cited after the
statement of category (iii)- at the beginning of this Section, 2-10, (It is of interest that in his
review Ponec (1978) indicated that his researches into catalytic CO/H, reactions had begun
with the idea that oxygen-containing intermediates do exist but he no longer had confidence
in that theory).

The adsorption of CO on a nickel surface as a first step in the methanation mechanism has

33



Table 10. Kinetic models for the methanation reaction { Vannice 1976a)

Proposed methanation model

Refs.

S+e +H,——>[S-H,]

S+CO—>{SCO] t+e

[S-CO] ¥+ [SH,] ——[S-HCOH] ¥ +e ~ ,grps)
[S-HCOH] * +1 SH,] ——>S-CH, +H, 0+

S-CH, +[S-H,] —=CH, +e +28

Vlasenko and
Yuzefovich 1969,

Kozub and others
1965a, b

o

H OH
\/
/N

CcO ) +H, (@ +2§ ——> S

H OoH H
N/ \./

+H,(g) ——> C’ +H,O0

/ \S S/ \S

H

S

+H (g) ——>CHa(g) +28

A\

Bousquet and
others 1972

CHy(ag) *Hz (aq) >CHa )

3. [H, CO} (ad) +H, (ad) —>CH, (ad) +H, O(ad) (RDS) Schoubye 1969,
H, S —> 201 (g
or (RDS) Van Herwii
" an rierwynen
H,+28 >2H" (aq) and others 1973
4, CO +S<«<—>S-CO Fontaine
H,+2S «—>2S-H 1973
S-H+S-CO «——>S-HCO+S
S-H+S-HCO <——>S-H, CO+S
S'H+S‘H2 CO HS'HS CO+S
S-H; CO ————>products
5. Hz (g) + CO(g)——>H COH(ad) Vannice
1975b

Note: S = empty metal surface site
RDS = rate determining step
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been studied by a number of workers (e.g. Araki and Ponec 1976, Harberts and others 1977,
Ponec 1978, Rabo and others 1978, van Dijk and others 1976, Wentrick and others 1976,b.)

It was concluded that dissociative chemisorption of CO on nickel is possible for the formation
of a surface carbon intermediate in catalytic methanation. Distinction was made between
highly reactive surface carbon, unreactive carbon and bulk Ni; C. Wentrick and others (1976a,
b) showed that the active surface carbon was bonded to the nickel as a carbidic-type surface
species which converted to graphitic carbon of very low reactivity to hydrogenation at
temperatures above 675K.

Rabo and others (1978) found that at atmospheric temperature CO adsorption on nickel was
non-dissociative and the adsorbed CO was inert to hydrogenation. At 200° or 300°C, however,
adsorption was mainly dissociative, resulting in a Ni-C species which reacted with hydrogen
even at atmospheric temperature forming methane and higher homologues. At 300°C the
surface carbon on nickel co-existed with chemisorbed CO, and, although the surface carbon
was much more reactive to hydrogen than the undissociated CO, a small but significant
proportion of the methane produced on hydrogenation was apparently derived from the latter.

Cobalt and ruthenium behaved similarly to nickel.

It has also been postulated that non-dissociatively adsorbed CO may be adsorbed on oxidised
patches on a catalyst or in “on-top™ positions where it competes with hydrogen adsorption
(Biloen and others 1979).

Araki and Ponec (1976) used isotopically labelled carbon to demonstrate that surface carbon
on a catalyst was an intermediate in methanation. Carbon isotope, !3C, was deposited on a
clean nickel film by disproportionation of '3*CO at 300°C. A mixture of hydrogen and '2CO
was then admitted under low pressure to the nickel at 250°C and the reaction followed.
13CH, was first produced by an initial fast reaction, '*CH, appearing after an induction
period. It was argued that if an oxygenated complex (e.g. HCOH) was responsible for the fast
methanation reaction ** CH, would have appeared first; ' CH, appearing first showed that the
methanation reaction proceeded by dissociation of CO with active surface carbon an
intermediate.

Experiments fo compare Ni-Cu alloys with Ni as methanation catalysts have led to the
conclusion that dissociative adsorption of CO requires sites in the form of ensembles of several
Ni atoms where C atoms can be bound to several Ni atoms sunultaneously (Araki and Ponec
1976, Ponec 1978, van Dijk and others 1976).

It has also been proposed that dissociation of CO is fast, i.e. kinetically not rate determining,
in the presence of chemisorbed hydrogen, although slower in the absence of hydrogen (e.g.
Biloen and others 1979).

Kinetic evidence is also available that over nickel dissociative adsorption of CO is the fastest
or even the only methanation route (Rabo and others 1978, Wentrick and others 1976a,b).

It emerges that methanation over a nickel catalyst probably occurs through a surface carbon
intermediate by a mechanism represented broadly by:

() 2M+CO*M—C+M-0
(ila) M—O+H, *M+H,0

( (ib) M—O+CO"M +CO,)
(i) M—C+2H, * M +CH,

where M represents the catalyst surface.
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This mechanism is very similar to that put forward by Fischer for the Fischer-Tropsch process.

Although the mechanism outlined above very probably represents the major methanation
route it may not be the only one; as Rabo and others (1978) have shown a small proportion of
the methane may be produced through chemisorbed, undissociated CO.

Sachtler, Kool and Ponec (1979) investigated whether cobalt and ruthenium as methanation
catalysts behave with regard to surface carbon similarly to nickel. Using labelled '3C in a
technique similar to that of Araki and Ponec (1976), they found that carbon deposited on Co
and Ru surfaces can be incorporated into CH, when a reaction mixture is admitted to the
carburized surface; but they did not show unequivocally that this is the main route to CH,
formation on those metals.
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3. Methanation for hydrogen purification

The catalysts in the literature cited in this section were studied specifically as methanation
catalysts for the removal of small concentrations of carbon oxides from hydrogen for its
purification. However, there seems no reason for supposing that they would not be effective
also in the methanation of a higher proportion of carbon monoxide for the production of rich
fuel gas as described in the previous section. '

3.1 Nickel

As already stated, nickel is the commonest hydrogenation catalyst, and most of the
publications on the purification of hydrogen by catalytic methanation of carbon oxides in
it are concerned with this metal.

Bridger and Woodward (1976) described the preparation of methanation catalysts for the
purification of ammonia synthesis gas. The catalysts consisted essentially of nickel metal
dispersed on a support of alumina mixed with other oxides. The presence of 2 to 3% of MgO
was beneficial in limiting the growth of NiO during calcination in catalyst preparation. The life
of a good catalyst was 3 to 5 years.

Randhava and others (1969b) studied the methanation of carbon monoxide in concentrations
below 9500 ppm in hydrogen over a commercial precipitated catalyst consisting of 58% nickel
on kieselguhr in pellet form, 3.175 x 3.175 mm. The rate of reaction could be expressed as

_ 0.7
Teo =k(T)Cog

where

k is the reaction rate constant _
Teo is the reaction rate
Cco is the concentration for carbon monoxide

At low temperature k followed the Arrhenius temperature dependence; at higher temperature
there was evidence of diffusion control of the reaction rate.

Another simple catalyst comprising 35% NiO on alumina was prepared by co-precipitation and
mixing of basic nickel carbonate with Al, O; in water or ammonia solution and then calcining
at 400°C. The catalyst was stable at 550°C and its mechanical strength was reported as 39000
kN/m?. At 130°C and at a space velocity of 4000 h—! it reduced the carbon monoxide
content of hydrogen to below 20 ppm (Kreindel and others 1972a).

Treatment of hydrogen containing carbon dioxide with a nickel catalyst on kieselguhr at 200—
300°C, atmospheric pressure and space velocities .of 500—4000h—! reduced the carbon
dioxide content from 2—10% to 25ppm (Masagutov and others 1976).

A Raney-type nickel catalyst containing 30--35% Ni, 5—18% Al and the balance Al1,0,.
3H, O was reported effective at 1752-250°C and at space velocities 9000—36000 h—!, for the
selective methanation of carbon monoxide in concentration up to 1% in hydrogen-carbon
dioxide mixture (Randhava 1972). A method of manufacturing the catalyst is described which
entails coating an inert support, such as Berl saddles, with an aqueous slurry of pulverised
A1-Ni alloy and A1(OH); ; drying the coating and heating the coated forms to at least 50°C;
immersing the coated forms in water at 25-100°C; leaching the coated forms with alkali
hydroxide to remove part of the aluminium and produce an active skeletal and nickel catalyst.
The corresponding unsupported catalyst can be produced by leaching aluminium from an
aluminium-nickel alloy with alkali hydroxide.
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Studies (Berezina 1972b) were made of the efficacy of the following catalysts, after reduction
with hydrogen at 230°--350°C, in removing oxides of carbon from hydrogen by methanation:
a commercial Ni-Cr catalyst containing (a) 57% Ni; (b) a similar catalyst containing 46% Ni:
(c) a Ni-Al-Cr catalyst containing 35% Ni; (d) a Ni-Cu-Zn-Al catalyst containing 37% Ni. The
activities of the catalysts decreased in the order (c) > (b) > (a) > (d).

Three publications (Vahala 1971b, Banks 1973, Campbell and others 1972) illustrate the
similarity in procedures that have been described for the preparation of nickel catalysts:

L.

Banks described the preparation of catalysts containing nickel, silicon dioxide, alumina
and silicon dioxide, magnesium oxide, chromium oxide and uranium oxide and alumina
or containing cobalt and silicon dioxide. As an example, potassium carbonate solution
was added to nickel nitrate solution and sodium water glass at 60—70°C. The precipitate,
after drying at 120°C, was calcined at 450°C for 4 hours, pulverized to about 0.7 mm and
pelletized with 2% graphite to give a nickel—silica catalyst. Gas of composition H,27.5,
CO 0.9, CO,3.1, CH,55.4, C,H;13.1% by treatment with the catalyst at 180°C and
1572 kPa with a space velocity of 5100 h—! was converted to gas of composition H,
13.2,CO, 0.1,CH, 70.9,C,H; 15.8%.

In a technique due to Campbell and others (1972), precipitated basic nickel carbonate
was calcined at 350°C for 6 hours to produced nickel oxide, which was milled, mixed
with laminated alumina, an aluminjum-containing cement of low silica content,
magnesium and powdered graphite. After pelletizing, the mixture was calcined at 400°C,
steeped in water for 24 hours and dried. The mixture produced had the composition
approximately NiO 25, A1,0; 50, SiO, 2, CaO 15,Mg0 2,Fe, 0, 6%. The catalyst was
activated by reduction in crude ammonia synthesis gas.

Vahala (1971b) investigated the preparation of thermally stable methanation catalysts
by saturation of catalyst supports like kieselguhr and alumina with active catalyst
precursors, by precipitation of active materials on support surfaces, and by co-
precipitation of nickel salts with compounds of silica and aluminium. He concluded that
a catalyst made by co-precipitation from water glass and nickel nitrate solution was
thermally stable and about as active as one made by precipitating nickel (23%) on
kieselguhr, which was more active than the corresponding nickel-chromia catalyst.
Catalysts made by saturating alumina with nickel nitrate had low activity and low thermal
stability. Catalysts prepared by co-precipitation of nickel nitrate and sodium aluminate
were thermally stable at 600°C.

Berezina and others (1972a) investigated the effects of thermal treatment in air, helium,
hydrogen and a mixture of hvdrogen and nitrogen on the initial catalyst mass during the
preparation of nickel-chromium and nickel-aluminium-chromium catalysts. Ni-Cr
compounds containing crét decomposed at 460°—580°C in an inert atmosphere, at
490° —-600°C in air and at 190° -330°C in hydrogen. In the case of Ni-Al-Cr catalysts,
calcination in air and in an inert gas decomposes the Ni-Cr compounds with the formation
of a solid solution at 400°--450°C. Heat treatment in hydrogen leads to the reduction
of the Ni-Cr compounds to Ni without thermal decomposition. The Ni-Cr catalyst was
thermally stable at temperatures up to 400°C and the Ni-Al-Cr catalyst up to 500°C.

3.2 Iron

There is interest in iron methanation catalysts because they offer the possibility of using
similar catalysts for purifying the hydrogen for ammonia synthesis as for the synthesis.
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In a Russian patent specification (Dmitrienko and others 1972) the patentees describe the
promotion of a methanation and ammonia synthesis catalyst by metal oxides in order to
increase its contact surface area, thermal stability and resistance to poisoning. The catalyst
comprised FeO 28-56%, Al,0; 0.5-11%, K,0 0.7-1.5%, CaO 1.5-3.5%, Si0, below 1%,
MgO below 5%, V, Os below 5%, and the balance Fe, O;.

A Czech patent (Vahala and Janeck 1974) describes the preparation of an Fe,0;-Cr, O;-
Al, 05 catalyst for the removal of oxides of carbon from crude hydrogen. Ammonium
carbonate solution was added to solutions-of technical grade or waste FeSO,, Cr, (SO, ); and
Al, (80;); at 45°C. The precipitate after washing and drying was ground to below 2mm,
reduced for 6 hours in hydrogen at 480°C, passivated in nitrogen containing 1% air for 5 hours
and tabletted with 3% graphite.

3.3 NickelHiron

In discussing the purification of mixtures of nitrogen and hydrogen for ammonia synthesis,
Sokol and others (1970) stated that Ni-Cr is a very efficient catalyst for the purpose, but-is
expensive and sensitive to catalyst poisons, and its pores are readily sealed by traces of oils
in the synthesis gas stream. They recommended the use of a combination of Fe and Ni-Cr
catalysts, the Fe serving as a precatalyzer and primarily as an adsorption filter trapping sulphur
compounds and irace oils.

Similar catalysts are described in patent specifications. A German patent (Krabets and others
1971) refers to Fe-Ni catalysts containing Cr and Al broadly of the composition NiO : Fe, O, :
Cr, 05: Al, O; in the ratio 540 : 92-5 : 3-15 : 0-40. As an example of the preparation of
such a catalyst, Fe(NO; ), . 9H, O, Cr(NO; ); .9H, O, Ni(NQO; }, .6H, O in the proportions 3690,
344, 506 were mixed with 20% boehmite ‘and 2% graphite and pelletted to size 5x5 mm. When
hydrogen containing 100 ppm carbon monoxide and 200 ppm carbon dioxide was treated with
the catalyst at 1324 kPa and 300°C at a space velocity of 2000 h—!. the content of carbon
oxides was reduced to less than 0.1 ppm carbon monoxide and 2 ppm carbon dioxide.

A catalyst useful for the removal of carbon oxides from ammonia synthesis gas contains Ni as
NiO (15-50%), iron hydroxide and/or iron oxide (>15%), and alkali or alkaline earth metal
compounds. With the catalyst conversion of carbon oxides to methane occurs at 100° —400°C.
Thus, hydrogen initially containing 700. ppm carbon dioxide after passage over the catalyst at
190°C contained less than 10ppm carbon dioxide (Badische Anilin and Soda Fabrik 1971).

3.4 Rhodium and ruthenium.

Amirali and Randhava (1970) studied the selective methanation of carbon monoxide in a
mixture of hydrogen and carbon dioxide, containing 3000 ppm carbon monoxide, at 125—
300°C over several catalysts. The objective was to reduce the monoxide content to below 100
ppm without affecting the. concentration of the other components. Ruthenium was the most
effective catalyst, followed closely by catalysts of the Raney nickel type. Catalysts prepared
by co-precipitating nickel on supports were unsatisfactory.

The use of rhodium and ruthenium in the removal of small quantities of carbon monoxide
in hydrogen purification is described in a US patent specification (Baker and others 1971).
Carbon monoxide in low concentration(~100 ppm)in hydrogen and in admixture with carbon
dioxide was selectively methanated over a rhodium or ruthenium catalyst on an alumina
support at 100°—220°C and at a space velocity of 500-3000 h—!. The preferred catalyst
consisted of ruthenium deposited in a conventional manner on 3.175 mm alumina pellets.
Suitable proportions of ruthenium were in the range 0.01 to 5%, 0.5% being the best.
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It was reported that palladium and platinum do not selectively catalyze the methanation of
‘carbon monoxide.

Another US patent specification (Fleming and Randhava 1974) describes the removal of
mixtures of carbon monoxide and dioxide in low concentration in hydrogen by methanation
at 100° to 175°C in the presence of catalysts of rhodium or ruthenium or alloys of these,
admixed in each case with tungsten oxide. Catalysts, for example, might comprise essentially
ruthenium with 0 to 50% of the ruthenium substituted by platinum and 5 to 20% by reduced
amorphous tungsten oxide. By varying the rate of gas flow and temperature carbon monoxide
can be methanated preferentially as against carbon dioxide or both oxides can be methanated
completely and sequentially.

The patentees give the following example of the preparation of a catalyst. A mixture of
rhodium chloride and ammonium or alkali metal metatungstate is mixed in aqueous medium
with sodium or potassium borohydride. The resulting co-precipitated mixture, consisting
essentially of rhodium and amorphous tungsten oxide, is combined with (2) an aqueous
dispersion of binder-water-proofing agent, such as PTFE, (b) mineral oil to form a catalyst
paste.

Randhava and Rehmat (1970), investigating the hydrogenation of carbon dioxide in
concentrations below 3600 ppm in hydrogen over a catalyst containing 0.5% ruthenium, found
that the carbon dioxide reacted to form carbon monoxide which was then hydrogenated to
methane. The empirical rate expression for the conversion was

1.5
Teo, = KCeo,
where k obeyed the Arrhenius temperature dependence. Increasing carbon dioxide
concentration decreased the value of the reaction constant k while the activation energy

remained unchanged.

In an earlier paper Randhava and others (1969a) reported a similar expression (—rgg =kCeq)
for the methanation of CO in low concentration over a ruthenium catalyst. They used a
commercial catalyst comprising 0.5% ruthenium impregnated on alumina pellets (3.175x3.175
mm cylinders), weighing on average 0.044 g each. The bed was activated by passing He through
the bed for 6 hours at 400°C.
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4. Conclusions

@

(i)

(i)

(iv)

)

(vi)

Nickel, particularly as Raney nickel or when supported on alumina, is still the most useful
methanation catalyst. It is very active and at proper reaction temperature is selective
towards the formation of methane in preference to higher hydrocarbons. Ifs main
disadvantage is its susceptibility to poisoning by sulphur compounds in synthesis gas.
The mechanism is not completely understood, but there is strong evidence that methanat-
ion over a nickel catalyst proceeds by way of active surface carbon produced by
disproportionation of carbon monoxide.

Iron can be used as a methanation catalyst, but its selectivity to methane formation is not
high, and, although its intrinsic reactivity is high, iron-containing catalysts as usually
encountered are much less active than nickel catalysts. In some circumstances it may be
advantageous to use an iron catalyst in the purification of ammonia synthesis gas since
the same catalyst could be used for synthesis as for purification.

“Noble” metals of Group VIII are effective methanation catalysts. Ruthenium in
particular is intrinsically very reactive, but because of its cost is normally encountered at
attenuation of only 0.5% of its support, at which it is not really superior to nickel.

The primary problems of methanation catalysts relate to sulphur poisoning and stability.
The best catalysts are very susceptible to sulphur poisoning, and although their life is
acceptable, improvement is desirable. Molybdenum and fungsten catalysts are sulphur
resistant, but their activity is not high nor are they very selective to methane formation.
Solution of the sulphur problem, of course, would be furthered by a better understanding
of the basic mechanism of catalytic methanation, particularly of the surface properties
important to catalysis. At present there is not a clear understanding of the nature of
sulphur poisoning of catalytic materials, and research is needed-to clarify the mechanism
of the interaction between sulphur and catalyst and the effect on surface reactions.

Investigations are also needed into the part catalyst supports can play in enhancing
sulphur resistance.

Homogeneous methanation catalysts, if further developed may go some way to surmount-
ing the difficulty of sulphur poisoning, and satisfactory methods of regenerating sulphur-
poisoned catalysts may be discovered and developed.

Regarding thermal stability, the nature of catalyst sintering, interaction of active catalyst
material with support, interactions within the catalyst support and between the main
support and additives, and the effect of particle size are among factors that would repay
investigation. Important aspects are inhibition of nickel sintering in catalysts and the
interaction of Ni/NiO with the support.

The technique of preparing a catalyst can affect its properties. At present this seems to
be carried out on an empirical, as distinct to a strictly scientific, basis. Perhaps more
work devoted simply to studies of technique variables might be profitable along, for
example, the lines of Cervello and others (1976) referred to in Section 2.8.

Within limits the higher the temperature at which the heat of methanation is released
the more effectively can it contribute to the overall efficiency of a conversion process
(e.g. coal to SNG). At present the upper temperature limit for normal commercial
operation is 450°C, so there is need for the development of a methanation catalyst
capable of operation for long periods at temperatures considerably higher than this. At
such temperatures the attainment of optimum equilibrium conditions might require
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elevated pressures, but with suitable catalysts operation at higher temperatures and
moderately raised pressure might prove economically advantageous.

At high temperature there would be increased tendency for the deposition of unreactive
carbon on the catalyst, but measures could no doubt be taken to counter this (e.g. by the
controlled addition of H, O).

The development of means of regenerating catalysts operating at high temperature might
be advantageous or even necessary, although at high temperature the sulphur problem
might be diminished.
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