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Abstract 

The synthesis of hydrocarbons from CO and H2 was 

studied on a silica-supported'Ru catalyst and the species 

present on the catalyst surface were characterized by 

infrared spectroscopy. Initial rates of methane formation 

, 5 
were correlated by the expression NCH = 7.4 x 10, exp 

4 
(-24,OOO/RT)P~·5 /Pgo? The synthesis of ethane, propylene, 

2 
and propane, the ~rinciple products observed in addition 

to methane, was favored at high CO partial pressures, low 

H2/CO ratios, and low temperatures. The primary feature 

-1 observed in the infrared spectra was a band at 2030 cm , 

associated with ch~misorbed CO. Neither the position nor 

intensity of this band was affected by the CO partial 

pressure or the H2/CO ratio. The CO band intensity did 



decrease with increa.sing temperature due to a decrease 

in CO surface coverage. Bands were also observed at 

-1 
2950, 2910, and 2845 em and were assigned to hydro-

carbon structures surrounded by chemisorbed co. These 

s"tructures could be removed from the catalyst surface by 

hydrogenation, but do not appear to be intermediates in 

the synthesis of stable products. Reduction of the 

catalyst following steady state reaction revealed that the 

work.ing catalyst maintains a reservoir of carbon 

several Ru monolayers in magnitude. A part of the 

carbon appears to be dissolved in the Ru but all of it 

readily reacts with" H2 to form methane, ethane, and 

propane. Carbon deposition mechanisms and the role of 

carbon in the synthesis of hydrocarbons are discussed. 



INTRODUCTION 

'lhe characteristics of ruthenium catalysts for the 

synthesis of methane and higher molecular weight hydrocarbons 

from CO and H2 have been discussed in a number of recent publi-

1. 

"'i cations (1-11). Prime motivations for the interest in ruthenium 

.. 

have been its very high specific activity for methane synthesis 

and its high slectivity for the formation of straight-chained 

hydrocarbons. Concurrent with studies of overall catalyst 

performance efforts have been undertaken to define the 

elementary processes involved in the conversion of CO and H2 

to hydrocarbons. In this context, attention has focused on 

tvm principle questions. The first is whether synthesis is 

initiated by the direct hydrogenation of adsorbed CO to form an 

oxygenated intermediate or by the dissociation of adsorbed CO 

to form carbon, which is subsequently hydrogenated. The 

second major question is whether propagation of carbon chains 

occurs by CO insertion into adsorbed alkyl-type intermediates 

or by polymerization of CH fragments. Arguments for both 
x 

sides of these qu~stions can be _-found in the literature. -

Support for the direct hydrogenation of chemisorbed CO 

has come mainly from the interpretation of kinetic data. 

Vannice (E) and Ollis and Vannice (8) have proposed that 

methanation over Ru and other group VIII metals is initiated 

by the reversible hydrogenation of chemisorbed CO to form an 

enol intermediate. The rate determining step is taken to be 

th~further hydrogenation of the initial intermediate. Based 

upon this hypothesis, rate expressions were developed which 



could be mad~ consistent with those observed experimentally. 

Direct hy"dr:ogenation of chemisorbed CO to form an oxygenated 

intermediate has also been proposed as the first stage in 

Fischer-Tropsch synthesis by Dautzenberg et ale (9). Chain 

growth is envisioned to occur by repeated CO insertion into 

the primary intermediate followed by hydrogenation. Using 

this mechanism the authors developed a kinetic model to 

correlate product distribution data obtained from transient 

response experiments. 

Experimental evidence supporting the idea that CO 

dissociation to form carbon is an essential initial step in 

the synthesis of methane has recently been presented by 

Rabo et al. (12). In studies with silica-supported Ru these 

authors observed that at 300°C passage of CO pulses over the 

catalyst led to the formation of CO 2 and the depdsiti6n of 

carbon on the catalyst surface. The carbon thus deposited 

could be hydrogenated to produce methane at room temperature. 

No rnethane was observed under similar conditions when only 

chemisorbed CO was present on the catalyst. Similar results 

have also been obtained by McCarty et ale (13) and Low and 

Bell (14). Further support for CO dissociation as an 

importan"t step has come from the work of Dalla Betta and Shelef 

(4). The absence of an H2/D2 kinetic isotope effect on the 

rate of methane formation was taken as evidence that CO 

di.ssociation might be a r-ate determining step. 

Several s"tudies have been undertaken to observe 

Fischer-Tropsch intermedi~tes by infrared spectroscopy. Dalla 

Betta and Shelef (3) , and King (15) have observed that the 

2 . 
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primary species present on an alumina-supported Ru catalyst 

is chemisorbed CO. Hydrocarbon and formate species were also 

evident but isotopic substitution experiments (3) led to the 

conclusion that these structures were inactive reaction 

products adsorbed on the alumina support. Infrared 

investigations have also been carried out on silica-supported 

Ru catalysts by Ekerdt and Bell (16) and King (15). Here 

again adsorbed CO was observed as the primary adspecies. 

Hydrocarbon species were also detected but there was no 

evidence of the formate structure seen on alQ~ina. 

The present studies were undertaken to further 

investigate th~ mechanism and kinetids of hydrocarbon 

synt.hesis over Ru. An important objective of this effort 

was to determine the role of chemisorbed CO in both the 

initiation and propagation of hydrocarbon synthesis. For 

these studies in situ. infrared spectroscopy was combined 

with measurements of reaction rates both under steady state 

and transient conditions. 

EXPERIMENTAL METHODS 

!.\-lP~ratus 

'rhe reactor used in this work is shown in Fig. 1. 

It was designed to fit within the sample compartment of a 

Perkin Elmer 467 infrared spectrometer so that infrared 

spectra of species adsorbed on the catalyst surface could be 

recorded under reaction conditions. The rectangular inner 

chamber of the reactor i.s made of stainless steel and is 

aluminum coated on the inner surfaces to reduce the catalytic 

activity of the walls. The infrared beam passages through 

3. 



this chamber are covered bY,ZnSe windows sealed to knife-edge 

flanges by Vac-Seal. Strip heaters placed on the top and 

bottom of the chamber allow it to be heated to 30QoC, an upper 

limit set by the use of ZnSo windows. The outer chamber is 

also made of stainless steel but the beam passages through 

this chamber are covered by'KBr windows. To minimize heat 

losses the space between the two chambers is evacuated. 

A catalyst wafer, 25 mm in diameter and weighing 

180 mg, is supported on the sample side of the inner chamber 

of the reactor. A second wafer, made of the catalyst support 

alone, is supported on the reference side of the inner chamber. 

The wafer temperatures are monitored by stainless steel 

sheathed thermocouples positioned adjacent to each wafer. By 

using two wafers, the superposition of the catalyst support 

spectrum on the recorded spectrum is minimized. Furthermore, 

due to the identical path lengths through the sample and 

reference sides of the inner chamber the gas phase spectrum 

is also suppressed. 

The reactor is connected to a gas flow system. To 

insure a nearly uniform gas composition within the reactor, 

gas is recirculated from the inlet to the outlet of the 

reactor by a 40 {/min stainless steel bellows pump. 

Reactants are introduced into the recirculating gases and a 

comparable flow of products is removed continually. During 

the measurement of reaction kinetics the recycle ratio is 

maintained at 200 to 1 to assure differenti~l conversion per 

pass through the reactor. To avoid flowing hot reactants and 

products through the pump, the gas leaving the reactor is 

4 . 
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cooled in a length of aluminum tubing prior to entering the 

ptill1p and heated in a second length of aluminum tubing upon 

leaving the pwnp and returning to the reactor. The effluent 

from the gas recirculation loop is passed through a dry ice 

trap to _r:erriove vlater and then analyzed by 9as chromatography. 

A 124 cm column packed \-vith Porapak Q is uSiO::d to separate all 

of the reaction products. 

Mater-ials 

A 5~~ RU/Si0
2 

catalyst was prepared by impregnating 

Cab--O-Sil HS·-S wi-th a solution of Rue1
3

' 3H
2
0. The slurry viaS 

fieeze-dried and then reduced for 2 hrs. in flowing hydrogen 

400"C. The surface area of the reduced catalyst was 

determined by H2 chemisorption. Prior to measuring the H2 

uptake the catalyst was reduced in H2 at 400°C for 2 hrs. and 

then evacuated at 400°C for 2 hrs. Chemisorption Was then 

carried out at 100°C in 400 torr of H2 (17). The equilibrium 

up-take was determined to be 22 ~moles of H2 per gram of 

catalyst. Rates reported here as turnover numbers were 

deterrrined using H2 uptake as a measure of Ru surface area. 

'lhe gases H2 (99.999%), D2 (99.7%), and He (99.998%) 

were used without further purification. Carbon monoxide 

(99.8%) was purified by passage through a trap of dry ice 

prior to entering the reactor. 

RESULTS 

Kinetic Measurements 

Preceeding each measurement of reaction kinetics the 

catalyst -was reduced overnight in flowing H2 at the intended 

5. 
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reaction temperature. Following the introduction of the 

reaction. mixt_ure the gas composition was analyzed as a function 

of time. Figure 2 illustrates an example of the data. The points 

show that the rate of methane formation, relative to the 

initial rate measured at 10 min, declines as a function of time, 

indicating a loss in catalyst activity. The rate of de

activation is seen to increase as the ratio of H2 to CO over 

the catalyst is decreased. For a fixed H2/CO ratio the 

deactivation rate is also observed to increase with CO partial 

pressure as shown in Fig. 3. The catalyst deactivation is 

reversible, h.owever, and the original activity can be 

restored by heating the catalyst overnight in flowing H2 at 

temperatures between 190 and 275°C. 

To minimize the influence of deactivation on the: 

measured kinetics, only the initial rates, measured at 10 min, 

were used. Data were taken at CO partial pressures between 16 

and 200 torr, H2/CO ratios between 1 and 20, and temperatures 

between 191 and 275°C. The. CO conversions observed ranged 

from 0.1% for the lowest reaction rates to 40% for the highest 

rates. As exemplified by the data shown in the legends of 

Figse 2 and 3, the rate of methane formation was observed to 

increase with H2/CO ratio at a constant CO partial pressure 

and to increase with CO partial pressure at a constant H2/CO 

rat.io. 

The dependence of the rate of methane formation on the 

partial pressures of H2 and CO was determined by a nonlinear 

least squ~re fit of the accumulated rate data to the 

following empirical expression 



A -E/RTp X p Y 
e "R· CO 

2 
(1) 

where NCR is the rate of methane production per surface Ru 
4 

site, where A is the pre-exponential factor, E the apparent 

activation energy, and X and Y ar~ exponents on the partial 

pressures of H2 and CO respectively. The quality of the fit 

between the data and egn. 1 is shown in Fig. 4. Over three 

orders of magnitude in NCH4 , the average absolute relative 

deviation between the calculated and observed turnover 

numbers is +15%. 

fu addition to methane, the products were found to 

contaih ethane, propylene and propane. Ethylene, when 

detected, was present only in trace quantities and its 

concentration could not be determined accurately. The yields 

of higher molecular weight products were independent of 

catalyst deactivation, indicating that overall activity as 

well as methanation activity decays with time. The dependence 

of product distribution on reaction conditions is shown in 

Figs. 5 through 7. It is apparent that the formation of 

high relative yields of C2 and C3 products is favored as the 

temperature and the H2/CO ratio decrease and as the partial 

pressure of CO increases. A particularly interesting 

product compc)sition was obtained w-hen the temperature was set 

.to 191 0 K,the CO partial: pressure to 195 torr, and the H2/CO 

ratio to 2. Under these conditions only propylene was 

observed in addition to methane and the propylene to methane 

ratio was essentially on~ to one. 

7. 



rrhe only nonhydrocarbon product observed in significant 

concentrations was water. Carbon dioxide was detected but its 

concentration was negligible compared to that of water. These 

results indicate that the reaction products are far from 

equilibrium with respect to the water gas shift reaction. 

In Situ Infrared Spectroscopy' 

Fig. 8 shows typical infrared spectra recorded under 

reaction conditions at 191, 225, and 275°C. At all three 

temperatures themos-t prominant feature is a strong band at 

2030 em-I, characteristic of CO linearly adsorbed on a fully 

reduced silica-supported Ru catalyst (18,19). The position of 

the CO band remained constant to within +5 cm -1 for all of the 

reaction conditions used in this work and did not change as 

the catalyst deactivated. The dependence of the CO band 

absorbance on reaction conditions is shown in Fig. 9. The 

data point:s show that at a fixed temperature the absorbance 

is essentially independent of either the CO partial pressure 

or the H2/CO ratio. Whatever variations are observed are 

well within the scatter of the data. While not noted in 

8. 

Fig. 9, it was found that the band intensity was also independent 

of the extent of catalyst deactivation. To further test 

wb.ether the presence of H2 affects the intensity of the co 

band, the catalyst was contacted with CO/He mixtures in which 

t.he CO partial pressures vlere similar to those used' under 

reaction conditions. The resulting spectra showed a CO band 

centered at 2030 em-I, identical in shape to that shown in 

Fig. 8. At each temperature, 1:he CO band absorbance was 

essentially the same as that given by the hm:'izontal lines 



shovm in Fig. 9. '.rhe only variable found to influenc€~ the 

CO band intensity wa;" temperature. Both in the absence and 

presence of H2 the band intensity was observed to decrease 

with increasing ternpera~ure. 

Spectrum d in Fig. 6 shows three bands at 2950, 2910 

and 2845 cm- 1 in addition to the CO band at 2030 -1 
cm These 

new features are observed only at 191°C and only when the CO 

partial pressure is above IBOtorr and the H2/CO ratio is 

below 2. The bands increase in intensity very slowly and 

become prominant only after 20 min. Based upon the positions 

-1 of ·the bands, the weak shoulder appearing at 2950 cm can be 

assigned to C-H stretching vibrations in methyl groups while 

the two more intense peaks at 2910 and 2845 cm- l can be 

assigned to symmetric and asymmetric C-H vibrations in 

methylene groups (20). 

To. determine whether the observed C-H stretching 

frequencies might be due to the adsorption of hydrocarbon 

products on either the Ru or the support a gas mixture con-

taining CO, CH4 , C2H4 , C2H6 , C3H6 , C3H81 and CO 2 was passed 

over the catalyst at 191 DC. No absorbtion bands were 

observed. This indicates that the hydrocarbon adspecies 

giving rise to the bands in the vicinity of 2900 cm- l are not 

:ceaction products adsorbed from the gas phase, but rather 

~ adspecies formed during .the course of the reaction. 

A number of experiments were performed to determine 

the stability and reactivity of the adsorbed hydrocarbon 

species and their possible role in the formation of reaction 

products. In the first experiment a mixture of CO and H2 

9. 



was fed to the :r.eactor, maintained at 191°C, for 1 hr. The 

feed was then switched to a CO and D2 mixture for 1 hr and 

then finally back to the original feed. It was observed 

that the bands at 2950, 2910 and 2845 cm- l remained un-

changed upon substitution of D2 for H2 but that a new set of 

-1 . 
bands were formed at 2210, 2180 and 2090 cm 1 corresponding 

t:o t:he fully deuterated forms of the hydrocarbon adspecies. 

10. 

Upon return to the feed containing H2 , the bands associated with 

the deuferafed structures stopped growing ~nd the~bands correspon-

ding to the hydrbgen containing struc·tures resumed their growth. 

In the second experiment, a run was first carried 

out at 191°C. At the end of the run, the flow of H~ was 
~ .. 

stopped and t.he flmv of CO and He continued until H2 h<;ld been 

eluted from the reactor. The CO flow was then terminated 

and CO was eluted from the reactor by a flow of He. Spectra 

of the surface taken after the elution of H2 and CO are 

~,ho\'m in Fig. 10. Spect.rum b is identica.l to that recorded 

under reaction conditions. Spectrum c taken after the 

elution of CO, shows that the CO band has shifted to 1940 

and diminished somewhat in intensity. The shift in the CO 

band frequency from 2030 cm- 1 to 1940 cm- I suggests that a 

fraction of the CO monolayer has des orbed and that the 

-1 cm 

.remaining adsorbed CO is strongly bonded, possibly--iil. a bridged 

fashion (21).' It is important to note, however, that the 

adspecies responsible for the hydrocarbon bands are stable 

'even in the absence of gas phase H2 and co. 

.-"<. 



Following the elution of CO in the experiment just 

described, a flow of H2 in He was introduced into the reactor. 

Spectra taken subsequently show that the bands associated 

with the hydrocarbon species and the CO band are rapidly 

at.tenua.t.ed and wi thin 4 min are complet.ely removed from the 

I,i spectrum, These observations show that the hydrocarbon species 

are stable in the presence of adsorbed CO but are rapidly 

hydrogenated once CO is removed from the catalyst surface. 

Reduction of Carbonaceous Residues . __ ._----_._-------
Following each steadY-estate experiment the flow of 

CO to the reactor was stopped but the flow of H2 and He was 

continued. The purpose of this procedure was to flush the 

reactor of CO and to remove any carbonaceous residues from 

the catalyst by reaction with H2' Reactor effluent 

compositions and infrared spectra taken during this period 

provided important information with regard to the identity 

and reactivity of the species present on the catalyst 

surface at the end of a run. 

Figures 11 and 13 show the relative absorbance of 

the to band, appearing at 2030 crn- l , as a function of the 

t:ime si.nce termination of the CO flow. The curves for all 

four ruris are qualitatively similar. Initially the relative 

absorbance remains constant at unity and then ata well 

~ defined moment falls rapidly to zero. Similar patterns 

were also observed at 225 and 275°C. As the temperature is 

increased the time at"which the CO band disappears becomes 

short.er, 

11. 



To interpret the curves of CO absorbance versus time 

it is necessary to know the ~ime dependence of the CO partial 

pressure in the gas phase. Unfortunately, over the time 

span shown in Figs. 11 and 13 only one gas sample could be 

analyzed. The CO partial pressures determined from these 

analyses divided by the steady state CO partial pressures 

are indicated by the isolated data points. Since there is so 

little composition data, an upper bound on the CO partial 

pressure is shown as well. 

Figs. 11 and 13 are given by 

p CO (t) IP CO ( 0 ) = 

The straight lines appearing in 

-tiT e (2) 

which represents the time dependence of a nonreacting 

component eluted from a well-stirred vessel (2.2). The 

parameter T in eqn. 2 represents the reactor space time 

(typically 2.6 min.). The location of the measured values 

of Pco(t)/Pco(O) show that the CO partial pressure falls off 

~ore rapidly than predicted by eqn. 2, thereby indicating that 

a fraction of the CO reacts as it is eluted. 

The curves of relative CO absorbance can now be 

understood by recognizing that as long as the CO partial 

pressure is sufficiently high, "the Ru surface remains 

essentially saturated with ·CO and the relative absorbance 

is unity. Once the CO partiaJ pressure becomes significantly 

less than a torr the readsorption rate can no longer keep up 

with the rate of CO removal from the surface and the 

relative absorbance falls. Consistent with this picture we 

observe that the time at which the decay in absorbance 

12. 



begins depends upon the CO partial pressure used at steady state 

but is independent of the steady state H2/CO ratio. The slight 

disp1acemen·t in curves for the two runs shown in Fig. 13 is 

totally due to the differences in the flow rates of the H2/He 

Btrea2US used in these runs. 

The decay in CO absorbance which occurs at low CO 

pressures could either be due to desorption or reaction with 

H
2

o '1'he first of th2se. possibili ties can be excluded based 

upon experiments in which He alone was used to elute the co. 

During these experiments the co absorbance remained at near 

saturation levels even though the co partial pressure was 
-1 

reduced to the order of 10 - torr. On the other hand, when H2 

was present in the eluting gas, the chemisorbed CO could be 

removed from the surface at co partial pressures of the order 

of one tor~·. 

Figures 12 and 14 show the relative rates of methane 

and ~thane-production during reduction. For each run the 

Cllrves for both components pass through a maximum at about the 

same t~ime that the co absorbancE.~ goes to zero (as indicated 

by the vert.ical arrowsi. Beyond the maximum, the relative 

rate of methane format.ion falls off gradually but the relat~ive 

rate of ethane formation declines rapidly to zero. While 

t.he curve;:; for met.hane shmm in Pigs. 12 and 14 ·terminate 

at 35 min .• data were usually collected foi 125 min. 

magnitude of the maxima in the methane and .ethane curve~ 

and the level of the slowly decayin~ portion of the methane 

curve increase as either the steady state partial pressure 

of CO or the H~/CO ratio is decreased. It should be noted, 
~ 

13. 



however, that the absolute rate of methane production 

measured at 35 min increases with both CO partial pressure 

and H2/CO ratio. 

The obser;vatioll of hydrocarbon formation long after 

CO has been eluted from -the gas phase and removed from the 

catalyst surface is enhanced by increasing the steady state 

partial pressure of CO and decreasing the ratio of H2/CO. Fig

.ure 15 illust:rates t.he rates at. which methane and ethane 

a.ce formed during reduction following a run at 191°C in 

which the feed partial pressure of CO was 195 torr and the 

H2/CO ratio was 2.0. In contrast to the results shown in 

Figs. 12 and 14, ethane formation continues for a long time 

beyond the point at which CO is present either in the gas 

phase or 011 the surface of the catalyst. While not shm..rn 

in Fig. 15, small amounts of propane were also observed 

during the reduction period. It is interesting to note that 

when the catalyst was operated at steady-state neither ethane 

nor propane was observed and only methane and propylene were 

detected. 

The shape of the curves appearing in Figs. 12, 14 
I 

and 15 can be interpreted in the following fashion. Upon 

cessation of the co flow, the H2 partial pressure in the H2/He 

feed stream is set to about 290 torr. This causes the CO 

partial pressure to steadily decline while the H2 partial 

pressure changes from the value held during steady state 

to that in the H2/He feed stream. The net result is a very 

rapid increase in the H2/CO ratio of the gas within the 

14. 



xeactor. In response to .this change the rate of hydroc~rbon 

production increases. For th~ case of methane the response 

to the decre~se in CO partial pressure is predicted by egn. 1. 

Consistent with the proposed interpretation we observe that 

the extent to which the steady-state rate of hydrocarbon 

formation is surpassed depends upon the CO partial pressure 

and the H2 /CO ratio maintained during the steady-state 

period. The lower the CO partial pressure or the H2/CO 

ratio, the greater is the net rise over the steady-state 

reaction rate. 

'The appearance of a maximum in the curves of relative 

rate of hydrocarboll formation closely coincides with the 

complete elution of CO from the reactor gas space and the 

elimination of CO from the catalyst surface. This feature 

suggests that at. very low CO partial pressures the rate of 

hydrocarbon fo:rmation becomes posi ti ve order in CO I in 

response to CO adsorption becoming a rate limiting step. 

The continued formation of hydrocarbon products long 

after CO has been excluded from the reactor and the catalyst 

surface, is the most interesting· characteristic of the data 

shown in Figs. 12, 14 and 15. In addition, it is seen that 

the rate of methane formation is comparable to the steady-state 

rates for extended periods of time. These observations suggest 

that the hydrocarbon products observed are formed by 

hydrogenation of a carbonaceous species on the catalyst 

surface and that these same species may be responsible for 

product formation under steady-state reaction conditions. 

15. 



To further confirm the idea that hydrogenation of 

carbonaceous residues present on the catalyst surface could 

produce methane and ethane, the following experiment was 

carried out. Upon completiOl1. of a steady-state run at 191°C, 

first H2 and then CO was eluted from the reactor. A flow of 

H2 in He was then introduced. Infrared spectra taken after 

the addi t:ion of H2 showed that wi thin 4 min all of the 

adsorbed CO had been removed from the surface. 'fhe subsequent 

16. 

rates of methane and ethane formation were observed as functions 

of time and are shown by the triangular data points in 

It is apparent that the initial rate of methane 

production is nea~ly a hundred-fold higher than that 

observed at. st~eady-state and that even after 125 min of 

l-eaction the rat.c: :~s a factor of two greater than the steady-· 

state rate. While no ethane was produced during the steady-

state perioe) it is s(:~en that a significant amount of ethane 

appears during the hydrogenation of the carbonaceous residue. 

Ad:::'orption of the product gases I formed during the first 

5 min of reduction, on activated carbon and subsequent 

mass spectrmnetric analyses of the deS orbed gases revealed 

that small. amounts of propane were also produced during the 

early stages of reduction. 

The total amounts of carbon removed from Jche catalyst 

as luethane and ethane are shmm in Table 2. These figures 

were obtained by integrating the production of each com-

ponent. Integration was started at a point 2.3 space times 

(approximately 6 min ) beyond the time at which the CO band 

di:3appeared from the spectrum and \'Jas terminated a·t the 

.0. 



time when the ra·te of product formation became negligibly 

small. The total number of moles of carbon removed from 

the catalyst is in most instances great.er than ·the number 

of Ru -6 surface si tE'~S (7.9 x 10 moles) and is clearly 

dependent upon the reaction conditions under which the 

carbon is deposited. The table shows that for a constant 

inlet partial pref3sure of CO and H2/CO ratio the amount of 

carbon deposited increa;;es wi th the reaction ·temperature. 

In addition, at a constant temperature the carbon deposited 

increases with both the inlet partial pressure of CO and 

the H2/CO rat.io. It is also evident that the amount of 

carbon deposited is i~dependent of the duration of a 

steady-·state run carried out at 191 aC. 

To determine whether the amount of carbon deposited 

under reaction conditions was different from that deposited 

upon exposure of the catalyst to CO alone, a run was 

carried out in which the catalyst was maintained at 191°C 

in a CO/HI:! flO\'l for 70 min. Following this exposure, the 

flow of CO waS discontinued and a stream containing H2 'in 

He was introduced intu th8 reactor. 'I'able 2 sho\vs that 

.the amount of carbon removed as methane is considerably 

small er t.han th<?t observed after a reaction run. 

DISCUSSION 

The kinetics of methane formation r,<:>ported here are 

correlated by. eqn. 1, using the v~lues of X, Y r A, and E 

given in Table 1. Similar rate expressions have been 

reported by Dalla Betta etal. (1) and Vannice (6,7) and 

17. 



the rate parameters found in those studies are also shown 

in Table 1. There is general agreement among all three 

investigations concerning the order with respect to H2 

partial pressure, but the order with respect to CO shows a 

wider spread. The results of this investigation and that 

of Vannice indicate a nearly inverse half ord~r dependence 

while that of Dalla Betta et al. favors a roughly inverse 

first order CO ~ependence. The agreement with regard to 

the apparent activation energy is very good, all three groups 

reporting a value of about 24 Rcal/mole. There is greater 

disagreement, however, concerning the magnitude of the pre-

exponential, A. Differences in this parameter are very 

hard to reconcile since the specific activity of Ru catalysts 

can depend upon the dispersion (10) and the accuracy with 

~hich the Ru surface area was measured (17). 

The infrared spectra taken under reaction conditions 

show that at a fixed temperature neither the CO partial 

pressure nor the H2/CO ratio affects the frequency or 

intensity of the CO band appearing at 2030 cm- l In 

addition the band position and intensity are identical to 

those observed when CO is adsorbed in the absence of H2 . These 

observations differ from those of Dalla Betta and Shelef (3). 

In their investigation with an alumina-supported Ru catalyst 

it was found that the CO band which appeared at 2043 cm- l in 

-1 
the absence of H2 shifted to 1996 cm when. H2 was present 

in 3 to 1 ratio with co. The occurence of a frequency shift 

was used to argue that adsorbed H2 contributed to a weakening 
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of the c-o bond. The absence of a shi£t in the" CO band 

position when CO and H2 are coadsorbed on a silica-supported 

Ru catalyst might be regarded as an indication of the 

differences between alumina and silica-supported Ru. However, 

the nature of these differences cannot be explained at 

this time. 

The results presented in Fig. 9 show that the 

intensity of .the CO band decreases as the temperature in

creases but that the band intensity is essentially 

independent of CO partial pressure and H2/CO ratio at each 

temperature. These observations can be interpreted by 

comparison of the data in Fig. 9 with CO adsorption isotherms. 

Figure 16 illustrates a series of isotherms measured 

gravimetrically on a silica-suPPQrted Ru catalyst very 

similar to that used in the present studi~s (24). For a 

fixed CO pressure the coverage by adsorbed CO is seen to be 

a strong function of temperature. By contrast, CO coverage 

changes more slowly as the CO pressure is increased at a 

fixed temperature. The decrease in CO absorbance with 

increasing temperature, seen in Fig. 9, can, thus, be 

ascribed toa decrease in the coverage by adsorbed CO. The 

absence of a dependence on CO band intensity on H
2

/CO for 

a fixed CO partial pressure suggests that H2 adsorption 

does not interfere with CO adsorption and that the reaction 

of chemisorbed CO is slow by comparison with desorption. 

As a result, the presence of H2 does not influence the 

chemisorption equilibrium for CO. The failure to observe 

an increase in CO band intensity with CO partial pressure is 
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surprising in view of the adsorption data shown in Fig. 16. 

A possible explanation may lie in the decision to use 

maximum absorbance as a measure of CO coverage rather than 

integrated band absorbance. 

The hydrocarbon bands in the vicinity of 2900 cm- l 

which have been observed in this work are very similar to 

those seen by King (14) on silica-supported Ru and by Dalla 

Betta and Shelef (3) andI<ing (15) on alumina-supported Ru. 

In view of the stability and reactivity patterns exhibited 

by the species responsible for the observed bands it seems 

reasonable to conclude that these species are present on 

the Ru rather than on the support. While it is not 

possible to establish the structure of the hydrocarbon 

species, it is of interest to note that Eady et ale (23) 

have recently reported the formation of various Ru clusters 

containing carbene, ethylidene, ethylidyne, and 

ethylenic structures. These products were formed by 

reaction of RU3 (CO)12 with Na[BH4 ]. It is conceivable that 

the species formed in the present work are similar to 

those observed by Eady et ale The occurrence of hydro-

carbon species surrounded by adsorbed CO might explain 

the stability of these species to hydrogenation under 

re~ction conditions and the ease with which they can be 

hydrogenated once the adsorbed CO is removed from the Ru 

surface. 
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The results presented in Table 2 show that under 

reaction conditions the catalyst maintains a carbon reservoir 

in excess of a monolayer. Furthermore, as seen in Figs. 12, 

14 and 15 this carbon is very reactive and in the absence of 

COon the surface can be hydrogenated to produce methane, 

ethane, and propane. The rate of methane production is 

equivalent to or greatly in excess of that measured under 

steady state conditions. These observations lead to the 

consideration of carbon as an important intermediate not 

only for methane formation but also for the synthesis of 

higher molecular weight products. In this context it is 

important to discuss the origin of the carbon deposit,the 

influence 'of reaction conditions on the magnitude of the 

deposit, and the rnechanismsby which carbon is converted to 

methane and other hydrocarbon products. 

Rabo et al. (12), McCarty et al. (I}), and Low and 

Bell (14) have observed that carbon deposition can occur 

on the surface of Ru during CO adsorption at temperatures 

above about 150°C (14). 'I'his process is accompanied by the 

formation of CO
2 

and is believed to occur by the following 

steps (12): 

1. 

2. 

3. 

CO + S 

Os + CO 

CO s 

McCarty et a1. (13) have estimated that the equilibrium 

coristant for reaction 2 is unfavorable due to the high 
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endothermicity of the reaction (-21 Kcal/mole) and that, as 

a result, reaction 3 plays an important role in shifting th~ 

equilibrium towards the formation of carbon. When H2 is 

present in addition to CO, the removal of surface oxygen 

is further enhanced by reaction 4 

4. ° + H2 -+ H2O s 

Both reactions 3 and 4 have been observed experi-' 

mentally to proceed preferentially via Rideal-Eley type 

processes over Pt when CO or H2 is present at moderate partial 

pressures Ie. g. (25-31) J. While similar observations have not 

been made for RU, we have assumed that oxygen'removal 

occurs by a Rideal-~ley process for this catalyst as well. 

BEBO estimates of the activation energies for reactions 

3 and 4 occurring over Ru give 0 and 17 Kcal/mole respectively 

(32,33). As a result, it is anticipated that for 

identical fluxes of reducing agent reaction 4 will be much 

more rapi~ than reaction 3 in effecting the removal of 

adsorbed oxygen atoms. Supporting this expectation is the 

observation that H20 rather than CO 2 is observed as the 

major oxygen containing product under all synthesis 

conditions studied in this work. It is also seen in 

Table 2 that the amount of carbon deposited on the catalyst 

is significantly greater when CO and Hl are present 

together than when CO is present alone. 

The observation of greater than monolayer accumulations 

of carbon on the catalyst suggest that a part of the carbon 
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may dissolve into the bulk of the Ru. This idea is further 

supported by the observation that the intensity of the CO 

band associated with chemisorbed is not influenced by either 

the CO partial pressure of the H2/CO ratio, while the amount 

of carbon present on the catalyst does depend upon these 

variables is shown in Table 2. Since Ru does not form stable 

carbides the dissolution of carbon in Ru crystallites could 

provide a rational interpretation for the observation. 

A plausible mechanism for the hydrogenation of surface 

carbon to form methane is shown below. This reaction sequence 

5. H + . 2 2S :t 2Hs 

6. Cs + Hs :t CHs + S 

7. CH + H :t CH 2s + S s s 

8. CH· + H :t CH 3s + S 2s s 

9. CH + H -+ CH
4 + S 38 S + 

23. 

is nearly identical to that proposed by Wagner (34) to explain the 

formation of methane from carbon dissolved in y-iron. If it 

is assumed that reaction 9 is rate limiting for the synthesis 

of methane; that reactions 1, 2 and 5 through 8 are at 

equilibrium; and that the catalyst surface is nearly 

saturated with chemisorbed CO, then the following expression 

is obtained for the rate of methane formation: 

(3) 

k (4) 



where k. is the rate coefficient and K. the equilibrium 
1 1 

constant for the ith elementary reaction. Equation 3 has 

the same ferm as eqn. 1 and the exponent on the hydrogen 

partial pressure is nearly identical to that found 

experimentally. The inverse first ordeF dependence on CO 

partial pressure given by eqn. 3 is greater, however, than 

the nearly inverse square root dependence observed experi-

mentally. Selection of other rate limiting steps within the 

proposed sequence not only fails to reduce the dependence 

on CO partial pressure but also causes the hydrogen partial 

pressure depend~nce to deviate from that observed experi-

mentally. 

A rate expression more representative of the 

experimental results can be obtained if it is postulated 

that the rate limiting step is reaction 8' shown below. 

Maintaining all of the previ~us assumptions, but substituting 

reaction 8' fo~ reactions 8 and 9, the rate expression 

derived for methane formation becomes 

, 
= k (5) 

k' = (6 ) 

While eqn. 5 is in closer agreement with the observed rate 

expression than eqn.3, there has been no experimental 

evidence to suggest that reaction 8' proceeds as written. 
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The processes by which two- and three-carbon hydrocarbons 

are formed are not revealed by these studies, but it has been 

established that these products can be formed in the absence 

of adsorbed CO. One possibility is that adsorbed·carbene 

groups, formed via reaction 7, polymerize and react 

according to the following scheme: 

1 2H s 2H s 

CH 2 s )0 etc. 

C.arbeneS have been observed as ligands in as and Ru cluster 

complexes (23,35)· and-;in a ~mononuclear Fe complex (36) and 

an-ethylidene~structure has recently been reported on the 

surface of Pt (37). Thus, it is not unreasonable to postulate 

these species as surface intermediates. Furthermore, given 

the known reactivity of gas phase carbenes and their 

metalorganic analogs it would appear likely that the chain 

propagation sequence proposed is possible. 

The formation of olefins could occur by intramolecular 

hydrogen transfer within the appropriate carbene intermediate, 

followed by desorption. Some evidence supporting such a 

process can be derived from the reported chemistry of alkyl 

carbenes prepared from organometallic precursors (38)~ The 
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observed preferential formation of propylene over ethylene· 

could possibly result from the greater ease with which a 

hydrogen atom is transferred from the methylene group of 

propylidene compared to .the transfer of hydrogen from the 

methyl group of ethylidene. As an alternative one might 

propose that gas phase ethylene very rapidly reacts with 

surface carbene groups to form propylene, in analogy to known 

gas phase chemistry {38). 

Finally, we note that the proposed propagation scheme 

can be used to predict a Schulz-Flory-type distribution of 

product molecular weights (39). To obtain such a 

distribution it is only necess~ry to postulate that steady 

state concentrations exist for Hs and CH
2s

' and that the rate 

coefficients associated with propagation, desorption to form 

olefins, and hydrogenation to form alkanes-are independent 

of carbon number. Thus, for example, the experimental results 

on product distribution recently reported by Dau~zenberg 

et al-. (9) could be interpreted by the mechanism proposed here. 
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Table '1 

Rate Parameters Appearing in Eqn. 1 

Dalla Betta ..... 

This Study Vannice(5,6) et a1. (1) 

Catalyst 5% Ru/Si0 2 5% RU/A1 20 3 1.5% RU/A1 20 3 

A (sec -1 y-x 5.6 10 6 7.4 x 105 3.1 x 105 torr ) x 

E(Kcal/mo1e) 24.1 24.2 + 1.2 24 -

X 1.5 1.6 + 0.1 1.8 -

y -0.6 -0.6 + 0.1 -1.1 -
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Table 2 

Integrated Product Yields Obtained 

During Reduction of Carbonaceous Residues 

Steady-State Conditions Reduction Conditions 
T (OC) P CO (torr) PH /PCO t (min) PH (torr) QH (cm3/min) 

2 2 2 

275 100 3 70 301 237 

225 101 3 70 299 233 

191 100 3 70 281 193 

191 97 G 70 292 232 

191 16 6 70 244 194 

191 17 3 70 220 197 

191 186 2 70 304 140 

191 195 2 120 276 196 

191 195 2 90 251 227 

191 201 1 90 232 212 

191 223 0 70 222 211 

.~ 

Integrated Product Yield 

CH 4 ( ;unoles) 

34.7 

16.0 

16.2 

33.3 

2.6 

1.4 

48.6 

49.2 

43.9 

15.7 

2.5 

C2H
6 

(]JTnoles) 

5.4 

3.4 

w 
~ 



Fig. 1 

Fig,. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Figure Captions 

Reactor cross-sectional view. 

Eff~ctH2/CO ratio at fixed CO partial pressure 

on the rate of methane formation and catalyst 

deactivation. 

Effect of CO partial pressure at fixed H2/CO 

ration on the rate of methane formation and 

catalyst deactivation. 

Comparison of calculated and experimental rateS 

of methane synthesis. 

Dependence of product selectivity on temperature. 

Dependence of product selectivity on CO partial 

pressure. 

Dependence of product selectivity on H2/CO ratio. 

Infrared Spectra taken under reaction conditions: 

a} background at T=27SoC; b) during reaction of 

T=27S0C, Pco=99 torr, PH /PCO = 3; c} during 
2 

reaction at T=22SoC, Pco=102 torr, PH /Pco=3; 
2 

d) during reaction at T=19loC, Pco=197 torr, 

PH /P co=2. 
2 

CO band absorbance as a function of CO partial 

pressure. H2/CO ratio, and temperature. 
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Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Pig. 15 

Fig. 16 

Infrared spectra showing reactivity of hydrocarbon 

adspecies: a) background; b) during reaction at 

T=191oC, Pco=195 torr, and PH /P co=2i c) following 
2. . 

eluti/on of H2 ; d) following elution of H2 and CO; 

e) 2.5 min following admission of H2/He mixture; 

f) 4.5 min following admission of H2/He mixture; 

g) 7.5 min follcwing admission of H
2
/He mixture. 

Response of CO band absorbance and co partial 

pressure· during catalyst reduction following 

steady state reaction: PCO = 16 torr. 

Relative rates of methane and ethane production 

during catalyst reduction following steady state 

reaction: PCO = 16 torr (Arrows indicate the 

time at which the CO band absorban~e goes to zero.) 

Response of co band absorbance and CO partial 

pressure during catalys·t reduction following 

steady state reaction: PCO = 100 torr. 

Relative rates of methane and ethane production 

during catalyst reduction following steady state 

reaction: PCO = 100 torr. (Arrows indicate the 

time at which the CO band absorbance goes to zero.) 

Relative rates of methane and ethane production 

during catalyst reduction follcwing ste~dy state 

reaction: PCO = 195 torr. (-0- CO eluted by 

H2/He streami -!- CO eluted by He prior to 

introduction of H2/He stream) 

CO adsorption isotherms (24). 
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