INTRGDUCTION

Processes which involve the conversion of relatively low Btu
substances to useful fuels aﬁd chemical feedstocks are assuming ever
increasing roles as potential substitutes for those that involve the
conversion of petroleum. One such process which has besn in commercial
operation for many years is the Fischér-Tropsch synthesis involving
the reduction of carbon monoxide by‘hydrogen. The Fischer-Tropsch
synthesis yields & wide variety of saturated and unsaturated
hydrocarbons and oxygen-containing compounds. A jud{cious.choice of
resction conditions and catalyst will generaily result in_the selective
production of the desired product distribution. The special case of
the Fischer-Tropsch synthesis in which methane is the only carbon-
containing product is referred to as methanation. Both the Fischer-
Tropsch synthesis and methanation are heterogeneous‘catélytic processes
which are known to occur on certain group Vil metals and their oxides.
Although a fairly large nuﬁber of studies have been performed in an
effort to understand the reaction mechanisms of the Fischer=Tropsch
and methanation processes, no thorough understanding of either process
has been developed. The purpose of this study is to seek a mechanistic
understanding of the methanation reaction on unsupported ruthenium.
Since the Fischer=-Tropsch and methanation processes are so directly
related, a brief discussion of the Ffscher-Tropsch synthesis will
precade & more detailed discussion of the methanatlion process.
Excellent reviews of hoth the Fischer~Tropsch and methanation

processes have been published [1-7].




The general reactions for the hydrogenation of carbon monoxide to

paraffins, olefins and alcohols are as follows:

(2n+'I)H2 + nCo 2 an2n+2 + nHZO (M
2nH, + nCO 2 anzn,* nH,0 (2)
2nH2 + nCoO 2 an2n+10H + (n-l)HZO (3

The special case of reaction (1) in which n = 1 is the methanation
reaction:
3H, + CO @ CHy, + H,0 (4)
Other reactions which are thermodynamically favored include the
formation of aldehydes, ketones, aromatics and organic acids. It
should be noted that when feedstocks rich in hydrogen are used,
paraffins are produced, whereas low hydrogen content feedstocks are
required for the production of olefins and alcohols,
A number of potentially complicating reactions cah occur under
the same conditions as the Fischer-Tropsch and methanation syntheses.
The water=gas shift reaction (5) has the rather insignificant effect
€O + H,0 2 €O, + H, (5)
of converting the water by-product to carbon dioxide. However, the
undesirable effect of the water~-gas shift reaction is to change the
hydrogen to carbon monoxide ratio during the reaction process. This
could alter the product distribution in some cases. Both the Boudouard
reaction (6) and coke deposition (7) can occur on most of these
catalyst surfaces. Both reactions have the effect of producing a carbon
2€0 2 € + Co, (6)

Hy + CO 2 C + H,0 (7)



overlayer on the surface. This freque;tly leads to catalyst fouling

and often decreases the lifetime of the catalyst significantly. Thease

reactions are generally reversible and the catalyst activity can be

regenerateﬂ by high temperature reduction. Metal carbide formation (8)
M+ C~MC (8)

is generally irreversible and leads to permanent deactivation of the .

catalyst.

A summary of the significant discoveries in Fischer-Tropsch
chemistry is shown in Appendix |. The first catalytic hydrogenation of
carbon monoxide was reported in 1902 (8,97 and involved the production
of methane at atmospheric pressure over supported nickel and-cobalt
catalysts., Although these scientists observed carbon monoxide
conversion, they were guite disappqinted that methane was the soie
carbon containing prodﬁct. Until about the middle éf ihis century,
cheap natural gas was readily available in most parts of the world and
alternate methane sources were neither being looked for nor were they
being commercislized when discovered. The real hope among scientists
was thet carbon monoxide could be hydrogenated to produce higher
molecular weight hydrocarbons and oxygenated compounds--especially
gasoline and alcohols, The Badische Anilin-und-Soda=Fabrik A. 6. was
successful in producing & fairly wide range of hydrocarbons and
chemicals at high pressure over a range of catalysts. In 1913 they
were granted & German patent [107] for this process and in 1923 the?;
received two French patents [11,127 for & similar high pressure process

which produced only methanol from carbon monoxide and hydrogen.



The fundamental understanding of the carbon monoxide~hydrogen
interaction and the early commercialization of the process came about
as a result of Franz Fischer and the members of his group at the Kaiser
Wilhelm Institut fur Kohlenforschung at Miulheim Ruhr., Fischer worked
with Hans Tropsch during the period from 1922 until 1928, conducting
basic research into the carbon monoxide-hydrogen interaction at
atmospheric pressure. Their first publicatidns on the conversion at
atmospheric pressure were in 1926 [13-157 and contained the fundamental
observations that became the basis for the early understanding of the
process:
1) iron, cobalt and nickel are active catalysts for the

’ reaction. Cobalt tends to produce -higher hydrocarbons

and nickel tends to favor methane production,
2) Oxides that are difficult to reduce, such as Zn0 and

Crzoé;ahave increased catalytic activity and are more

resi nt to sintering than the metals.

3) sSmall doses of alkali favor the formation of larger
hydrocarbon molecules.

L) copper-iron mixtures are more active than iron alone.

5) Sulfur poisons the catalysts.
It was as a result of this work that the reaction became known as the
Fischer-Tropsch synthesis. In general, all the studies made during
this period were at atmospheric pressure with a few at 15 atmospheres.
The catalysts were generally some form of cobalt or iron and the
temperatures fell in the 523-673K range.

Tropsch left Mulheim In 1928 to become director of a coal research
Institute in Czechoslovakia. From 1928 until 1934 Fischer, Meyer,

Koch and Roelen continued to study the Fischer-Tropsch synthesis with



emphasis on catalyst preparation and its effect upon product distribu-
tion. They worked primafily with kieselguhr-supported nickel and
cobalt catalysts. The de?elopment of more active catalysts made it
possible to run the reaction at 450K. This resulted in a substantial
lewering of the amount of methane formed (30 per cent of the synthetic
hydrocarbons consisted of methane at 50K compared to 90 per cent at
525K). The cobalt catalyst led to lower conversion to methané.and
became known as the t'standard ccbalt catalyst', The findings of the
catalyst development work,with cobalt may be summarized as follows [16]:

1) Increasing catalyst age and increasing temperatures
cause lower molecular weight products,

- 2) lncreasing amounts of ThQ,, increasing amounts of
unreduced cobalt and tracés of alkali increase the
yield of higher hydrocarbons.

3) Higher carbon monoxide to hydrogen ratios increase
the yield of olefins. .

L) The percentage of olefins decreases with increasing
molecular weight of the hydrocarbon products.

) %he reaction products are mainly straight chain

hydrocarbons with small amounts of oxygenated
products.

During the period i935 to 1937, Fischer and Pichler continued the
research on the Fischer=Tropsch synthesis. They modified the atﬁos-
pheric pressure process to consist of several steps with immadiate
removal of liquid reaction products [17]. This increased the product
yield by 10-20 per cent without modifying the catalyst or the reaction
temperature. Although most of the early work from Fischer's group was

carried out at atmospheric pressure producing pfimarily hydrocarbens,

it was known that by Increasing the pressure a iarger yleld cf
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;xygenated products could be achieved. Fisher and Pichler developed a

- 'medium pressure!’ process which operated at 5 to 20 atmospheres and

used the same cobalt-thorium-kieselguhr catalyst as in the atmospheric

pressure process. The medium pressure process had these advantages:
1) The yield of solid paraffins increased tenfold.

2) The yield of C.+ hydrocarbons (those with more than
three carbons ger molecule) increased by 20 per cent.

3) Catalyst regeneration, required in the atmospheric
pressure process, was not needed,

L) The reaction products were in general more saturated.
This is an advantage for production of paraffins and
diesel oil, but a disadvantage for gasoline production.

Until early 1935, iron had not been used in the Fischer-Tropsch

+ hydrocarbons had been too low.

5
Fischer and Meyer in [2] and Meyer and Bahr in [2] made some studies to

synthesis because the yields of C

improve the yields of higher hydrocarbons on iron, but the results had
not been promising. However, with the development of the medium
pressure process, the yield of these higher molecular weight hydro-
carbons over iron catélysts was significantly increased. During the
period from 1938 to 1945, Fischer and Pichler developed iron catalysts
which had 1,0 per cent copper and 0.25 per cent alkali and were quite
satisfactory Fischer=Tropsch catalysts. Their work involved the
development bf precipitated iron catalysts (which generally contained
both copper and alkali), decomposition iron catalysts, fused iron
catalysts and pretreated iron ores. Unlike cobalt, iron catalysts are

useful under a wide range of synthesis conditions. Different prepara-

tion techniques were found to yleld catalysts with different properties.




Pichler [187 obtained some very interesting results using a ruthenium
catalyst at 413K and very high pressure (~150 atmospherés). He
observed the formation of paraffins with molecular weights and mefting
points higher than were known before. [ndeed, compounds with molecﬁ?ar
weights as high as 400,000 can be produced over ruthenium. Pichler's
ruthenium catalyst was found to be very stable for long periods of
time, pichler extended the Fischer-Tropsch'wo;k to high pressures
using thoria and other catalysts and found that branched hydrocarbons
were produced [197. i

Since the late forties there has been little change in the funda~
mental understanding of the Fischer-Tropsch synthesis and of the funda-
menfa! processes to produce hydrocarbons from carbon monoxide and
hydrogen. Regearch has continued and has resulted primarily in the -
improvement of already existing datalysts and processeé. One signifi=-
cant contribution has recently comz from Pruett and Walker [20]
who have developed a homogeneous rhodium catalyst that catalyzes the
conversion of carbon monoxide and hydrogen to ethylene glycol at 523K
and 1360 to 3400 atmospheres total pressure. This discovery has- opened
& new frontier of Fischer-Tropsch research involving the novel approach
of homogeneous catalysis instead of the traditional heterogeneous
catalytic approach. Table 1 lists the catalysts, along with their
applications, that have been found to be most uséful in Fischer-Tropsch
synthetic processes., In geﬁera! metal catalysts favor the pfoduction
of normal paraffins and olefins whereas metal oxides such as-ThOZ/AIZO3

can produce iscmerized hydrocarbons., Metal oxides and doped metal



Table 1. Catalysts frequently used in the Fischer-Tropsch synthesis

Nickel Used primarily in methanation

Cobalt Promoted with Th0,/Mg0 and supported on kieselguhr
Used primarily in"the atmospheric pressure process
for making higher hydrocarbons and in the medium
pressure process for synthesizing paraffins

Iron Most important medium pressure catalyst in use
today=--generally promoted by alkali

Ruthenium Unique for the production of high molecular weight
hydrocarbons

Metal Oxides Used in the production of oxygenated products

oxides are generally required for the production of alcohols from
carﬁon monoxide and hydrogen.

In order to use the Fischer=-Tropsch synthesis to produce chemicals
and fuels, large quantities of carbon monoxide and hydrogen must be
available relatively cheaply. One process which involves the gasifica-
tion of coal to supply the carbon monoxide and hydrogen is shown in
Figure 1. Coal plus either steam or oxygen is introduced into a.gasifi-
cation chamber where the coal is oxidized yielding primarily carbon
monoxide and hydrogen, with slight amounts of carbon dioxide, methane
and sulfur-containing compounds. The methane is removed at this stage
and the remaining feedstream is passed into a desulfurization-purifi-
cation chamber to remove the carbon dioxide and sulfur-containing
compounds which would foul the catalysts downstream. The remaining
feedstream is passed into the water-gas shift reactor to catalytically
adjust the hydrogen to carbon monoxide ratio to the desired value

(usually between 2 and 3)., Finally, the feedstream passes over the
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Figure 1. Schematic of process for the conversion of hydrogen deficient materials to useful
chemicals and fuels
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Fischer-Tropsch catalyst and the products are produced. Only one
commercial plant utilizing this technology is in operation today. This
is SASOL in South Africa where large coal reserves combined with essen-
tially no petroleum reserves led to an early development of such a
process.

The mechanism for the Fischer-Tropsch synthesis is obviously depen-
dent upon the choice of products. Many scientists believe, however,
that most, if not all, of the products have identical reaction inter=
mediates. In 1926, Fischer and Tropsch proposed the iicarbide theory"!
[21] in which a reactive metal carbide intermediate exists on the
surface. This theory was refined by Craxford and Rideal t22,23] but
was subsequently rejected as a result of work discussed by pichler [2]
and Kini and Lahiri [24].

The first proposal that oxygen containing surface intermediates
are involved came from Elvins and Nash [25], also in 1926, Today, two
forms of this proposal are believed most likely to describe the reac-
tion sequence. A theory proposed by Storch and co-workers (26]
postulates that carbon monoxide and hydrogen interact on a metal surface
to produce an intermediate of the type M-CHZO. They propose that chain
growth occurs via the interaction of these intermediates to form longer
chain oxygen containing complexes of the general form M-CHZ(CHZ)XOH.

A theory by Pichler and Schulz [27] postulates the same M-CHZO inter=-
mediate but requires that chain growth occur via the interaction of
this intermediate with an adsorbed carbon monoxide molecule. Recently,

tracer studies by Emmett, et al. [28], Sanstri, et al. [29] and Kolbel
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and Hznus [30] tend to support the Anderson model, whareas work by
aIYholder and Goodsel {31] tends to support Pichler's model. Although
there seems to be agreement as to the structure of one of the reaction
intermediatés, the details of the mechanism are still not understood.

The methanation reaction has, over the past 70 years, received
quite a bit of attention, although not nearly so much as the more
fndustriaily significant Fischer-Tropsch synfﬂesis. There are essen-
tially three reasons for studying the methanation reaction:

1) to form & high Btu methane rich fuel with low carbon
monoxide content

2) to eliminate carbon monoxide present in small amounts
in hydrogen rich gases by conversion to methane

3) to avoid methane formation in the manufacture of
higher hydrocarbons and oxygenated chemicals from
synthesis gas via the Fischer-Tropsch reaction
Early research was concerned primarily with learning enough about the
methanation process to avoid methane formation in manufacturing higher
hydrocarbons and alcohols via the Fischer-Tropsch synthesis. Later
work has been concerned with the cenversion of the small carbon monoxide
impurity present in a lot of natural gas so that it will meet federal
requirements for Introduction into transcontinental pipelines (0.1 ppm’
max. ). Also,_with the growing world shortage of petroleum and natural
gas supplies, the formation of large quantities of methane from alter=
nate fuel sources is becomiﬁg increasingly feasible.’
The thermodynamics of the methanation reaction are summarized fn

Teble 2. The free energy values indicate that the reacticn is thermo=-

dynamlcally favored at lower temperatures. Thls requires the operation
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Table 2. Methanation Therroadynamics™ |32

T (K) 2 c° (kcal/mole) A K (kcal/rnle)
300 -33.9 -45.3
400 -28.,6 -50.4
500 -23.0 -51.3
600 -17.3 -52.1
700 -11.4 -53.2
800 - 5.5 ‘ -52.7
900 0.5 -53.6
1000 6.5 -53.9

a1 réactants and products have a gaseous standard state.
of the reaction process at the lowest possible temperature in order to
inctease the thermodynamic yield. As is the case with all activated
processes, lower temperatures reduce the kinetic rate of the overall
process, Therefore, a situation exists in whicH two opposing factors
must be simultaneouslyisatisfied--the iemperature must be kept low
enough for a favorable thermodynamic equilibrium and to prevent
sintering of the catalyst, but high enough to achieve an appreciable
rate of conversion to products, Generally the methanation reaction is
run at a température of 525 to 725K. Fairly high reactant pressures
are used to achieve rapid conversion and higher product yields., Once
a reaction temperature is chosen for a process, special precautions
must be taken to prevent the highly exothermic reaction from causing
catalyst overheating.

Wide varieties of catalysts and conditions have been used to study
the methanation reaction. The work reported has included studies that

measured the kinetics of the reaction process as well as spectroscopic
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and thermal desorption studiés‘deéigned to yield information about the
bonding and interaction of Lhéfcarbon monoxfde and hydrogen to the
surfacs.

During the past few decades many studies have‘beén mede to deter-
mine the kinetics of the methanation reaction on a variéty of catalysts.
Beczucz of its economic availability as well as its high reactivity
and selectivity toward methane formation, nigkel has been u;ed in most
of these studies. Work by Vannice (337 in 1975 produced 2 turning
point in the reporting of methanation kinetic fesuits. The vast
majority of the kinetic data taken prior to 1975 did not include
mezsurement of the surface areas of the catalysts used, Although the
inférmation obtained ffcm each of theée early studies was useful,
comparisons between laboratories or even between studies with a given
lab were impossible since the rates were dependent upon catalyst surface
areas. Vannice introduced the specific activity (molecules of methane
produced per site per second) whicé is generally independent of the
catalyst surface area. Most of the data since Vannice's work have been
in the form of specific activities and comparisons are much more inform-
ative. Subsequent studies by Vannice [34-361 have demonstrated that,
because of catalyst support interactions, the specific activities of
metals supported on different materials are not necessarily the same.

Several reviews have discussed the kinetics of the methanation
reaction, therefore, no detailed comparison of kinetic results will be
presented here, Instead, a brief summary of these result§ on the

group VIIIl metals will be followed by a more detailed discussion of




<he mechanisms that have been proposed for the methanation process in
recent years,

One fact that is immediately evident from the earlier methanation
studies is that great diversity exists among the results. Much of the
variation is likely due to differences in reaction parameters as well
as differences in catalyst support materials and methods of pretreat-
ment. |f one choses to compare results with similar hydrogen to carbon
monoxide ratios, say between 1 and 3, then some useful generalizations

can be made, Usually the data are fit to a rate law of the form:
r =kp, P (9)

The kinetic order in hydrogen, m, is usually between 0.5 and 1.5 and
the order in carbon monoxide, n, falls in the 0 to -1.0 range.

The interaction of the'products with the catalyst is usually quite
weak and yields a zero order dependence in the rate laﬁ. The kinetic
studies have led to a general belief that under the conditions of the
methanation reaction, the surface is nearly completely covered with
strongly adsorbed carbon monoxide with the more weakly bound hydrogen
competing for the remaining sites.

Vannice was the first to determine the specific activities of all
the group Vill metals, except osmium, toward the methanation reaction
[33]. His experiments were conducted at atmospheric pressure and 558K
on alumina supported catalysts. The specific activities of these
metals toward the methanation reaction are as follows:

Ru > Fe > Ni >Co > Rh >pd>Pt>1Ir
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[t is quite surprising that only two orders of magniéude separare the
specific activities of ruthenium and iridium. Sinfelt’s work with the
hydrogenation of ethane demonstrated a difference of eight orders of
magnitude between the specific activities.of the most active and least
zctive metals [37]. Vennice fit the kinetic data from his sfudy to
the same rate expression used in earlier studies (9)., He found that
for all the metals studied the kinetic order in hydrogen was between
0.77 and 1.6 and that for carbon monoxide was between 0.10 and =0,60,
in general agreement with earlier results. —

In a subsequent paper (38] Vannice demonstrated that there is an
inverse trend betwezn the heat of adsorption of carbon monoxide on a
group Vit! metal and the methanation activity of that metal. An
opposite trend exists when the rates are compared to thg heats of
adsorption of hydrocen on the metals studied, A fairly large compen=
sation effect exists for the methanation reasction on these metals.

Spectroscopic studies have generally led to the conclusion that
carbon monoxide adsorbs on the group VII| metals in such a fashion
that one of the following structurss is an intermediate in the

methanetion reaction:

0 0

i i c-0
¢ c . i1
. /\ MM
H MM

Ancother intermediate in the methanation reaction is believed to be
identical to one of the ones postulated for the Fischer-Tropsch
synthesis, M-CHZG. This results from studies that establish a carbon

monoxide to hydrogen ratio of 1:1 in this surface Intermediate.
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Although the structure of this surface complex is the subject of ongoing
investigations, many believe that it can be adequately represented as

follows:

xX=0-—0

Several mechanisms have been postulated to describe the methanation
reaction, All except two have been fit to data taken over nickel
catalysts. The first mechanism for the methanation regction was
reported in 1965 by Kozub, Rosov and Vlasenko [39]. They performed
work function measurements on a nickel-chromium catalyst and estab-
lished that the mechanism should involve the interaction of charged
Ispecies; adsorbed hydrogen increased the work function whereas adsorbed
carbon monoxide decreased the work function. Qhen a carbon monoxide
dose was followed by a hydrogen dose the work function dropped, suggest=-
ing a positively charged surface complex. The proposed mechanism which
is consistent with these work function changes is as follows (M=metal

surface site):

M+e + Hy = MH;_' (10)
M+ MH; +e 2 2MH (11)
M+ CO—~MCOT + & (12)

+ - + -
MCO + 2MH —~ MHCOH + 2e + 2M (13)

+ -

MHCOH + MH, — MCH2 + HZO + M (14)
MCH2 + Hy ~ CH, + M (15)

The intermediates in this mechanism seem quite reasonable, The authors

did not specify the structure of the adsorbed MH, complex, however It
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is assumed that the hydrogen is dissociatively adsorbed. The postu-
lation that hydrogen is molecularly adsorbed at the elevated temper-
atures used in the methanation process is difficult to believe. In e

subsequent paper, Viasenko and Yuzefovich [6] modified the mechanism to

involve only one type of adsorbed hydrogen:

M+ e+ Hy = MH, (16)
M+ CO- HEQT + & (17)
g + - + -
MCO™. + MH, — MHCOH' + e «+ M (18)
-+ “ .
MHCOH™ + MH, = MCH, + H,0 + M ] | (19)
MCH, + MM, = CHy + e + 2H (20)

It was postulated that the step denoted by (i18) Is the rate determining

step;

The second methanation mechanism was proposed in 1969 by Schoubye
(40T who made a kinetic- study on severzl nickel catalysts. Schoubye
found that his data, which were collected between L&3 and 623K and 1 to

15 atmospheres total pressure, could be fit by a rate Taw of the

following form:

APO.?E

— 2

CHA—

1+ e 1

Hy
By assuming that the major surface species were adsorbed carbon monoxide
and zdsorbed hydrogen, the following simple mé;han!sm was found to %it
the data: '

€O+ 2H 2 MLO (21)
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H2 + 2M 2 2MH! (22)

and/or Hy + 2M 2 MoH, 2 2MH — 2MHY (22
where only MH' and MH' (which are probably idcntical) can react with
acdsorbed carbon mcnoxicde. The author postulates that the dissociation
of the hydrogen molecule is the rate limiting step in the methanation
reaction and that the dissociation of carbon monoxide is a poisoning
side reaction which can occur.

In 1972 Bousquet, Gravelle and Teichner 417 proposed a mechanism
to describe the methanation reaction over a nickel-alumina catalyst at
573K and with total pressures between 0.1 and 1 atmosphere, The
kinetic results did not allow this group to distinguish between a.
Langmuir=Hinshelwcod model and a Rideal-Eley model (see Appandix |1)
for those steps leading to the formation of the MHZCO surface complex.

Therefore, the authors developed a Langmuir-Hinshelwood mechanism in

which adsorbed carbon monoxide is involved in the reaction:

Hy + 2M 2 2MH (24)
0
I
CO+2M32 ¢ (25)
TAY
s? H H\//0
}i + A 2 ? + 2M (26)
MM M
Hp H H OH
o+ L@ Y (27)
M AV
‘PH Qﬁ
C +H, @& C + H,0 (28
8T AT ’
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0
o

C + Hy, 2 2M + CH - (29)

e
3/

and a Rideal=Eley mechanism in which adsorbed carbon monoxide Is an

inhibitor:
Hy + 2ZM 2 ZMH (30)
7
MH + CO ¢ ‘c (31)
M )
VR
ME+ €C 2 € "(32)
] /\
M M M
QPH Qﬁ
€ +H, 2 C +HO (33)
I\ 2 ,4 2
hw )’ :
HH
\ o
C + H, 2 24 + CH - (34)
/ 2 L
At
0
Co+2M2 C ' (35)
/\
M M

Both of these mechanisms are quite reasonable. Each involv;s the
reaction of adsorbed hydrogen atoms and hydrogen gas with adsorbed
carbonaceous intermediates to produce methane and water, It is
interesting to note that, according to these models, the water is at no
time bound to the surface of the catalyst.

Van Herwijnen, Van Doeshurg and De Jong [42] In 1973 developed a
mechanism for the methanation réaction in the Lb3 to 483K range and at

atmospheric pressure. The reaction was found to have a variable CO
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order from +1.0 to -1.0. No attempt was made to obtain a hydrogen
order. The data were fit by the following expression (constant
hydrogen pressure):

AP

co
(1+8P

r =

co
It was assumed that the rate determining step involved the interaction
of two adsorbed species--one‘of which is carbon monoxide or a complex
formed by carbon monoxide. The authors proposed the following inter-
action, involving an adsorbed enol complex and adsorbea hydrogen, as
the rate determining elementary step:
MH,CO + MH, — MH,0 + MCH, (36)
'This is a fairly incomplete description of the methanaticn process
since it does not specify the steps preceding the rate determining step,
nor does it specify the modes of bonding of any of the intermediates to
the surface.
At about the same time as Van Herwijnen's model was proposed,
Fontaine [43] developed a different model of the methanation process,
once again on nickel, For pressures greater than 0.1 atmospheres, the

following four steps were proposed:

CO+ M 2 M-CO (37)
Hy + 2M @ 2M-H (38)
MeH + M=CO 2 MHCO + M (39)
M-H + MHCO 2 MH,CO + M (40)

The last step was found to be the rate determining process. For

pressures less than 0.1 atmosphere, it was determined that two more
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reaction steps were needed to describe completely the methanation
process:

M-H + MH,CO 2 MH_CO + M (&1)

2 3
MHCO + M-H - Products (&2)
As in the case of Van Herwijnen's modei,.Fontaine proposed that the

H.CO surface complex was formed via an irreversible reaction step. In

2
the low pressure case, the last step (produc{ng products) would be rate
determining. The relative rates of these two irreversible steps would
govern the concentration of the adsorbed Hzco intermediate.

In 1975 McGill and Richardson [L44+] proposed a mechanism to describe
their data taken between L23 and 673K over a commercial nickel=-

kieselguhr catalyst. The total pressure was 1 atmosphere. The mecha-

nism that was proposed is as follows:

H, + 2M @ 2MH . S | (L:3)
]
CO+ M@ ¢ . (L)
h .
0 0
il £
ﬁ-!-MH—'t;:-H-!-M (&5)
M M
O
?-H + MH = E-H + M ‘ _ (L6)
M M
?-H ?—H
Iclz-l-: + MH = H-{!:-H + M (&7)
M M
0-H HH ,
| v \/
H-Z‘:-H *HE= L+ M+ RO (18)

M M



H H H
\{ M = HeboH (49)
d
H
H-%-H + MH 2 CH, + 2M (5C)
4 .

This mechanism proposes that atomic hydrogen is the adsorbed form of
hydrogen. The atomic hydrogen in a stepwise fashion attacks the carbon-
containing intermediate.- McGill and Richardson found that at temperatures
- below 473K the step designated by (48) is rate determining. Between 473
and 573K step (45) is rate determining and at temperatures above 573K
it was found that the adsorption of carbon monoxide (L&) is the rate
determining step.

In the same year Vannice [33] reported the results of a study
that established an orcder for methanation activity of the group Vil
metals based upon their specific activities. In a subsequent study
[38] the kinetics of the methanation reaction were measured over the
same metals, The studies were performed at atmospheric pressure and
548K on supported catalysts. Two mechanisms were proposed to describe

the methanation process. The first was postulated for uniform surfaces:

CO + M 2 MCO (51)

Hy + M 2 MH, | (52)

MCO + MH, @ MCHOH (53)
MCHOH + IMH, - MCH, + Hy0 (54)
HeH +(5) M, = cH, (55)

In this mechanism the step designated by (54) s the rate determining
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process and the surface is believed to be predominantly covered with
the MCHOH complex. For non-uniform surfaces with two types of sites,

the following rachanism was proposed:

H_Z + % ;_9_ -.':HZ ] (56)

M+ CO+ Hy - MCHOH (57)

MCHOH + ()3, — MCH, + ¥ + H)0 (58)
b=

HCH, + (-EX)HZ ~ CHy, + M (59)

The two non-equivalent surface sites are represented by M and %, In

order to obtain a fit with this mechanism it was assumed that the step
designated by (58) is the rate determining step. S$ites designated by

M adsorb only carbon monoxide and cover the greater portion of the

surface, Sites designated by * adsorb only hydrogen. The intermediates
in both mechanisms are reasonable, however the.suggestion that one half
(y=1) or three halves éy=3) of an adsorbed molecule could be involved

in the reaction is unacceptable. This is the only mechanism known that
attempts to describe the methanation process on all metals studied

(the value of y depends upon the metal) and it is one of only two
mechanisms that have been proposed to describe the reaction on ruthenium
catzlysts.

About a year later, Vannice's mechanism was modified by Bond and
Turnham [45] to involve @ different form of hydrogen bonding to the
catalyst. A Ru-Cu supported bimetallic catalyst was used to Céilect
kinetic data between 533 énd 673K at pressures of about 0.1 atmosphere.
The modified mechanism for uniform surfaces is as follows:

Hy +2M. 2 2MH | . (60)
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CoO+ M & NMCO (61)

2MH + MCO & MCHOH + 2M (62)

MCHOH + aMH — MCH_ + H,0 (63)
MeH, + (sma)MH "R cn 4 (5-a)m (64)

The step designated as (63) is the rate determining step, as in
Vannice's proposal. This mechanism, although it only describes work
on the Ru~Cu alloy, is more acceptable than vannice's proposal because
the hydrogen is explicitly adsorbed in the atomic form and the

problem concerning fractional adsorbed molecules is eliminated, This,

of course, assumes that Vannice intended that **H, represent an adsorbed

2
hydrogen molecule. His paper did not specify the sort of hydrogen
 bonding involved.

Also in 1976. Araki and Ponec [46] performed some methanation
studies on nickel and ﬁickel-copper alloys. They found that at 573K

and 0.48 torr, the carbon monoxide disproportionation reaction (6)

occurs. This led to a mechanism involving dissociated carbon monoxide:

Hy + 24 2 2MH (65)
CO + 2M 2 MC + MO (66)
MC + MH = MCH + M (67)
MO + MH — MOH + M (68)
MOH + MH ~ H,0 + 2M (69)

The step designated as (67) was postulated as being the rate determining
step. One situation not addressed by the authors concerns the observa-
tion that nickel catalysts tend to coke quite rapidly in Fischer-

Tropsch processes, This coking reduces the catalyst activity
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tremendously., |f surface carbon is the active intermediate then it
would seem that coking would not deﬁrease.the rate so rapidly and
significantly.

Finally, a recent study by Ekerdt and Bell [&7] has reported a
mechanism for the methanation reaction on silica supported ruthenium
catalysts. The study combined infrared and kinetic techniques., A
temperature range of b6k to 548K was.emp!oyed. The pressure was in

the 0.1 to 1.0 atmosphere range. The follawing mechanism was proposed:

CoO+ M g MCO (70)
MCO + M 2 MC + MO (71)
MO + Hy = H0 + M~ (72)
H, + 2M 2 2MH . : (73)
MC + MH R MCH + M ' (78)

MCH + MH @ MCH, + M (75)
MCH, + H, 2 CH, + M , (76)

In order to have this mechanism fit the kinetic data it was assumed
that step (76) was the rate limiting step and that the coverage of
" adsorbed carbon monoxide molecules was much larger than that of any -
other intermediate.

Although some very significant differences exist among these
mechanisms, some general trends seem to be apparent:

1} Each mechanism involves the interaction of one or more
forms of adsorbed hydrogen.

2) All involved adsorbed molecular carbon monoxide except
that proposed by Araki and Ponec. The mechanism by
Ekerdt and Bell involves adsorbed molecular carbon
monoxide which dissociates to form adsorbed carbon and
adsorbed oxygen atoms.
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3) Al involve a H,CO typc adsorbed complex except those of
Schoubye, Akari“and Ponec and Ekerdt and Bell. It is
very likely that a H,CO type compiex is involved in
Schoubye's mechanism, but he does not explicitly state
so.
4) No mechanism except those of Araki and Ponec and Ekerdt
and Bell involves the direct bonding of oxygen to the
surface.
work currently in progress will hopefully increase our understanding
of the mechanism involved in the methanation reaction on a variety of
catalysts,

Ruthenium has been found to be unique among the éroup VIt metals
with respect to the catalysis of the hydrogen-carbon monoxide conver-
sion. Wwhile it is the most active catalyst known for the methanation
reaction, it is one of the least selective for methane formation, with
about 60 per cent methane selectivity under moderate conditions, The
remainder of the products are higher hydrocarbons, and it is these
higher hydrocarbons that contribute to ruthenium's uniqueness,
Ruthenium produces the highest Cs+ fraction of all group Vill metals
even at atmospheric pressure. Under conditions of high pressure and
low temperature ruthenium will catalyze the formation of high molecular
weight (up to 400,000) paraffinic waxes from carbon monoxide and
hydrogen. No other catalyst is known to do this. The products of the
reduction of carbon monoxide over ruthenium are generally a wide
variety of saturated hydrocarbons. Essentially no oxygen containing
compounds are produced (other than H,0 and COZ)' This unique ability

to form high molecular weight compounds coupled with the high activity

of the catalyst has resulted in several investigations that focused on



27

a fundamental understanding of the reaction processes that occur on
‘ruthenium; One of the major drawbacks to the widespread use of
ruthenium catalysts in Fischer-Tropsch/methanation processzs has Eeen
its relatively rapid deactivation under rigorous industrial conditjons.
If this lifetime could be improved and tée selectivity of pfdduct
formation adequately controlled, then the use of ruthenium in processes
that produce saturated hydrocarbons might be ;ossible.

Although ruthenium primarily catalyzes the production of Efgher
molecular weight paraffins the selective formation of methane can be
causzd to occur by modifying the reaction conditions. Relatively few
kinetic studies of the methanation reaction have heen made using
'ruthenfum catalysts. The results of these studies have been fit to

the same rate expression as those studies on other group Vil| metals
(equation (8)). A 5umﬁary of these results is presented in Table 3.

A wide variety of spectroscopic studies has been performed on
carbon monoxide and hydrogen adsorbed on ruthenium. Carbon monoxide
is believed to adsorb in the undissociagfd Formrat low pressures.
Higher pressure pulsed kinetic studies s&%gest that both undissociated
and dissociated carbon monoxide exist in eqdilibrium at temperaturest

_above 373K. 1t'is generally believed that hydrogen adsorbs in the
dissociated form. .

If the two mechanisms that have been proposed to describe the
- methanation reaction on ruthenium are examined closer it is evident
that each ifnvolves steps that are somewhat difficult to Jjustify., For

ruthenium, Vannice found that y=L. This leads to the following rate




Table 3. Kinetics of methanation studlies on ruthenfum

Catalyst Temperature (K) Pressures (atm) Rate expression Reference
Hz co Total
0.5% Ru/Al,0 - ’ _,,1.33.-0.13
. 273 493-533 16.1 5.3 21.4 r(3HZ+co)-kPH2 Pco 48
Ru metal 293-433 0.02-0.05 0.013-0.13 0.01-0,16  r_ =kp’ 49
CH, Hy
PO 273 : ’ ‘ CH, H, CO
5% Ru/Al1,0 L78-503 0.75 0.25 1.0 r =kP]'6P-o'6 33
° 273 : ’ : CH, H, €O
0.5% Ru/A1203 L48-548 1.0 0.0005 1.0 r . =kp 51

ge



29

determining step for his mechanism (determined by substituting y=L into
equation (54)):

MCHOH + 2HH, — CHy, + H)0 - A{77)
This step involves a three body collision which simuftaneoﬁs]y adds four
hydrogen atoms to the intermediate while the carbon-oxygen bond is
being cleaved. So many bonds are being broken and formed during the
rate determining step that ft does not even resemble an élementary
process,

The mechanism by Ekerdt and Bell proposes that the carbon monoxide
molecule dissociates prior to being attacked by hydrogen‘fn the
methanation process. This is in disagreement with not only Vannice but
&iso a considereble amount of spectroscopic and flash desorption
evidence which suggests ;h;t carbon monoxide adsorbs on ruthenium in a
non-dissociated manner. .Also, the authors po;tulate a réte determining
step which inveolves the attack of an adsorbed methylene group by gas
phase hydrogen to form methane. They commenf.that they have no basis
for expecting this to éctualiy occur, but that it does cause the
mechenism to fit the kinastic data.

Two recent studies have probed the effects of temperature, pressure
and space velocity [52] and catalyst suppoft £537 upon the hydrogenation
of carbon monoxide on ruthenium. Catalyst activity and product selec-
tivity were stqdied as functions of these Qériab}es. The results may
be surmarized as follows:

1) Low temperatures decrease the methane seléctivity and

increase the olefin to paraffin ratio in the higher
hydrocarbans. C
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2) The tendency to form higher hydrocarbons increases
with pressure as does the tendency to produce
carbonaceous deposits,

3) Feedstocks with low mole percent carbon monoxide are
selective to methanation.

L) Low space velocity increases methane production.

5) Both Fischer-Tropsch and methanation activities vary
by an order of magnitude depending upon the catalyst
dispersion and support.

8) The fraction of olefins may be increased by having
low carbon monoxide conversions or by using Cr203
or Tho2 to support the ruthenium.

7) Methane selectivity is independent of support. °

8) Isomerization occurs subsequent to and downstream
from straight chain production (probably occurs on
the support).

These results provide guidelines that may be important in future attempts
to produce ruthenium catalysts and processes to selectively convert
carbon monoxide and hydrogen to methane and other hydrocarbons. Recent
evidence suggests that carbon dioxide may be hydrogenated to methane on
ruthenium catalysts (54,557 and that in a mixture of carbcn monoxide and
carbon dioxide, the carbon monoxide can be selectively hydrogenated [567,

It has been suggested that similar intermediates exist for both

the methanation and Fischer-Tropsch reactions. The relative concen-
trations of these surface complexes likely determine which reaction
will occur. The purpose of this study is to develop a mechanistic
understanding of the methanation reaction on unsupported ruthenium

catalysts. An attempt will be made to correlate these results with

other methanation studies as well as with results obtained under



31

canditions that favaored the formation of higher hydrocarbons. The
role of the carbonaceous overlayer present on most Fischer=Tropsch/

methanation catalysts under reaction conditions will also be discussed.



