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ABSTRACT

The kinetics oflmethane-synthasis from H2/CO mixtures has
been studied over Ni, Co, and Fe‘foi%s. The gas composition
of a flowing reaction cell was analyzed using a differentially
pumped, modulated mass-spectromeier. Ni and Co foils that have
been previously oxldlzed and then reduced in H2 at 525-600°K
show a surprisingly high and specific catalytlc activity fbr
mothane formation. No unusual activity was observed over iron
for any of.the surface freatments tried here.. Evidence is also
presented to support a mechénism for this highly specific ieaction

involving a labile surface carbon atom intermediate.

INTRODUCTION

Renewed interest in the industrial scale synthesis of methane and other

hydrocarbons has stimulated a number.of recent studies of the catalytic con-
version of CO/H2 mixtures (1-6). The application of several new experimental
methods to this problem promises toigreatly expand our knowledge of methanation

catalysis and, hopefully, lead to the development of catalyst materials with

improved selectivity and poison resistance. We have relied primarily on
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molecular béém techniquas.to’investigate tﬁp mechanisms and kinetics of simple
catalytic reactions (7-9) and have receﬁtly turned our attention to the
reaction of CO with H, over the grouP VIIi ﬁetals.

ﬁsing a differentially pumped line-of-sight modulated mass-spectrometer
system, we have investigated the ggpditions foi maximum cataiytic metﬁana#ibn
activity over the group VIII metals. This paper describes the surprisingly
high activities observed on speciaily treated high purity (MRC Marz grade)
cobalt and nickellfoils_whereas iron and other of the group VIII matalé
display mﬁch lower activities, in the rang§ usually reported for supported

catalysts.,

EXPERiMENTAL METHODS

"~ In order to more readily survey the activity of various catalytic materials
énd operating regimés, the usual molecular beam vacuum apparatus was siightly
modlfled as shown in Fig. 1. In this arr#ngement, a catalytic reaction ce11
replaces the usual beam source and the mass~spectrometer detector is p051t10ned
directly in the line-of-sight path defined by the molecular beam apertures.
Thus, we very readily achieve a differentially pumped line-of-sight moduiated
‘mass'Spectrometer system that caﬁ be usedbto sample the éomposition of the gas -
which flows through a small orifice (.010"'-.020" dia) in the wall of the reactor
cell. Indeed, accurate kinetic data can be obtained by this axrangement if the
conditions within the cell are such that the reaction is k1net1cally limited
and the gas compositien is‘reiatively uniform. These requiremencs are easily
sétisfied at low total éonversioﬁs and for pressﬁres within the cell in the

1.0 Torx range or below.



The data reported here were obtained uéing‘a‘reaction cell constructed
‘as shown in exploded view in Fig. 1. The catalyst foil with dimensions
0.5 X 4.5 x .005 in is formed into a closed spiral and inserted tightly into
a 1-3/8 in long inert metal (tantaium) hga;ing tube as indicated in Fig. 1.
Tantalum wafers are positioned against,thevopen ends of the catalyst foil
spiial and, finally, machined stainless stéal caps are inserted over the ends
of the tantalum tube. -These end'caps fit jnto water cooled stainless steel
rods that are part of the normal beam source apparatus. The reaction cell is
're51st1vely heated by passing current through the cell via the end caps which
remain relatively cool by virtue of the water cooled support rods..

In operation, various gases énd gas mixtures canAbe circulated through
the cell via one of th§ end caps,lthroughvé small hole in the center of the
tantalum wafer and into the catalyst f611 region. After circulating around
ﬁhg foil spiral, the gas flows ouﬁ a smﬁll hole {0.010"-0.020" dia) drilled
through the outer tantalum tube and the outer wall of the catalyst foil.

Thé other end cap leads to‘a capa#itance type manometer (Validyne Model DP7})
and normally no gas flows in this seétion:of the line. The temperature of
Ithé cell is monitored by means of a thermocouple attached to the outside wall
of the cell and, above 1000°K, with an opfical pyrometer by looking into the
cell via the line-of-sight path through the mass-spectrometer. The teﬁperature
" uniformity of the cell appears to be adequate for the present experlments,

' although some degree of temperature variation undoubtedly exists within the
cell. However, the thermocouple and pyrometer temperatures wexe with 20%¢

. at 1000°K for various pqsitions of the thermocouple and the temperature
uniformity was undoubtedly enhanced by the'high thermal conductivity of

the hydrogen inside the cell during the methanation studies.



“The surfaceé of the‘catalyst'foils wore cleaned in situ by alternate
oxygen and hydrogen exposures at elevatedvtempernturas;l Reduction at
femperaturgs as high as 1400°K was used to remove all surface oxygen.
Various femperature‘and exposure ¢ycles were tried with reproducible results
indiéating that surface contamination,-eitﬁer from the gas phase or from
the bulk, was not-a problem. Research grade gésas flowing through baked-out
sfainiess steel lines contained less than ppm leQels_of impurities as
determined directly bylmass-spectrometric ﬁeasurement. Thus, the system is
' quite clean compared with typical flowing catalytic reactor systemé while
‘possibly still being relatively cénta@inaﬁed when compared with surfaces
preparéd under UHV conditions. Tﬁis is an advantage from one point of view
since this system provides conditions‘int§rmediate between typical high
préssure (one atmosphere and abova)‘catalytic reactors and UHV single crystal

studies.

'RESULTS AND DISCUSSION

Using this'experimental arrangement, methane production was observed
over the high femperature reduced surfaces of Ni, Co and Fe in the‘expected
'temperature range of 525-600°K. ‘The HZ/CO mixture ratio was typically "

kept at about 40:1 H, to CO to maintain a carbon free surface. High H2 to

2
CO ratios are also required to maintain approximately equal surface con-
centrations of these gases becau$e of the highexr heats of adsorption of CO

" on these Surfaces; In the coursé_of'this work it was observed that a greatly

eﬂhanced methanation activity could be obtained over Ni and Co if these surfaces

were reduced, after oxygen exposure, at methanation temperatures (525-600°K)



rather thnn at high fomporatoros (abovo'éooox).‘hNo ﬁhooedore'couid be foundl
which resulted in any extraordinary activity in the. case of Pe, however, Wz  *f‘

For tho conditions reported hexe, oxygen pretreated Co is more than an .
order of magnitude more active thah 51m11a?1y prepared Ni foil.. The act1V1tles .
in Figs. 2 and 3 are oxpressed as‘turnQVeo numbers, | |

product molecules
metal siteé-sec

N =
which were calculated oﬁ the bosis‘of 1015 metal sites/cmz and the geometricai
aréa of the catalyof foil Howevor, exposure of the foil to oxygen 1ncreasos
the surface area somewhat and thls factor coupled w1th other uncertalntles in
jthe calculation make the absolute values of the turnover number 51m11ar1y
uncertain. Thus, we have likely gverestimated the turnover numbers in both
Figs. 2 and 3 by about a factor of 2. IHowever, these turnover numbers are.
foo a tofal pressure of 2 Torr, whereas methanation rate data are usually
heported for pressures of one atmosphere.

In addition to CH,, which was detected as CH HZO was also obsorved mass-

4’ 3?
spectrometrically during methanation in qoant1tles comparable with methane.
~Small amounts of CO, could also bo dotectod ao a reaction product but ité
rate was very slight in excess hydrogon where high methanation rates weré-
observed. Other higher hydrocarbon produoﬁs such as ethylene, ethane, etc.,
as well as alcohols were looked for but not observed. On activotod Ni and Co
foils under reaction conditions where high methanation rates were observed,
hydrocarbons other than methane, if any, must constitute substontially less
than 1% of the reaction ﬁroduct..

” Temperature Depéndence
 Data for the hemperature dependence of the catalytic activities of Ni and
Co foils reduced at 525-600°K after oxygen exposure at 800°K are given in

Fig. 2. For these measurements the HZ/CO ratio was maintained at 40:1 at

5



a total pressure inside the cell of 2 Torr. With a 0.020 in orifice in the
cell tho flow rate is such that the gas mixture spends, on the average,

3 b 10 -2 sec w1th1n the catalyst cell VOlume (2.3 cm )
The temperature dependence data were. rever51b1e for temperatures below

'600‘K At higher temperatures the data polnts represent initial rates. whlch
'slewly decayed to much lower steady-state yalues. Thrs decay was 1rrevers;b1e‘
'with temperature, but the initial activities of both Ni and Co foils could
be restored by exposure to oxygen followed by reduction at 525-600°K. At
temperatures above 600 K graphite formatlon becomes rapid on these surfaces '
‘and it is believed that the surface becomes deactlvated at these temperatures
as the result of the formation of a stable graphite overlayer. The slope of
' the temperature.dependence data of Fig. 2 indicates an activation energy of
17i} kcal/mole for the rate limiting step on both foils.
/CO Dependence'

| Figure 3 presents methanatlon rate data at 550°K over Co foil, . prepared
_'as in Fig. 2, as a function‘of the HZ/CO ratio. The rate is seen to be |
approxirately first erder in CO concentration up to 0.6% CO, then approximately
zero order,tok4% co. ;The data below 4% were stable and reversible. Above
4% CO.coneentratiOn_ there was a rapid drreversible decrease in the rate.
The'data_points in Fig. 3 from 4% to 20% CO are steady-state rather than
~ipitia1 values and represent apparently steady-state values obtained after
.operating for about one hour at each point. When all of the CO was removed
from the gas flow after the last data point at 20% CO was taken, a slow but
detectabie'rate of CH,4 formation still persisted with oely H, gas flowing
through the cell.' Replacement of.the H /CO mixture with 0, gas in the cell
at 550°K produced strong €O and Co, 51gnals at the mass—spectrometer that

persisted for a long period. These results suggest that the catalyst

6



foillhad absorbed a large amount df carbon -into the bulk during operation
at éO concentrations greater than 4%, The full catalytic activity of the Co
foil could be restored by repeated oxidation-reduction (0,-H,) cycles at
higher temperatures to remove all carbon with the final reduction cyclé
carfied out at 525-600°K.
Surface Conditions
Our inability, in this experiment, to_directly investigate the catalyst

surface ;omposition and structure ig.gigg, e.g., via LEED, AES and photo-
electron spectroscopy, leaves us with only indirect inferences regarding
the catalyst surface conditions during this experiment. The data of Figs. 2
and 3 may or may not be representative of methanation activities over clean
pelycrystalline Co and Ni. Certainly oxygen exposurc at elevated temperatures
should have removed most of the near-surface carbon, the most probable impurity
in this work. Also, oxidation-reduction cycles increase the surface areas
somewhat through roughening, as evidenced by the matte finish the shiny foils
acquire during this procedure. Thus, a somewhat higher activity after oxidation-
reduction cycles is not surprising. However, the Fe foil was not particularly
affected by this treatment and its activity for methanation was down by more
than an order of magnitude from Ni and two orders less than Co. Thus, the
activity of iron is in the range:reported‘by Vannice at one atmosphere (N < 0.1)
(1), whereas the activities of Ni and especially Co appear'to be anomalously
high. Reduction by exposure to hydrogen at higher temperatures, above 800°K,
drastically lowers the activities of Co and Ni down to levels comparable to Fe.

Tﬁis'obserVation suggests that oxygen may be playing a role other than just to
éimply remove‘surface contaminants. Augér analysis of»the highly active foil
surfaces was.carried out in a separate u}tra-high—vacuum facility and revealed

about 2% oxygen, even after removal of the first few surface layeré by ion



sputtering. .Although low levels of oxygen are not sufprising, even without

deliberate oxygen exposure, its presence is further suggestive of its possible
role in enhancing the catalytic activities of Ni and Co. Carbon was the only‘
other detectable surface impurity by Auger analysis.
| Adsorption Kinetics

From the data of Fig. 3 it i# obviou; that at H2/C0 ratios approaching
-stoichiometric, the catalytic activity of Co (and Ni) falls off drasticail&
due both to poisoning from excess surface carbon at CO levels above 4% as
we;l as kinetically unfavorable ;oncentrations of H2 and.CO on the surface.
Using typical values for heats of adsorption on Ni of 18 kcal/mole for
hydrogen and 28 kcal/mole for CO:CIO), at 550°K the ratio of surface con-
centrations of H2 to CO, at equal adsorption rates, is about 1:104. At
our typical HZ/CO ratié of 40:1, the surface concentrations would then be

-aﬁout 1:250 HZICO. For the overall reaction

| 3H, + CO +CH, + H,0 |
we heed a surface concentration. of H2 three fold greater than CO. This suggests
that, from a kinetics point of view, the proper HZ/CO ratio in the gas phase for
maximum methanation rate should be roughly 3 x 104:1 H2 to C0. The obsefvation
here that the kinetics are optimized at substantially lower Hzléo ratios
ippliés that, once on thé surface, CO is‘propértionately less reactive than
H, (which is presumably chemisorbed as highly reactive atoms}. In the fore-
gsing arguments we have neglected the prgbable effect of different adsorption
(Sticking) probabilities for Hz.and C0. Usually, the sticking probability of
_ H2 is found to be greater than 0.1 on these surfaces (11-13). However, for ,
surfaces partially covered with CO and other adsorbates and impurities such as
carbon, the adsorpfion rate of H, very likely decreases to significantly below

fhat of CO (14,15). This factor acts to decrease the equiiibrium surface con-

centration of Hz relative to CO even further. Thus, under kinetically ideal



conditions, it appears probable that the reactivity of surface CO is rate
iimiting, as has often been suggested (16). The most sensitive parameters

in thi; argumént are the relative heats of adsoxption of H, and CO although
the chemiso:ptiun of H2 may also be quife sensitive to CO coverage as well
(14). Since methanation is usualiy carriéd out with nearly stoichiometric
HZICO gas mixtures, the surface in this regime is so overwhelmingly dominated

by‘adsorbed CO that H, adsorption is limiting in this case as indicated by

2
the build-up of excess surface carbon. Again, these arguments are tentative
in the absence of accurate heat of adsorption data for the precise suifaces
and adsorbate coverages encountered under methanation conditions.
| Reaction Meéhénism
The simplest mechanism to c@nsider for the surface process leading to

methane formation is the following:

H,(g) + 2H(s) w,
Co(g) + C(s) + O(s) (2)
2H(s) + 0(s) + H,0(g) @™
CCs) + 4H(s) + CH, (8) *)

although other mechanisms involving various intermediates such as HCO have
been suggeéted (4,16). Steps (35 and (4) are assumed to occur in a step-wise
manner in which H atoms are ;ddeé sequentially since this is kinetically much
more likely. Step (2) is perhaps.the mosﬁ suspect bui its rate can be estimated
by means of the disproportionation.reaction

2co{g) + C(s) + CO,(g) ' (5)
which can easily be measured with our apparatus. We observe that the initial

rate of (5) in the absence of hydrogen is comparable with the peak methanation

rate at the same temperature, so it appears that step (2) proceeds at



approxiﬁately the éorrect_rate tolbe tonsidered as the primary reaction path
for methanation. ‘Thus, we presently favor the view that methanation proceeds
via a labile carbon intermediate, whereas gt températures above 600°K, graphite
- formation deactivates this carben and poisons the catalyst surface., Further
dlrect surface studles will, of course, be necessary in order to confirm thls

suggestlon.

~ RELATED STUDIES

Numerous studiés relative to H, and Cb chemisorption on the group:VIII and
other metal surface§ have appeareé in the literature since the work of Sabatier
at the turn of the century. Because oflthé widely diverse results inclu&ed in
thlS work, a 51m11ar1y diverse Tange of points of V1ew can be supported by

JUdlClOUS choice of reference 11terature. However, it is tempting to cite

some falrly recent surface studzes involving H and CO that bear on the present
work.

One of the few published stuﬁies of methanafion at high H2/C0 ratios is
-the‘recent work of Fontaine (4). He studied Ni supported on 5i0, for
HZ/CO = 50/1 in the temperature rangeA485;598°K.. Although his turnover rate
was apparently quite low he observed an activation energy of 18+.5 kcal/mole
‘fbf the methanation reaction, in close agreement with the results reported
here. |

Regarding activation‘of Ni.énd Co foils it is interesting to mote that
Selwood has observed very rapid ortho-para conversion of hydrogen over Ni oxide
supported on alumina when reduced in hydrogen in the range 673-763°K (17}.
But when the same'catalyst is réducgd at 873%K the catalytic activity is
‘reduced by more than two orders. This is the temperatuie range where a

10



similar loss of activity was observed in the present study and suggests that

sites with high activity for non-dissociative ortho-para conversion are also

" very active for methanation catalysis.

There‘is_upparently some controversy about the rate of CO dissociation on

: Ni‘and Co surfaces. On single crystal surfaces at room temperature the rate is
evidpntly too slow to be detected for exposures typically used in adsorption

studies. However, Madden and Ertl have studied the adsorption of CO on Ni(110)

and found that when this surface is heated in CO the CO dissociates into in-
dividually bound carbon and oxygen atoms (18). The oxygen atoms are then

rapidly removed by reactiqn with CO to form COZ' Tottrup, in a separate study

of the Boudouard (disproportionation) reaction over alumina supported Ni found

2

results are consistent with the view that methanation proceeds via a labile

“that both H, and HZO have a small retarding effect on the reaction (19). These

surface carbon intermediate and that surface hydrogen does not enhance the
scission of CO molecules on thé surface through the action of a hydrogen

éontaining intermediate such as HCO.
SUMMARY
The experimental method used in this work allows rapid and accurate mea-
suréments-bf reéction_products over a wide range of experimental conditions,
and .in A pressure regime.intermediate betweén high vacuﬁm "clean" surface

studies and fypical‘flowing reactor systems. By operating under kinetically -

idééi coﬁditions, we'haﬁe“beeﬂ able to stu@y the catalytic methanation activity
 of several groﬁp VIII metal foils which were prepared by various procedures.
The fesults indicate fhét Qery substantiallchanges in catalytic activity can
be_achiefed.over surfaces prepared under_slightly different conditions. The

'application of the highly active catalyst surfaces produced in this work to

11



practicai large-scale methanation is still questionable at this point.
However, a more thorough undexstanding of the important parameters in this{
reaction may suggest ways of improving the process.

Purther studies are suggested'by the present results, inéluding detailed
surface studies to determine features assuciated with the high catalytic
activities seen here. Also, relatgd studies should be carried out at higher

pressures to determine catalytic behaviox in the usual methanation regime.
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FIGURES

'_Schemntic of differentially pumped modulated mass-spectrometer

and exploded view of reactlon cell construction.

o Arrhemus plots of mass-spectrometer (CH3] data over actlvated
Ni and Co f01ls at H2/CO ratio of 40z 1 and total pressure of -
2 Torr.. Turnover numbers based on geometrlcal f011 area.

.Methanatlon rate versus CO/H ratio over act1vated Co foil at

550°K and total pressure of 3 Torr. Turnove: numbers based
on geometrical foil area.
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