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RESULTS AND DISCUSSIO~ 

Thin Film Characterization 

As has been previously mentioned, a11 rates determined in this 

study are expressed as turnover numbers (molecules/site.s) This rate 

is functionally dependent upon the change in methane pressure with time, 

the reactor volume, the catalyst temperature and the number of active 

catalyst sites. Chemisorption techniques For the measurement of the 

number of surface sites of several ruthenium catalysts have been 

reported using hydrogen [69-73], carbon monoxide [73-75] and oxygen 

[70,76] as adsorbing gases. In all cases the quantity of a particular 

gas adsorbing on a clean ruthenium catalyst at some temperature (usually 

room temperature) is measured. A BET surface area of the catalyst is 

obtained using either argon or nitrogen adsorption. By assuming the 

surface area of a typic~1 surface atom, the number of ruthenium surface 

sites may be calculated. The results of the hydrogen, carbon monoxide 

and oxygen studies can be used to predict the number of adsorbed atoms 

(or molecules) per ruthenium surface site. Although this technique is 

used quite extensively, there is no direct correlation between the 

number of s i tes  obtained using the adsorpt ion technique and the actual 

number of c a t a l y t i c a l l y  act ive ruthenium s i tes .  I t  is qu i te  conceivable 

that  some s i tes which adsorb hydrogen, fo r  example, might not be act ive 

for  a p a r t i c u l a r  react ion fo r  which the ruthenium ca ta l ys t  is used. 

For example, the a c t i v i t y  of the group VI I I  metals fo r  the methanatlon 

react ion has been found to decrease as the heat of  adsorption of carbon 
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monoxide on metals increases [5]. What appears to happen is that in some 

cases, the carbon m~noxide bonds to the catalyst so strongly that the 

desorptlon of either the carbon monoxide or the reaction product is 

difficult to achieve under reaction conditions. Also, with catalyst 

surfaces which are atomically rough, some sites are uncoordinated • 

relative to the others. This variation in coordination of individual 

surface s~tes of a metal is believed to have a drastic effect upon the 

activity of those sites toward certain reactions [77]. These differences 

in bond strengths to the sites are not properly reflected in the 

ch~isorption techniques mentioned above. Also, the @ssumptions made 

to calculate the surface area of a typical surface atom are sometimes 

difficult to justify. 

In this work eight ruthenium thin films were used. InitTally, the 

procedure was to deposit a thin film using electron bombardment and then 

to do kinetic runs on the film. The first films were used for one day 

only, After being used the film was removed and a new film was deposited 

before any more data were collected. This was a very time consuming 

process. It was decided that an attempt would be made to use one film 

for several sets of data if the activity of the film would remain 

reproducible from day to day. A fi lm was deposited'and i t  was used for 

f i f teen months. The s tab i l i t y  of this fi lm was found to be excellent. 

The dat~ were reproduclbie to ~ 10% during this entire period. All 

data reported in this thesis were taken over this fi lm, Comparisonof 

the large quantity of data taken over this f i lm to the rather small 

a~unt t~ken over previous films indicates that there was no appreciable 
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variation in the results obtained among the films. None of the 

data presented have been adjusted to improve the correlation of results 

taken on different days. 

An actual determination of the number of ruthenium surface sites 

active in the methanation reaction has been made in this study. The 

ruthenium thin film was reduced with hydrogen at 573K to remove any 

reactive carbonaceous materlal. The hydrogen was pumped from the 

reaction cell and a 35.9 ~ carbon monoxide dose was made. The carbon 

monoxide dlsproportionation reaction (6) proceeded yielding adsorbed 

carbon atoms and carbon dioxide. The reaction was allowed to proceed 

for various lengths of time to produce different fractional coverages 

of carbon. The amount of carbon dioxide produced was used to count the 

number of adsorbed carbon atoms. Following the completion of the 

carbon monoxide dose the cell was pumped for 300 seconds. A 3.5 torr 

hydrogen dose was made Io remove the adsorbed carbon as methane. The 

results of this study are shown in Figure 7. At each time the 

quantities of both carbon dioxide and methane produced were determined. 

For some points the number of molecules of the two gases were equal. 

Those entries are represented in the figure as a single solid point. 

One observation that  is immediately evident from this figure is the 

excellent agreement between the carbon dioxide and methane results. 

No po in t  ex is ts  in which these two values d i f f e r  by more than 2%. As 

the time of exposure of the f i lm  to carbon monoxide is increased, the 

quantity of react ive carbon on the surface also increases up to a time 

of about 300 seconds, A f te r  that  the amount of carbon on the surface 
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levels off. This suggests that under the conditions of this study a 

monolayer coverage of carbon is achieved and further exposure to carbon 

monoxide does not increese the quantity of surface carbon. This in itself 

is an interesting result since the amount of surface carbon on some 

methanation catalysts seems to increase for periods of up to four hours 

under methanation conditions [78]. 

The amount of methane and carbon dioxide produced due to a monolayer 

of surface carbon is shown in Figure 7 to be 2.54xi017 molecules. This 

is also the number of active catalyst sites for methanation since there 

is by defini t ion a 1:1 correlation between the amount of methane 

produced from a saturation carbon coverage and the number of active sites. 

in this context the term site is not used to designate a single ruthenium 

atom. I t  is used to designate a place where carbon monoxide can bond 

and upon exposure to hydrogen produce methane. In thls context a sl te 

might be a single ruthenium atom, i t  might be a pair or a group of atoms, 

or there might be more than one site per atom. Thls method does not 

count ruthenium atoms that are at the surface but are inactive in the 

methanation reaction. Since using this procedure to measure the number 

of surface sites does not involve an assumption of either the mode of 

bonding o f  the carbon to  the su r face  or o f  the su r face  area o f  a t y p i c a l  

ru thenium atom, i t  is  be l i eved  to be more accura te  than p r e v i o u s l y  

ment ioned methods t ha t  i nvo lve  one or  both o f  these assumpt ions.  

The structure of the thin f i lm was studied using electron d i f f r a c -  

tlon techniques. A sample of the thin f i lm was removed from the glass 

by treatment with 2 ~  hydrofluoric acid. After about I minute in the 
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acid so lu t ion  the f i lm  peeled o f f  the glass and f loated to the top of 

the solution. The film was mounted on an electron microscope grid and 

placed in a Hitachi electron microscope (node] HUI25). An electron 

diffraction pattern was obtained of the thin film. This is shown in 

Figure 8(a). The pattern is a series of concentric circles made up 

of diffraction spots. An electron micrograph of the film is shown in 

Figure 8(b). The micrograph was taken at a magnification of x38,000. 

The picture indicates a grainy nature to the catalyst. Each l i t t l e  

spot is a crystal l i te with a maximum dlameter of about 500 R. Each 

crystal l i te diffracts as a single crystal producing a series of 

diffracted electron beams. Since these beams interfere both construc- 

t ively and destructively the pattern shown in Figure 8(a) results 

wlth regions of high intensity and regions of iow intensity. The 

analysis indicates that this film, which was used in all the kinetic 

studies to be discussed, consisted of a very large number of small 

single crystal pianos interconnected by grain boundaries. This 

suggests that certain areas are fa i r ly  smooth while the interconnecting 

grain bounda-r-y areas are quite l ikely very rough. The fact that the 

fi lm had a quite stable and reproducible act ivi ty for many months 

indicates that i t  was weIi-sintered. Frequently, the crystal l i tes of 

well-sintered films are the low index ( fa i r ly  smooth) planes of the 

crystal. 

The thickness of the film was approximated using the theory of 

evaporation rates. The rate of evaporation in number of ruthenium 

atoms per square centimeter per second (~) can be expressed i-n the  
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following manner [58]: 

log ~ = 32.41 - 0.5 log T 33800 (78) 
• T 

Since the film was deposited at 2223K over a period of 3 hours from e 

ruthenium sample of I cm 2 it is evident that 3.68xi019 atoms (2.69xI0 "3 

grams) of ruthenium were evaporated. Using a ruthenium bulk density 

of 12.30 g/cm 3 [79] and assuming that the film was deposited evenly 

over the approximately 250 cm 2 of interior surface area of the pyrex 

bulb ~ f i lm thickness of 87 ~ is obtained. 

Surface Characterization Studies 

A series of Auger experiments was performed in an effort to 

characterize the state of the catalyst surface before, during and 

after methanation had occurred. Interpretation of these experiments 

required a m~thod for converting Auger intensity data into amounts of 

carbcn and oxygen present on the ruthenium sample. The principal 

peaks in the ruthenium Auger spectrum occur at 150 e V, 200 eV, 231 eV 

and 273 eV. The oxygen spectrum has peaks at 468 eV, 483 eV and 503 eV. 

This suggests that there should be no problem determining the 

amount of oxygen present in a ruthenium sample from Auger results. 

Carbon, h~ever, is mmre difficult to measure. The only peak in the 

carbon Auger spectrum is at 272 eV. This overlaps the major ruthenium 

peak and complicates the analysis.  I t  should be noted that the 

ruthenium peak is a f a i r l y  syn~netric peak whereas almost a11 of  the 

carbon peak l ies  belc~ the baseline. Therefore, i t  would be expected 
# 
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that as carbon is deposited on a ruthenium surface the asymmetry of the 

273 eV peak would increase. In this study the change in the symmetry 

of the 273 eV peak was used to estimate qual i tat ively the amount of 

carbon present on the ruthenium sample. The ratio, Q, of the intensity 

above the baseline to that below the baseline was used as a measure of 

the amount of carbon present in the sample. Spectra of clean ruthenium 

taken from the ] i terature yield Q values of approximately 0.75 to 0.80. 

Lower Q values suggest increased amounts of carbon associated ~vith the 

sample. All Auger transition energies are from a book by Davis, et  a_J.l. 

[80]. 

After loading the ruthenium sample the system was baked at 523K. 

The ruthenium disc was then outgassed at 1373K for 72 hours and cooled 

to room temperature. The Auger spectrum shown in Figure 9(a) was 

taken at this point. The sample was fa i r l y  d i r ty .  The peak at 117 eV 

indicates the presenc~of phosphorus. The peak at 150 eV is due to 

both ruthenium and sulfur. Ruthenium is responsible for the peaks at 

178 eV, 200 eV and 230 eV. The 274 eV peak indicates that there is 

some carbon on the ruthenium sample. In this instance Q = 0.61, 

indicating a fa i r l y  large carbon contamination. The peak at 510 eV is 

due to oxygen. The carbon and sulfur are common impurities in 

ruthenium samples. 

Several cleaning procedures exist for ruthenium. One begins with 

an argon ion bombardment and fo l l ows  w i t h  a hydrogen t reatment  and a 

high temperature (150OK) f l ash  F81]. Others omit  the argon bombardment 

and use an oxygen t reatment  fo l lowed by a high temperature f l ash  
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[82-86]. The sample used in this work was bombarded with argon ions 

(5 minutes, I ma, 2.3 keV). This treatment removed the phosphorus, 

sulfur and most of the oxygen as shown in Figure 9(b), The carbon 

contamination was still quite bad: Q = 0.59. An oxygen dose of Ixi0 -6 

tort for 300 seconds at 783K was followed by a hydrogen dose of 3x10 -6 
t 

torr for 300 seconds at the same temperature. The Auger spectrum shown 

in Figure 9(c) demonstrates that the sample was clean after this treat- 

m~nt, This spectrum is qualitatively identical to that reported for 

ruthenium in several recant studies [86-8~]. This cleaning procedure 

is similar to several of the methods reported by other groups. In 

general an initial argon ion bombardment removes most of the impurities 

with the exception of carbon, This is quite l ike ly the result of a 

relat ively high carbon impurity in the bulk, Since the carbon is 

dispersed throughout the sample removal of a few surface layers does 

not c]ean the sample. A mild oxygen treatment is generally quite 

effective in removing the surface carbon. A hydrogen treatment is then 

used to reduce the sample. An exception to the carbon react ivi ty 

towards oxygen has been reported by Grant and Haas [87]. They observed 

that the carbon contaminant in the.it Ru (0001) single crystal was 

unreactive to an oxygen dose (Ixl0 -7 torr at 1273K for 30 minutes). 

Subsequent studies indicated that this carbon was in the form of 

graphite. The reactivi ty of the carbon to the oxygen dose in the 

present study suggests that the carbon is probably not graphitic in 

nature. During a series of experiments in which carbon monoxide was 

dosed onto the clean samp?e, i t  was discovered that the carbon'could be 
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Figure 9, The sequential preparation of a clean ruthenium sample: 
(a) a f te r  heating at 1373K for  72 hours, (b) a f te r  argon 
Ion boc~ardment, (c) a f te r  oxygen and hydrogen treatment. 
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removed by flashing the sample to 1373K. Prolonged treatment at this 

temperature :~ouid result in the diffusion of sulfur and phosphorus from 

the bulk necessitating the more rigorous cleaning procedure outlined 

above. Fast experiments resulted in the deposition of some sort of 

carbonaceous intermediate without any associated, oxygen. Indeed, the 

carbon monoxide disproportionation reaction (6) deposited a monolayer of 

carbon atoms. This carbon could be r~oved by flashing. I t  is believed 

that the carbon merely diffused into the bulk. 

Since the cleaning procedure suggested that diffusion of c~rbon 
. 

into and possibly out of the bulk could occur, i t  had to be establishe~ 

that these processes do not occur at 573K during the time frame in which 

e×perim~nts were performed. To establish that diffusion from the bulk 

did not occur at 573K the crystal was cleaned by flashing to 1373K and 

cooled to 573R. The change in the carbon coverage, ~Q, was measured as 

a function of tlme beginning when the sample cooled to 573K. 

results are sh~n in Table 4 in which L~Q = Qt-Qt=o; 

Table 4. 

The 

Carbon coverage as a function of time on a clean ruthenium 
samp I e 

. m . . . . . . . . . . . . . . .  ' ' 

t i ~  (rain.) 

5 0.00 
15 0.01 
2.0 0.01 
42 O. O0 

These results estab l ish conclus ively  that no diffusion of bulk carI~on to 
# 

the surface occurs in a 42 minute period with the catalyst at 573K. 
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A similar study was performed in which the dlffusion of carbon from 

the surface inI:o the bulk was monitored as a function of time at 573K. 

A 175 AL carbon monoxide dose was made and the disproportionat{on 

reaction proceeded for about 5 minutes building up a monolayer of 

surface carbon. Once again, ~ was monitored as a function of tlme 

after the background carbon monoxide was evacuated. The results are 

shown in Table 5: 

Table 5. Carbon coverage as a function of time on a carbon covered 
ruthenium sample 

tlme (min.) 

1 0.00 
10 0.00 
20 0.00 

No d i f f us i on  of  the surface carbon occurred a f te r  the gas phase carbon 

monoxide was removed. I t  is qu i te  possible,  however, that  some carbon 

did d i f fuse  into the subsurface bulk when the surface carbon deposi t ion 

began, The equ i l ib r ium between surface and subsurface bulk carbon is 

apparent ly establ lshed rap id ly  compared to the length of time required 

to do an experiment (several minutes). 

In an e f f o r t  to understand more about the state of the ca ta l ys t  

surface during and a f t e r  methanation the fo l lowing study was made, 

Experiments were conducted to determine i f  a carbonaceous material is 

l e f t  on the surface of the ruthenium ca ta l ys t  a f t e r  the methanation 

react ion has occurred. I f  so, an understanding of the r e a c t i v i t y  of  

th is  mater ial  toward the "standar~ hydrogen dose ~, (3.5 tor r )  could y ie ld  
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information concerning the structure of the active sites of the catalyst. 

Recall that the normal sequence of steps in a kinetic run was to dose 

carbon monoxide and hydrogen and monitor the methane production. This 

gas mixture was then pumped out and follo~led by a hydrogen dose (3.5 

terr) to regenerate the reactive surface and remove any reactive 

carbonaceous m~terial lef t  f r ~  the previous run. 

Figure 10(a) shows the Auger spectrum of the clean ruthenium 

c~talyst (Q = 0.80). Note that a small oxygen impurity is evident. 

This oxygen could be removed as was established earl ier. 

Ho~,tever, i t  reappeared rather quickly when the sample was maintained at 

573K, The oxygen reached the level shown in Figure 10(a)in a tim~ 

frame that was short relative to the length of time required to 

measure the surface species present after a methanation run. I t  then 

remained at this level for !ong periods of tlme, being unreactlve to 

any gas used in thls study. All experiments were therefore conducted 

on a surface that had a constant oxygen contaminant. By conducting 

the experiments in this manner changes in the surface oxygen coverage 

caused 6y the reaction could be unambiguously measured. I t  is believed 

that this background oxygen is due to a relatively small amount of bulk 

oxygen. Previous work done in thls group on an identical ruthenium 

sample indicated that the oxygen could 6e tota l ly  removed only after 

cycling the cleaning procedure for 2 to 3 months [90]. The fact that 

thls oxygen reaches a rapid equilibrium and does not increase upon 

exposure to the background gases suggests strongly that the adsorption 

of gas phase oxygen or carbon monoxide is not the source. 
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The sample was exposed to 138 ~m of carbon monoxide and 8.63 torr 

of hydrogen at 573K and the methanation reaction occurred. After 300 

seconds the ambient gases were evacuated and the spectrum shown in 

Figure lO(b) was taken. At this point Q = 0.62 indicating the presence 

of a fa l r l y  large amount of carbon on the catalyst surface. Of course 

the structure of thls carbon cannot be deduced direct ly from these data. 

The sample was then exposed to 3.5 torr of hydrogen at 573K for 300 

seconds and the hydrogen was then evacuated. The Auger spectrum shown 

in Figure I0(c) was obtained with Q = 0.70. This increase in Q suggests 

that some of the carbon was removed by the hydrogen treatment. Fleshing 

to 1373K regenerated the clean spectrum with Q = 0.80 as shown in 

Figure 10(d). These results suggest that there are two types of carbon 

associated with the catalyst. One type is rapidly removed by hydrogen 

treatment and the other type remains behind, being unreactive toward 

hydrogen in the time period of the exposure. 

To demonstrate that this second type of carbon is indeed dif ferent 

from the f i r s t  in react ivi ty and did not remain behind merely because 

the reaction was quenched when the hydrogen was pumped out after 300 

seconds the following exper{ment was performed. The catalyst was 

exposed to the same carbon monoxide-hydrogen dose (138 # of carbon 

monoxide and 8.63 torr of hydrogen). This was followed by a series 

of cleaning hydrogen doses without flashing the sample unt i l  the end of 

the study, The results are summarized in Table 6 (t = 0 corresponds to 

the f i r s t  addition of hydrogen). Hydrogen was present at all  times 

after the reactant gases were pumped out except while running spectra. 
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Auger characterizat ion of the cata lys t  before and a f ter  
methanation: (a) clean ~uthenium sample, (b) a f te r  carbon 
monoxide-hydrogen dose, (c) a f te r -s tandard  hydrogendose", 
(d) clean sample obtained by f lashing to 1373K. 
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Table 6, Carbon coverage as a function of hydrogen exposure 

Catalyst Condition Q 

c lean ruthenium 0.79 
a f t e r  methanat lon 0.61 

(138 ~ C0-8,63 torr H~) 
standard hydrogen do~e 

t = 0 0.61 
t = ~00 s 0.71 
t = 1145 s 0=70 
t = 2680 s 0.70 
t = 13 hrs 0,75 

f l a s h  0.79 

The noteworthy thing in this data set is the fact that the amount 

of carbon removed at 400 seconds is the same as the amount removed at 

2680 seconds. This demonstrates that there is a less reactive carbon 

species associated with the catalyst in addition to the reactive 

carbonaceous methanatlon intermediate, After 13 hours in 3.5 tort of 

hydrogen at 573K, only half of the unreactive carbon had been removed. 

Flashing to 1373K immediately restored the clean ruthenium sample. 

One additional point should be made concerning the data presented 

thus f a r .  When the carbon monoxide-hydrogen dose was made and the 

Auger spectrum was run, no change in the oxygen peak was de tec ted .  

This is  a very  i n t e r e s t i n g  obse rva t i on  and w i l l  be d iscussed In more 

d e t a i l  below. 

An exper iment  was performed in which carbon monoxide and hydrogen 

were dosed onto  the sample at  573K under r e a c t i o n  c o n d i t i o n s  w i t h  the 

CO:H 2 ratio being increased steadily to see i f  the quantity of carbon- 

aceous material on the surface was affected by the pressure of carbon 
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monoxide in the dose. 

Qclean " 

Table 7. 

The resu l ts  are summarized in Table 7 (L~Q = 

0x:arbon covered ) : 

Variation in carbon coverage as a function of the C0:H 2 
ratio 

Co (AL) H 2 (torr) LX~ 

154 8°82 0.15 
154 8.82 0.17 
516 8.92 0.18 

1270 8.84. o.16 
1790 8.81 0.15 

As can be seen, the values of Z~Qdo not vary in a systematic manner. The 

average of the Z~Qvalues is 0.16. All values are within eI0% of this 

value. This suggests that the CO:H 2 ratio can be varied by an order of 

magnitude without changing the amount of carbon present on the surface. 

This is a very interest~ng and somewhat surprising result. One would 

expect that an increase in the carbon m~noxlde gas phase concentration 

by an order of magnitude would favor adsorptlon of more carbon on the 

catalyst surface. These Auger results do not support this idea. 

Catalyst fouling has been observed to occur on industrial type catalysts 

at C0:H 2 ratios of 1:3 and at very high pressures relative to those 

in this study (100 atm.). Quite l ike ly ,  the large excess of hydrogen 

always present in thls study interferes with the formation of the 

carbonaceous material responsible for catalyst foullng. The concentra- 

tion of adsorbed hydrogen must be high enough to prevent the interaction 

of neighboring adsorbed carbon species to form higher molecular welght 
r 

- 

materlals. An interaction of this sort might produce either graphite 
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or some very high molecular weight wax-like material which does not 

desorb from the catalyst surface under reaction conditions and couIQ 

explain the observed decline in rate with time. 

As has been pointed out, one interesting feature of all the Auger 

spectra presented thus far is the stability of the oxygen peak. Table 8 

reports the oxygen associated with the catalyst during the various steps 

of a methanation study: 

Table 8. Oxygen peak intensity at various stages of a methan~tion 
study 

Catalyst Condition Oxygen Intensity 

clean 
methanation dose 

standard hydrogen dose 
flashed (clean) 

31 (Fig. lo(a)) 
30 (Fig. lO(b)) 
29 (Fig. I0(c)) 
29 (Fig. 10(d)) 

The oxygen intensity remainea unchanged throughout the methanation 

cycle. This suggests that even though carbon monoxide and hydrogen 

are dosed onto the catalyst, the surface concentrations of all species 

which contain oxygen must be negligible relative to the total concen- 

trations of the species containing only carbon and hydrogen. These 

oxygen containing intermediates must be very reactive with the rate 

limiting step occurring after removal of the oxygen from the carbon and 

quite l ikely involving the hydrogenation of the carbon containing 

intermediate. 

Two pathways are available for .the conversion of adsorbed carbon 

monoxide into methane and water. One route involves the hydrogenat!on 



73 

of the carbon monoxide molecule to produce adsorbed alcohol type 

intermediates. The other process would involve the immediate dissoci- 

ation of the carbon ~noxlde to yield adsorbed carbon and adsorbed 

oxygen, each of which is hydrogenated to the reaction products. An 

experiment was performed in an ef fort  to develop an understanding of the 

ruthenlum-oxygen interaction and to learn so~thing about the react ivi ty 

of adsorbed oxygen. The results of thls study are presented in FTgure 

11. Figure 11(a) is the Auger spectrum of the clean sample. Some 

residual oxygen which could not be removed by fiashing to 1375K was 

present. A 138 ~m oxygen dose was made with the catalyst at 573K. The 

dose lasted for 300 seconds. Figure 11(b) is the Auger spectrum which 

resulted after the oxygen dose. As can be seen, a huge oxygen peak is 

present. Note that in this case the oxygen and ruthenium peaks were 

measured on the same sensi~ivity scale. Thls was followed by an 8.9 

tort  hydrogen dose {reaction conditions). As can be seen from Figure 

11 (c), al |  of the adsorbed oxygen was removed by the 300 second 

hydrogen dose and the ciean spectrum resulted. 

This demoastratesc~earIy that t~o types- of oxygen are asso~:ia~e~ 

w{th the ruthenium catalyst. The bulk oxygen is very unreactlve and 

is not affected by any of the experiments performed except the initlal 

cleaning step. The adsorbed oxygen atoms from the above study were 

shown to be extremely reactive when exposed to the same pressure of 

hydrogen used in some of the methanatlon studies. 

It is difficult to quantify the amount of oxygen that adsorbed 
r 

iS terms of a ~fractiona] coverage of oxygen. A conmlon practice is to 
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use a single crystal of ruthenium and Quantify the amount of adsorbed 

oxygen by correlating LEED structures wh|ch are indicative of oxygen 

coverage with Auger intensities. By assumTng that the relationship 

between Auger intensity and oxygen coverage is linear, coverage values 

can be assigned to any Auger intensity. Srnce the sample used in thls 

study was not a single crystal, a direct LEED-Auger correlation could 

not be made. Previous studies using a ruthenium (10T0) single crystal 

demonstrated that a 2x] structure resulted from a 10 Langmuir oxygen 

dose at ~23K [91]. A series of oxygen doses were made on the poly- 

crystall lne sample. This is shown in Figure 12. I f  i t  is assumed 

that a 10 Langmuir dose yields a coverage of O.5 then the correlation 

between Auger intensity and oxygen coverage is established (0.5 mono- 

layer =44. units of intensity). The results of this intensity- 

coverage study suggest that the previous oxygen dose of 4.1xIO 7 

Langmuirs produced an oxygen coverage of roughly 2 monolayers. This 

oxygen could easily be accommodated through multiple adatom adsorption. 

I t  is also possible that some could diffuse into the subsurface bulk. 

I f  this is the case then removal of thls subsurface oxygen by hydrogen 

is a rapid process. 

The noteworthy thing as f a r  as thls study is concerned is that 

adsorbed oxygen atoms are very reactive to hydrogen at 573K. If the 

mechanism of the ~thanation reaction involved dlsscciation of 

adsorbed carbon monoxide one would expect tc see essentially no oxygen 

cn the surface under reaction conditions. 

o 



76 

9 0  

8o 

~- 7 ' 0  
e~  

o 6 0  

~- 50 

~. 4 0  

n,, w 20 
(.9 

!0  

0 

I ' ! ' I ' I 

0 20 40  60 80 I00 Ii0 

OXYGEN DOSE/(L) 

Figure 12. Auger i n t e n s i t y  versus oxygen dose (coverage) co r re la t i on  
diagram fo r  a po lycrysta11|ne ruthenium sample 
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'The carbon monoxide dTsproportionation reaction was allowed t o  

proceed on the clean ruthenium sample. Figure 13(a) shivs the Auger 

spectrum of the clean catalyst and Figure 13(b) shows the spectrum that 

resulted after dosing the catalyst with 250 ~m of carbon monoxide for 

300 seconds at 573K. As expected the carbon intensity increased (D~Q = 

0.1) while the oxygen peak changed negligibly. An experiment was 

performed to enable a comparison of the Auger results of thls high 

pressure carbon monoxide dose to those of a low pressure carbon monoxide 

dose. A IxlO "6 torr carbon monoxide dose was made at 573K for300 

seconds. No change in the carbon and oxygen peaks was detectable. 

FI~sh desorption results of Kraemer and Menzel [83] suggest that carbon 

monoxide is completely removed from a ruthenium f ie ld emitter tlp upon 

he~tin9 to 50OK. Other LEED/Auger studies suggest no interaction 

be~veen carbon monoxlde and ruthenium at low pressures (IO "6 t o r r  range) 

and elevated temperatures (473R or greater) [92]. The temperature of 

the crystal was lowered to 373K and the experiment was repeated. 

Figure 14(a) shows the clean ruthenium Auger spectrum and Figure 14(b) 

shows the spectrum that resulted from the l ight carbon monoxide dose 

at 373K. Small increases in both the carbon and oxygenpeaks were 

detected. This suggests that so~ carbon monoxide has adsorbed but 

apparently the interaction is very weak since the coverage is so low. I t  

Is interesting to note that this carbon monoxide dose was roll.Mad by 

a 3.5 torr hydrogen dose and the clean surface was restored. No flash 

~o 1373K was required to r~ove the adsorbed carbon. .. 
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Figure 13. In teract ion of a heavy carbon monoxide dose with the 
ruthenium sample: (a) clean ruthenium sample, 
(b) a f te r  carbon monoxide exposure (250 /~n, 300 s, 
573K). 
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carbon ~noxide exposure (IxlO "6 torr, 300 s, 573K). 
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A mixture of carbon monoxide and hydrogen at a 1:3 r~:io ~.,c~ dosed 

to a pressure of Ixi0 "6 tort for 300 seconds at 573K. Figure 15(a) shows 

lhe clean spectrum and Figure 15(b) shows that carbon was edso=~J (~,~ = 

0.08) but no oxygen adsorpt ion was detected. This suggests that  carbon 

monoxide adsorption (based upon the amount of carbon on the surface) 

is greater when a carbon monoxide-hydrogen mixture at lx10 "6 to r r  is 

dosed than when carbon monoxide alone at lx10 -6 to r r  is dosed. 

One f ina l  Auger study was made to monitor the amoun~ of c~;bcn end 

oxygen on the ca ta lys t  surface as a funct ion of  time at constant carbon 

monoxide end hydrogen pressures. A mixture of 138 ~ of carbon monoxide ~ 

and 9.1 to r r  hydrogen was dosed onto the sample for  d i f f e r e n t  exposure 

times (175 to 500 s), The amount of carbon present remained constant. 

The change in the oxygen peak was once again zero. 

The ruthenium sample was removed from the Auger un i t  and t ransferred 

to an AEI XPS spectrometer. The purpose of the XPS work was to charac- 

terize the carbon which was associated with the sample after exposure to 

carbon monoxide and hydrogen under reaction conditions. The ruthenium 

3d3/2 (284 eV) and 3d5/2 (280 eV [93] )  e lectrons were analyzed. The 

carbon XPS peak occurs at 284.3 eV for  atomic carbon. This overlaps the 

ruthenium 3d3/2 peak. Since ruthenium forms carbides only under rather 

r igorous condi t ions [ ~ ] ,  no known ruthenium carbide spectrum has been 

run. However, several bulk carbides have been studied: HfC (281 eV), 

TIC (281.7 eV) and WC (282.9 eV). In a l l  cases the carbon peak is 

shifted to lower binding energies in the metal carbide s t ruc tu re .  A 

clean spectrum taken of the sample p r i o r  to c a t a l y t i c  treatment is shown 
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Figure 15. Interact ion of carbon monoxide-hydrogen mixtures wlth 
rutheni~m: (a) clean ruthenium sample, (b) a f te r  exposure 
a Ix i0 "v t o r t  CO.H 2 mixture for  300 s at 573K (CO'H 2 = 1:3).  
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in Figure 16(a). As can be seen the higher energy ruthenium-carbon 

9eak is about two-thirds as intense as the lower energy peak. Shown in 

Figure 16(b) is the spectrum that resulted when the catalytically 

treated (138 ~m of carbon monoxide, 8.63 torr of hydrogen, 573K, 300 s). 

sample was put into the XPS system. The higher energy peak is much too 

intense to be due to ruthenium alone. Some sort of surface carbon is 

also present. A l ight argon etch {4 minutes, 5 ~ , 0.5 v) removed some 

of the carbon as shown in Figure 16(c). A repeat of this l ight etch 

removed more carbon and yielded the spectrum shown in Figure 10(d). 

These results indicate that neither the surface carbon (before etch) 

nor the subsurface bulk carbon (after 2 etches) was bonded in a manner 

analogous to the ruthenium carbide structure. All XPS energies reported 

are, unless otherwise noted, from a book by Carlson [95]. 

After a11 of the kinetic studies were completed an XPS anaIysis of 

the thln film was made. The fi lm had been stored in hydrogen for about 

six weeks prior to i ts removal from the vacuum system. A glove bag was 

placed around the glass bulb prior to its removal. In an ef for t  to 

prevent air  contamination of the fi lm i t  was constantly flushed with 

helium unti l  i t  was loaded into the ESCA system. A small oxygen impurity 

was present which was almost completely removed by a very l ight argon 

ion etch. This oxygen quite l ike ly  diffused into the glove bag while 

the f i lm was being transferred from the kinetic system to the ESCA unit. 

Essentially no carbon was detected. Thls is not too surprising since the 

f i lm had been stored in hydrogen for such a long period of time. Thls 

suggests that even at room temperature the reduction of any surface 
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Figure 16. XPS analysis of ruthenium sample before and after methana- 

tion: (a) clean sample, (b) after methanation (138 /~m CO, 8.63. 
torr H~, 573K, 300 s), (c) after argon etch, (d) after_ 
anothe~ argon etch. , 
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carbon remaining from the last kinetic run had occurred. These results 

support the Auger results which suggest that the unreactive form of 

carbon (type 2) is somewhat reactive toward hydrogen and wl]] eventually 

be removed from a used catalyst. 

Some XPS studies were performed on some of the early ruthenium films 

that were used only once, An XPS analysis was made at the end of the 

collection of the kinetic data. The results were essentially the same 

as those presented in Figure 1&. This clearly demonstrates that carbon 

was present on the used catalyst in fairly hlgh concentrations. This 

suggests a direct correlation between the properties of the surfaces of 

the thin films used for the kinetic work and that of the polycrystaIIine 

dlsc used in the Auger work. 

An attempt was made to use LEED to character ize  the s t ruc ture  of 

the carbon remaining on the ca ta l ys t  surface a f t e r  methanatlon. A 

ruthenium (1072) surface was used in th is  study. The atomic arrangement 

of the ruthenium atoms is shown in Figure 17. The unlt cell is a 

rectangle defined by two adjacent atoms in the highest row and their 

counterparts in the next row o f  elevated atoms. Figure 18(a) shows the 

LEED pat tern  of  the clean surface, The sample was maintained at 573K 

and exposed to 138 pm of carbon monoxide and 8,63 to r r  of hydrogen. The 

methanation react ion proceeded fo r  300 seconds and then the system was 

evacuated. The LEED pat tern shown In Figure 18(b) resu l ted.  An Auger 

ana lys is  indicated the presence of  carbon on the ruthenium surface 

(Z~I~- 0 ,1) ,  This second LEED pat tern  suggests a 2x1 s t ruc tu re  f o r  the 

carbon over layer  r e l a t i v e  to the ruthenium un i t  c e l l .  Figure 19 gives 
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Figure 18. LEED study of the ruthenium (IOT2) surface: 
(a) clean surface, (b) after methanation (138 .IL 
CO, 8.63 torr H 2, 573K, 300 s). 
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Figure 19. A. representation of the ruthenium (IOT2) surface 
using only the atoms in the elevated ro~s. Each 
X represents a possible site for adsorbed carbon 
based upon the LEED results. The rectangle defines 
the unlt cei l .  
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representation oF the ruthenium (10i2) surface using only the atoms in 

I:he elevated rows. Open circles represent ruthenium atoms and the dashed 

~ines indicate the unit cel l .  Each adsorbed carbon structure is repre- 

sented by an X. The positions of the carbon structures are only relative 

to the ruthenium atoms. The results presented here cannot distinguish 

between atoms adsorbed on top of the ruthenium rows or in bridge positions 

within the elevated rows. The carbon does not have to be associated with 

the elevated rows but could be associated with the atoms that make up the 

steps. The probable location of the carbon, as well as the mechanistic 

implications of these LEED resu)ts w i l l  be discussed )ater. The LEED 

pattern makes i t  evident, however, that the carbon is not graphitic. 

Th~ only known report of graphite on ruthenium was made by Grant 

and Haas [87] on a ruthenium (0001) surface. The LEED pattern that 

resulted from their work demonstrated that rather than individual LEED 

spots they had a series of very closely spaced spots shaped like a 

hexagon. Thls was indicative of the symmetry of the graphite layer. I t  

turns out that the (0001) plane of ruthenium is a very l ikely candidate 

for graphite overlayers since the position of the ruthenium atoms and the 

carbon atoms in the (OOO1) graphi te basal plane coincide very wel l  at 

every 9 ruthenium or 10 carbon meshes. Since the LEED pat tern obtained 

from th is  work contained f a i r l y  sharp ind iv idua l  spots, a graphi te  over- 

layer  ls very u n i i k e | y .  

Another LEED study was conducted In which the crys ta l  was cleaned 

and then dosed w i th  138 /~m of carbon monoxide and the d isp ropor t iona t ion  

react ion occurred fo r  300 seconds. A LEED pat tern  was taken of  th is  

surface and a very d i f fuse  l x l  (un i t  ce i l )  pa t te rn  resul ted.  This 
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suggests that the carbon overlayer was randomly dispersed on-the catalyst 

surface. Auger analysis indicated a fa i r ly  heavy carbon deposit (L~:l= 

o.25). 

ESCA Characterization of Ruthenlum-Adsorbate Interaction 

Several photoelectron spectroscopy studies have been performed which 

involve the interact ion of carbon mono×ide, oxygen~ methanol and 

formaldehyde with ruthenium single crys ta ls ,  Only one study, is known 

ih which XPS work was done on supported ruthenium [96] .  These studies 

provide information which could be useful in predict ing the bonding'of. 

various reaction intermediates in the methanation process. The fo11~- 
I 

ing general conclusions have been drawn from the single crystal work. 

Oxygen dissociates and adsorbs atomical.Iy whereas carbon monoxide is 

believed to adsor6 non-dissociatively vi~ the carbon atom, At 80K 

methanol adsorbs non-dissociatively with the primary bonding involving 

the lone palr of electrons of the oxygen atom, Heating to T > 3OOK 

results in decomposition to primarily carbon monoxide, and hydrogen [971. 

At 80K formaldehyde is found to adsorb dissocFatFvely [98]. The natur-e- 

of the adsorbed species resulting from the dissociation of the 

fon~a]dehyde at 80K remains unknown. I t  is known, however, that the 

complex is different than that obtained when hydrogen and carbon m~noxide 

are coadsorbed on ruthenium. FIashlng i~Se fonr~Idehyde surface complex 

yrelds carbon monoxide and. hydrogen. 

Some XP$ experiments were perforated In this study in which l i g h t  

doses of carbon ~noxide, oxygen and m~thanol were made on the ruthenium 
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polycryscalline sample. Since this work had, in general, already been 

performed on single crystals the primary purpose of the study was to 

demonstrate that the polycrystalI ine Ru used in thls study behaved 

s i m i l a r l y  to the s ing le  c rys ta l s  used in the o ther  studies.  This would 

provide a needed l l n k  between the p o l y c r y s t a i i i n e  work and the s ing le  

c rys ta l  work and would help to demonstrate that  the bonding to the 

surface in these two forms of ca ta l ys t  is s im i l a r .  A l l  doses were in the 

1 to 100 Langmuir range and were made wi th  the sample at  room temperature. 

Higher temperature doses (373K to 623K) were attempted but l i t t l e  or no 

adsorption was observed to occur. 

in Table 9: 
I 

Table 9, Binding energies (eV) of the 0 ls level 
i ,  u 

Gas Dosed Energy 

The resu l ts  of th is  study are shown 

531.3 
CH30H 531.3 

These resu l ts  are in exce l len t  agreement w i th  those of Klm and Wlnograd 

[93] and wi th  those of  Fuggle, e t a ~ .  [81]  who studied the ruthenium- 

oxygen-carbon monoxide system. In the l a t t e r  study a d i f fe rence of 1,8 eV 

was reported fo r  the oxygen ( ls )  peak fo r  adsorbed oxygen and adsorbed 

carbon monoxide. A d i f fe rence of  1.5 eV was observed In th is  study. 

A f te r  dosing each gas and recording the XPS spectrum a l i g h t  hydrogen 

dose was made and another XP$ spectrum was recorded. No change in the 

spectrum occurred as a resu l t  of  the hydrogen treatment. A good review 
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of the study of metal~adsorbete interactions using photoelectron 

spectroscopy has recently been published F99]. 

The Auger~ ESCA and LEED results may be summarized as fol1~,vs: 

I) 

z) 

3) 

Neither diffusion of carbon into or out of the bulk occurs at a 
detectable rate at 573K. 

A carbonaceous material is le f t  on the surface after methanation. 
This matSrial involves t ~  types of carbon. Type I is reactTve 
to the standard hydrogen dose after each run, Type 2 is relatively 
unreactive to hydrogen and can be removed only after Z4-48 hours 
of hydrogen treatment (3.5 tort) at 573K. I t  diffuses into the 
bulk when the sample is flashed to 1373K. 

No change in the oxygen surface concentration was observed during 
the course of a methanation study. 

4) The quantity of carbonaceous material associated with .tF~ 
, ruthenium dld not vary as the carbon monoxide pressure was 

increased from |54#xn to 1790 /~mwlth 8.8 to r t  of hydrogen. 

5) Oxygen atoms adsorbed at 573K are very reactive tc~ard hydrogen. 

6) The carbon monoxide disproportlonation reaction readily occurs with 
no surface oxygen being detected. 

7) Light doses of carbon ~noxide yield changes in both the carbon and 
oxygen Auger peaks. 

8) No carbon buildup occurs i f  the m~thanatlon reaction is monitored 
as a function of time. 

9) Flashing drives carbon into the bulk; argon ion bombardment exposes 
i t .  

10) XPS results confirm that no ruthenlumcarbides are formed. 

11) Adsorbed oxygen is detected on the surface only in the absence of 
hydrogen. 

12) LEED suggests that the carbon is not g raph i t i c  in nature. 

13) XPS studies of  the adsorptlon o f  carbon ~nox ide ,  oxygen and 
hydrogen on the polycrystalIine ruthenium sample are in agreement 
with results obtained on single crystals. 
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Reaction Kinetics 

The kinetics of the methanation reaction were studied over a wlde 

pressure range. Most previous kinetic studies have been made over a 

f a i r l y  narrow range wlth a pressure varlatloh of a factor of 2 or 3 with 

respect to both hydrogen and carbon monoxide. Although some general 

trends are evident, the results have in many cases been diverse and 

seemed contradictory. This study was performed over a 2 to 3 order of 

magnitude pressure range wlth respect to each reactant in an ef for t  to 

demonstrate that the reaction follows Langmuir-Hinshelwood k~netlcs and 

to attempt to demonstrate that much of the existing data are not aontra- 

dictory but were collected under such diverse conditions that dif ferent 

results were obtained. 

In i t ia l  rates were measured throughout this work. The quantity of 

product never exceeded 25 tam in the tlme period In which the rate was 

measured. The data are presented in conventional In R versus In P plots. 

The slope of a data curve at any pressure represents the kinetic order of 

the reaction with respect to that reactant (or product) at the chosen 

pressure. 

A typical carbon monoxide order plot is shown in Figure 20. This 

graph contains data taken on 4 dif ferent occasions over a period of 

several months. The data are unadjusted and reproduce well  w i th in  a 

maximum s c a t t e r  of  about ¢I0%, I t  Is evident  that  th is  curve has a 

shape that  is l nd l ca t i ve  of a Langmulr-Hinshelwood In te rac t i on .  The 

curve has, however, a very sharp maximum and can be eas i l y  approximated 

by two in te rsec t ing  s t r a i gh t  l i nes .  The order of the react ion w i th  
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respect to carbon monoxide is +I at lower pressures and rather abruptly 

changes to-1 as the carbon monoxide pressure is increased. Data taken 

at the upper end of the carbon monoxide pressure range suggest that the 

kinetic order is more negative than -I and may approach a value of -2. 

In general, kinetic orders for carbon monoxide from earl ier studies are 

between -0.5 and - I .0 .  

A typlcal hydrogen order plot is shown in Figure 21. These data 

,,~ere collected on eleven dif ferent days over a period of 14 months. Like 

the carbon monoxide data, these results suggest that the hydrogen 

interacts in a fashion suggestive of Langmuir-Hinshelwood kinetics. This 

curve also has a very sharp maximum and can be represented by two 

intersecting straight lines. At lower hydrogen pressures the reaction 
I 

order is +Z. However, as the hydrogen pressure is increased, the 

reaction abruptly becomes -I order in hydrogen. In general, ear l ier 

studies have y ie lded a hydrogen k i ne t i c  order in the range of  +1 to +2. 

No report  of a negative order in hydrogen has been found. 

Figure Z2 shows the resuIts of two studies performed to get the 

reaction order with respect to methane. Both studies demonstrate 

clearly that the reaction is zero order In methane In the. pressure range 

of 5 to 60 #m of methane. The study at the lower carbon monoxide pressure 

suggests that the reaction might become negative order in methane at 

pressures greater than 60 ~m methane. The data in Figure 23 suggest that 

the react |on is zero order in water in the pressure range of  5 to 50 / ~  

of  water.  At higher water pressures the react ion appears to become 

negative order In water.  In the case of  both methane and water ,  however, 

the negative order dependencies never exceed -0.06 in the pressure ranges 
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studied. Therefore, for a11 practical purposes the reaction is zero order 

in both methane and water over the entire pressure ranges studied. Few 

kinetic studies have been reported which measured the kinetic order 

dependence of the products. In fact, no report of the kinetic order 

dependence of the methanation reaction for water could be found for any 

metal. A few reports of methane kinetic orders are available. In all 

cases either a zero or negative order dependence was reported. 

The apparent activation energy of the methanation reaction can be 

obtained from Figure 24. The slope of thls curve at any point is 

-Eapp/R. The activation energy obtained in this manner is not the actual 

activation energy of any step in the mechanism but represents the 
I 

apparent activation energy resulting from a rate expression which involves 

products and quotients of actual rate constants. Thls accounts for the 

non-Iinearity of the curve. At 573K the apparent activation energy is 

21.9 kcal/mole. Other reported activation energy values for the methana- 

tlon reaction on ruthenium catalysts are listed in Table 10: 

Table 10. 

, i 

Apparent activation energy values of the methanation reaction 
on various ruthe.nium car~alysros. 

Cata l ys t P iota I Eapp Reference 

(a i~n) (kca I/mole) 

~]o Ru/AI ,,O., I 24.2 33 
Ru (powder) "~ O.01-O.16 9.0 49 
0. ~']o RulAI zO ~ I 37.2 51 
1% Ru/SiO~ " 1 26.5 36 
~'/~ RulSIO= 1 27.0 36 
1.5% Ru/A~.O~ I Z4.0 100 
5% Ru/SIO2 z ~ I 2/+.0 47 
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The value of 21.9 kcal/mole is in good agreement with the values that 

fall in the 24.0-27.0 kcal/rnole range. Some deviation from this range 

might be expected since all of the values in this range were obtained 

using supported ruthenium catalysts. The values of McKee [49] and 

Randhava, et al. [51] are in serious disagreement with al l  others. 

McKee's work was done on a ruthenium powder whereas that of Randhava, 

et al .  was done on a supported catalyst. Both catalysts were prepared 

by the experimenters by reduction of a ruthenium s a l t .  The catalysts 

were not characterized before use and quite l ike ly  some sort of impurity 

caused the observed deviation from the expected activation energy value. 

I t  is also possible in the la t ter  case that an impurity in the support 

wogld account for the unexpected result. 

An experiment was performed to study the effect of carbon depositlon 

upon the rate of the methanation reaction. The rate of the "clean" 

catalyst was obtained in the usual manner by dosing the catalyst with a 

mixture of carbon monoxide and hydrogen and monitoring the amount of 

methane produced. This was defined as the reaction rate at ~ - 0 
c 

(an i n i t i a l  carbon coverage of zero). Once this value was obtained the 

catalyst was exposed to the cleaning dose of hydrogen. Then carbon 

monoxide was dosed onto the catalyst and the disproportionation reaction 

was allowed to occur for various lengths of time to produce di f ferent 

fractional coverages of carbon atoms. After each dlsproportionation 

reac t ion  the c a t a l y s t  was dosed w l t h  the same carbon monoxide-hydrogen 

dose and the reac t i on  ra te  was measured. A graph o f  the ra te  of  

methanat ion as a f unc t i on  o f  the i n i t i a l  carbon coverage is shown In 

Figure 25. This graph demonstrates tha t  the ra te  o f  methanatlon f i r s t  



X 

N 

Z5 . . . . . . . .  " , . . . . . . . .  = . . . . . .  = " ~  . . . . .  i I I 

I 

%> 

6.5 

o 
E 

6.0 • 
, ~, , ,i[ i i 

I I _ tl . . . . . . . .  _ 

0.2 0.4 0.6 0.8 1.0 

ec 

o 

Figure 25. Var ia t ion  in the rate  of methanation as a funct ion of the f r a c t i o n a l  coverage of 
react ive  carbon, 



102 

increases in a linear fashion as the number of carbon atoms on the surface 

increases unt i l  a carbon coverage of about 0.G5 is reached, and thereafter 

declines dramatically. 

An additional experiment was performed at P = 0.4 in which the 
c 

methanation rate was measured over the par t ia l l y  carbon covered surface. 

I t  was observed that the rate of methanatlon over the carbon covered 

surface using carbon monoxide and hydrogen in the gas phase was equal to 

the rate of methanation of the carbon monoxide and hydrogen over the 

clean catalyst plus the rate of methanation of the carbon layer using 

only hydrogen as a reactant gas. Thls is an interesting observation and 

suggests that the increased rate observed for e c ~ 0.80 is due to the 
I 

increased ava i lab i l i t y  of surface carbon. 

These observations suggest two f a i r l y  important facts. F i rs t ,  I t  

demonstrates (as did Figure 7) that  adsorbed carbon atoms are react ive 

toward hydrogen and could possib ly  be intermediates in the methanatlon 

react ion.  I t  is not required that  carbon atoms be intermediates in the 

methanation sequence since the react ion could occur in such a manner 

tha t  carbon atoms are not produced, Once produced, however, they are 

react ive .  Secondly, th i s  experiment demonstrates that  adsorbed 

hydrogen is necessary to produce methane. I f  the react ion merely occurred 

between the adsorbed carbon atoms and gas phase hydrogen, then the rate 

would be expected to Increase as the carbon coverage Increases fo r  a l l  

values of  e c, The decrease in rate as the coverage of adsorbed carbon 

gets above 0,65 indicates that  a competi t ion fo r  s i tes  Is involved w i th  

hydrogen being unable to displace an.adsorbed carbon atom. 
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A study was made in which 13C atoms were deposited on the catalyst 

using the disproportionation of 13C180. This was followed by a dose of 

12C160 12CH~ and hydrogen. The production of both and 13CH4was 

monitored. Initially, they were produced at-about the same rate, 

however, the rate of 13CH4 production dropped rather quickly due to the 

depletion of 13C from the surface, This lends support to the previous 

conclusion that adsorbed carbon atoms are reactive toward hydrogen and 
,$ 

lead to the production of methane, 

As has already been discussed, a standard hydrogen dose was used 

bebveen all kinetic runs to remove any reactive carbon remaining on the 

c~talyst surface after pumping away the gases. In general a very 

negligible amount of methane was produced (often too l i t t l e  to detect). 

In cases in which the CO:H 2 ratio had been fa i r l y  large in the previous 

run some methane was detected. I t  was observed that for algiven C0:H 2 

ratio which produced methane during the standard hydrogen dose, the 

amount of product was a function of the length of tim~ that the system 

was pumped bet-wean the end o f the  kinetic run and the dosing of the 

standard hydrogen dose. This is sho~m in Figure 26. Thls indicates 

that  so~ (or al l )  of the intermediates present on the surface at the 

end of the kinetic run are unstable in vacuum at 573K. They undergo 

some sort of decom~osition (or interaction)process which leads to the 

removal of carbon from the surface. 

The standard hydrogen dose could be completely eliminated from the 

experimental procedure with very l i t t l e  effect upon the observed rates. 

Omission of the~standard hydrogen dose between runs in which the C0:H 2 
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ratio was moderate or low had no effect upon the rates of the subsequent 

runs= Omission of the standard hydrogen dose after a run involving a 

large CO:H 2 ratio led to a slight enhancement of the rate of the next 

kinetic run. This is actually predicted from Figure 25, Since the 

system was by necessity pumped between the two runs being discussed, 

and since some of the carbonaceous intermediates were removed by this 

pu~ing0 @c was surely below 0.80 and an enhancement of the rate of the 

next run would be expected. -, 

The ruthenium thin f i lm was always stored under 3.5 torr of hydrogen 

at ro~ temperature when it was not in use. It was always the case 

that after about 48 hours this hydrogen contained substantial amounts of 
$ 

methane. Since no reactive carbon was left on the surface prior to this 

hydrogen dose: there must be carbon associated with the catalyst which 

is removed only after long hydrogen exposures. This would be the "type 

2 ~' carbon suggested by the Auger results. The possible structure of 

this carbon will be discussed in a subsequent section. 

0he very reasonable reaction intermediate in the methanation 

reaction would be a par t ia l ly  hydrogenated adsorbed carbon monoxide 

molecule with the following structure: 

O-H 

H-~-H 
! 
Ru 

This looks very much like an adsorbed methanol molecule with the bonding 

occurring through the carbon atom, Since the Auger results indicated 

that no oxygen was on the surface of the catalyst after a ~thanatlon 

study~ the rate limiting step must occur after the removal of the oxygen 



106 

from the reaction intermediates. Therefore, it would be expected that 

if the above structure is a reaction intermediate methanol would be 

converted to methane at a rate comparable to that for the conversion of 

carbon monoxide to methane. This assumes, of course, that adsorbed 

methanol has the above structure. A series of runs was made using 

methanol instead of carbon monoxide in the reactant feedstream. The 

production of methane was observed to occur at approximately the same 

rate as when carbon monoxide was used. This suggests that an adsorbed 

methanol type intermediate could be involved in the methanation reaction. 

An attempt was made to perform the same study using formaldehyde. 

Since high purity formaldehyde cannot be purchased, an attempt was made 

to prepare some using the technique of Yates, et al .  [101] involving 

the vacuum decomposition of paraformaldehyde (trioxymethylene). I t  was 

not possible using this technique to get the formaldehyde purity to an 

acceptable level. Therefore, thls experiment could not be performed. 

I t  was observed that with high C0:H 2 ratio feedstreams some carbon 

dioxide was produced. Ruthenium is known to be a good catalyst for the 

hydrogenation of carbon dioxide to methane. Therefore, there was a 

possibi l i ty  that the primary oxygen containing product was carbon 

dioxide instead of water and that the carbon dioxide was either hydrogen- 

ated to methane and water or that i t  underwent the water-gas shi f t  

reaction (5) before leaving the c e l l .  This was checked by mixing an 

equal molar mixture of  carbon monoxide and carbon diox ide with hydrogen 

and dosing th is  feedstream onto the ca ta l ys t  at 573K. The rate of methane 

production as well as the rate of disappearance of carbon monoxide and 
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carbon dioxide was monitored. Methane production was observed to occur 

inTnediately upon introduction of the reactant feedstream. Ho~vever, no 

carbon dioxide wa~ used up until all of the carbon monoxide had been 

converted to methane. The carbon dioxide was then hydrogenated. These 

results indicate that although both gases can be converted to methane 

over ruthenium catalysts, carbon dioxide in a mixture of the two wil l  not 

be converted unti l  the carbon m~no×ide is depleted. This difference in 

reactivity is believed to be due to the dlfferent manners in which the 

two gases interact with ruthenium. Carbon m~noxide interacts strongly 

wlth ruthenium whereas the ruthenium-carbon dioxide interaction is 

relatively weak. Therefore the methanation remctlon invo|ving carbon 

I 

• ~noxide wil l  predominate as long as there is carbon monoxide available. 

Since the total depletion of carbon monoxide never occurred during the 

kinetic studies, neither the hydrogenation of carbon dioxide nor its 

removal by the water-gas shi f t  reaction could have occurred. This 

proves that the primary oxygenated reaction product was a t  all times 

w2ter. 

i t  was also noted at relatively hlgh CO:H 2 ratios that the-rate of 

methanatlon tended to drop with time. This was not due to a reduction 

in the carbon monoxide concentration since under these conditions the 

rate was so slow that very l i t t l e  carbon monoxide was used. This drop 

in rate with tlme is very l ikely due to the production of some sort of 

surfac~ poison which r~moves active sites, This has been observed before 

and is generally believed to be due to the formation of some sort of 

carbonaceous overlayer which is relatlveiy unreactive under reaction 

conditions. 



I08 

Exchange Studies 

The exchange react ions of hydrogen and carbon monoxide were studied 

on the ruthenium th in f i lm .  Even though the experiments are f a i r l y  easy 

to perform wi th resu l ts  that a very useful in p red i c t i ng  the s t ruc tu re  

of  the adsorbed gas, no report  o f  e i t he r  react ion on ruthenium has been 

found. A dose was made in which 616.85 ~m of hydrogen and 577.05 Aa~ of 

deuterium was introduced into the react ion ce l l  at  573K. The hydrogen- 

deuterium exchange occurred i n s t a n t l y  wi th equ i l i b r i um being reached In 

a matter of seconds a f t e r  the dose was made. This suggests very s t rong ly  

that  the hydrogen adsorbs d i s s o ¢ l a t i v e l y ,  

• The 12C160-13C180 exchange react ion was also found to proceed 

read i l y  on the ruthenium th in  f i l m .  The react ion was studied at 

approximately equal molar mixtures of  the two isotopes over a f a i r l y  

wide pressure range. The to ta l  carbon monoxide pressure was var ied from 

2xlO "7 t o r r  to 80 ~m. The exchange react ion was qu i te  rapid,  however i t  

could be measured on the basis of  the rate of  appearance of 12C180. 

The ready exchange would be most simply explained by a model invo lv ing 

d i ssoc ia t i ve  adsorpt ion of the carbon monoxide w i th  both carbon and 

oxygen atoms ava i lab le  to exchange. The exact nature of  the adsorpt ion 

states of  carbon monoxide on most metals is not wel l -understood.  Some 

resu l ts  suggest molecular adsorpt ion and others suggest d i sso¢ la t i ve  

adsorpt ion.  In an e f f o r t  to exp la in  Isotop ic  exchange of carbon monoxide 

on tungsten using a non-d issoc ia t i ve  mocled Madey, e.~t a l ,  [102] proposed 

a four -center  bimolecular exchange intermediate In which both the carbon 

and oxygen atoms a r e  bound to the surface as wel l  as to each other .  
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Exchange could then occur via the interaction of these horizonta1|y bound 

carbon ~noxide molecu]eso Presumably, if such a structure is posslble 

on tungsten then an analogous structure should be possible on ruthenium. 

This explanation does, however, seem rather far-fetched. An alternative 

model involves both dlssociated and non-dissociated carbon monoxide in 

equilibrium on the surface. The carbon ~noxide molecule adsorbs 

molecular|y to a ruthenium site vi___a~ the carbon atom. This molecular 

carbon monoxide can then dissociate to form adsorbed carbon and oxygen 

atoms. This model seems to be more reasonab]e than that proposed by 

Yates, e t a ] .  The exchange wou]d of course occur among the adsorbed 

atOmS. 

An activ~tion energy for the carbon monoxide exchange reaction was. 

determined from the data shown in Figure 27. The value was found to be 

6.1 kcal/mole which is considerably lower than the apparent act ivat ion 

energy of tha methanatlon reaction. 

A very interesting observation was made when the carbon m~noxide 

exchange rate was measured with varying a~unts of hydrogen present in 

the gas mixture. Thls was done in an ef'i~ort ~o bet~-c~ara~te~iZe ~ 

adsorEed state of carbon monoxide under reaction conditions. A pIot of 

this exchange rate versus the 9uantity of hydrogen in the mixture is shown 

in Figure 28. As can be seen the exchange rate drops with increasing 

hydrogen pressure. Methane production begins to occur around 2.5 to 3.0 

torr of hydrogen although only very small aw~unts of m~thane are produced 

under these conditions, Since the Auger results suggest that the catalyst 

surface is free of oxygen after a methanatlon study, this hydrogen effect 
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might be due to the rapid removal of the oxygen as water leaving no oxygen 

available for the exchange reaction. Whether the oxygen is removed by the 

hydrogen before or after carbon monoxide dissociation wil l  be discussed 

thoroughly in the discussion of the proposed mechanism. 

Flash Desorption Study 

A series of flash desorptlon spectra for carbon monoxide from 

ruthenium was determined. The results are shown in Figure 29. The doses 

ranged from 0.6 to 12 Langmuirs. As can be seen, at low carbon monoxide 

doses there is one state on the polycrystalline sample. This carbon 

monoxide desorbs at about 488K. The second state begins to f i l l  with 

doses of about 4 Langmuirs. The peak maximum for this low energy state 

occurs at 403K. These results are in fa i r l y  good agreement with those of 

Ku e t  a~1, ~103] who report two states of carbon monoxide on ruthenium 

(IOTO), with peak maxima at about 403 and 495K. Since one study involves 

a single crystal and the other involves polycrystalllne ruthenium, 

perfect correlatlon is not really expected. Qualitatively, however, the 

results are identical. The flashes were continued to about IO00K and no 

further desorptlon was detected. This observation is in agreement with 

the work of Kraemer and Menzel [83] who observed that all carbon monoxide 

was removed from ruthenium Field emitter tips by 5OOK. While thls flash 

work Is not extremely useful in terms of predicting a mechanism for the 

methanatlon react ion,  i t  does lend support to the content ion that  work 

done on s ing le  c rys ta l  ruthenium is very useful in p red ic t i ng  observat ions 

made on p o l y c r y s t a l l i n e  ruthenium. 
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Mechanistic Considerations 

An attempt has been made to develop a mechanism which is quantiCa- 

l:ively consistent with the kinetic studies as well as qualitatively 

consistent with the isotopic exchange studies, the flash desorptlon work 

and the surface characterization studies (Auger, LEED and ESCA). The 

major portion of the data suggest a carbon monoxide kinetic order varying 

between +I and -I and a hydrogen kinetic order varying between ~2 and - I .  

The kinetic orders wlth respect to both methane and water are zero in the 

pressure range employed in this study. The shapes of the order plots 

suggest a Langmuir-Hinshelwood type mechanism which involves the inter- 

action of adsorbed hydrogen and adsorbed carbon monoxide. Consider the 

f o l l o w i n g  sequence of  e lementary steps:  

k 1 
2Ru + H 2 ~12Ru-H 

~C Ru + CO I~2~ 
Ru 

(Step 1 ) 

(Step 2) 

(79) 

(80) 

O O 
U H k 3 I 

+ I R ~ C-H + Ru 
--uk 3 i 

Ru Ru 

(Step 3) (81) 

0 O-H 
II H 

i -H + Ru 

Ru Ru 

(Step 4) (8z) 

H-~-H + Ru C-H + ~uk 5 
HRu " Ru 

(Step 5) (83) 
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~)-H H k..6 HH 
H-C-H + I ~C / 

I Ru II 
Ru Ru 

+ Ru + H20, (Step 6) 

HH u_ H 

Ru Ru 

(Step 7) (Sb) 

H k8 I H 
H=C-H + IRu -+ CH 4 + 2Ru (Step 8) 

I 
Ru 

(86) 

This mechanism proposes the existence of seven surface complexes. A 

steady state development would lead to a series of simultaneous equations 

which for al l  practlcal purposes are unsolvable. Although a mathematical 

soIhtion can be obtained using this approach, the physlcal significance 

of the result is ambiguous. A more informative approach in thls case 

would be that of Kemball [104] involving the estabIisl'ment of some but 

not necessarily all of the possible equiIibria between gas and surface 

and between different kinds of species on the surface. Each equiIibrlum 

established exerts a thermodynamic influence upon the a~unts of the 

intermediates which take part in the reaction. 

In the mechanism listed above, Ru designates a ruthenium surface 

atom, Ru-H represents a hydrogen atom adsorbed to a ruthenium surface atom 

and Ru=C=O represents an undlssociated carbon monoxide molecule bonded 

via a double bond to one surface atom. An attempt has been made to 

maintain at all times four bonds to an adsorbed carbon, two bonds to 

oxygen and one bond to each hydrogen atom. The step designated by (86) is 

chosen as the rate determining step (Ac tua l l y ,  steps (8/4) and (86) are in 

balance, and so in that  sense both are rate l i m i t i n g ) .  Neither steps 
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I~+) nor (a6) are equlilibium steps since the reaction is zero order with 

respect to both products. The mathematical development proceeds as 

fo I lows. 

K I = '[RuHl2 - [RuH] = (KI[H2])I/2rRu] (87) 
~H2]~Ru]2 

[RuCO] 
K2 = [CO']ZRu] - [RuCO] = K2[CO][Ru] (88) 

= ~RuCHO~Rul 
K3 LRuCO3[RuH] " ~RuCHO] = K2K3(KI[H2])II2[Ru] (89) 

K4 = rRuCHOHIrRuI!RuCHO][ RuH] - ZRuCHOH] = KIK2K3K4[H21[colrRu!._ (90) 

[RuCH2OH~[Ru] 
= ~RuCHOH']]RuH] - [RuCH2OH] = K2K3K4Ks(KI[H2 ])3/2[cO~ZRu] (91) K 5 

= 

The overall reaction stoichlometry requires the production of water and 

methane at equal rates. This leads to the following equality: 

k6[ RuCH2OH][ RuH] = kB[ RuCH3][ RuH] 

From equations (91) and (92) i t  is evident that: 

(92) 

k6 
[RuCH3] = ~sK2K3K4K5(KILH2 ]) 3/2[CO][Ru] (93) 

[ RuCH3][Ru] k6K I K2K3K/+K 5 
K 7 = [P, uCH2~,~RuH ] - ERuCH2] = ~ [H2][CO][Ru ] (94) 

Each of these expressions represents the sur face coverage o f  the p a r t i c u l a r  

in termediate under react ion condi t ions,  Fract ional  coverages w i l l  be 

used in th is  development.  The sum of  the f r a c t i o n a l  coverages of  a l l  

in te rmedia tes  and empty s i tes  must be un i ty  as ind ica ted  below: 

1 = Ru + RuH + RuCO + RuCHO + RuCHOH + RuCH20H + RuCH 2 + RuCH} (95) 

Subs t i tu t ion  of the above exp'ressions for  the f r ac t i ona l  coverages of the 

surface in termedia tes  into equat ion (95) y i e l d s  the f o l l o w i n g  expression 
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for the fractional coverage of bare ruthenium sites: 

[Ru] = I / { I  + (KI[H2]) I/2 + K2[CO] + K2K3(K1[H2])I/2[CO] + 
(gG) 

kcK~ K~KoK~,Kc k " 
(KIK2K3K 4 + u ' k ~  ' ~')[H2][CO"I + (K2K3K4K5 * ~sK2K3K4K5 ) (KI[H2 ] )3 /2 [C0 ] !  

Now that expressions have been derived for each of the surface inter- 

mediates as weI| as the ruthenium surface atoms, the rate can now be 

w r i t ten: 

dZ c H~l 2 . r 2 
dt = k8[RuCH3][RuH] = k6KIK2K3K4KsLHz] [CO][Ru]2 (~)7) 

Using the fractional coverage for bare ruthenium sites (96) leads to the 

following rate express ion: 

decrial 
dt = (k6112KzK3K4K5[Hz ]2[C0])/[1 + (K1[H2])1/2 + K2[c0] + 

k6 K1K2K3 K/+. KS,~ ~_ 
K2K3(KI[H2])I/2[CO] + (KIK2K3K4 + ~ J[H2][CO] + (K2K3K4K 5 • 

~sK2K3K4KS) (K i C H2]) 3/2[C0] } 2 (98) 

Recall that the surface characterization studies indicated that there was 

essen t ia ] I y  no oxygen on the ca ta l ys t  surface a f t e r  methanation. There 

was, however, a s i g n i f i c a n t  carbon coverage. I f  i t  is assumed that  the 

to ta l  coverage of a l l  oxygen containing intermediates is a t  a l l  t i ~ s  

qu i te  Io~ then equation (98) reduces to the fo l low ing :  

dECM~] 
, 

dt 
k=K~ K~ K= KhK= 

~.aNK, ,K5 (K 1 Z + [ H2] ) 3/2[C0]]  (99)  
8 ; " 
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This express ion  can be rev~r i t ten as f o l l o w s :  

d[ CH~] 
dt : A[H2 ]2[c0]/f l- + B[H2] I12 + C[~n2]L~J~ + DEH 2 ]312FC0"~ 12 (I00) 

The meaning of  the cons tan ts  A through D is obv ious.  This ra te  

expression does predict the observed limiting kinetic orders for both 

hydrogen and carbon monoxide (ignoring the -2 order in carbon monoxide). 

In o rde r  to f i t  t h i s  exp ress ion  to the data the cons tan ts  must be 

determined,  i t  would be d e s i r a b l e  to be able to l l n e a r i z e  the express ion  

or  use some o ther  mathematical  approach to eva lua te  them a b s o l u t e l y .  

However, t h i s  express ion  is too complex so the t r i a l  and e r r o r  method 

of iteration must be used. An attempt was made to f i t  the carbon monoxide 

o~-der curve using equation (100) wlth the hydrogen pressure constant. 

The curve was found to be much too broad to f l t  the data. No choice of 

constants would increase the sharpness of the curve maximum. What this 

indicates is that the model presented thus far does not adequately describe 

the role of carbon monoxide in the reaction. Since the carbon monoxide 

order plot could not be f i t  with thls theory, no effort was made to f l t  

the hydrogen order plot. 

As has already been mentioned some data collected at relatively high 

carbon monoxide p ressure  i nd i ca ted  a h ighe r  negat ive  o rder  dependence than 

-1 .  A c t u a l l y ,  a t  h igh carbon monoxide p ressures  the k i n e t i c  o rde r  seems 

to be approaching -2 .  This suggests an i n t e r a c t i o n  between two adsorbed 

carbon c o n t a i n i n g  i n t e rmed ia tes .  I t  is  d i f f i c u l t  to understand how such 

an i n t e r a c t i o n  could lead to methane p r o d u c t i o n .  The mass s p e c t r a l  ou tpu t  

of  some o f  the h igher  p ressure  carbon monoxide runs was examined and the 

p roduc t i on  o f  a small amount o f  carbon d i o x i d e  was de tec ted .  A step was 
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added to the mechanism to account for the interaction leading to carbon 

dioxide production. Perhaps the si~glest interaction that could lead to 

carbon dioxide production would be as follows: 

kA . 

2RuCO-~RuC + CO 2 + Ru (Step 9) (101) 

If only this additional step were added then the catalyst would poison • 

due to the formation of unreactive RuC. Since this is not observed to 

occur, the hydrogenation of the adsorbed carbon atom must be a]so included. 

This requires the addition of the following two steps: 

RuC + RuHk~ 0 RuCH + Ru (Step 10) (102) 

k.10 

RuH k RuCH + ~I RuCH 2 + Ru (Step 11) (103) 
k . l l  

The development of a rate expression for this ne~q mechanism proceeds 

in the same fashion as the previous development. The expressions for 

[RuH], [RuCO], [RuCHO], [RuCHOH] and [RuCH20H ] are unchanged from the 

results of equations (87) to (91). The principal change occurs as a 

result of the production of not only water but also carbon dioxide as an 

oxygen containing product, Actually, two different processes are 

occurr ing simultaneously:  

CO + 3H 2 ~ CH 4 ÷ H20 

2C0 +~2H 2 ~ CH 4 + CO 2 

At low carbon ~nox rde  to hydrogen ra t i os ,  on ly  the f i r s t  react ion occurs 

at  a, detectabie rate.  However, as the carbon ¢~noxide pressure ~s 

increased r e l a t i v e  to the hydrogen the second react ion begins to occur. 
f 
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products from both reactions are detected, therefore both must be 

considered in the development of the rate expression. It must be true 

that the rate of formation of methane equals the rate of formation of 

water plus the rate of formation of carbon dioxide. This leads to the 

following expression: 

k8[RuCH3][RuH ] = k6ZRuCH2OH]ZRuH] + kg[RuCO]2 

Using the previously determined values for [RuCH20H ], [RuCOq and [RuH] 

we can now solve for [RuCH3]: 

k 
[RuCH37 = {¢2K3Kh.Ks(Kl[H27) 3/2[CO] + 

2~C07 2 k9K2L . 

k8 (K I [ H2])I/2 }[Ruq 

(i0~) 

(105) 

Using this expression and the surface equilibria relationshlps we can 

generate the following expressions for the other intermediates: 

k 
[RuCH2] = [ k ~  IK2K3K4Ks[H2][CO] 4- 

kgK~[CO]2 l[Rul 

ksK I K7[ H 2] 

[RuCH] { kB~K1 1 : K2K3K4Ks(K I[H2]) 1/2[C0] + 
k~K22[CO] 2 

ksKTK11 (KI [H2q_) 3/21[ Ru] 

[RuC] = { k6K2K3K4KS[CO] 
k8K7K1 OK1 1 

+ 

kgK22[ c o 7 2 

k8K7 K1 oK11K~[ H2 !2 .~[ RU] 

(1o6) 

(lO7) 

(lo8) 

The fol lowing expression for  the f rac t iona l  coverage of bare ruthenium 

s i tes  resul ts  when the f rac t iona l  coverages of a11 intermediates are 

summed and set equal to unity:  

[Ru] = 1/[1 + (KlCH2]) 1/2 + K2CCO ~ + K2K3(Kl[H2])l/2[C0] + 

k 
K1KZK~%,EH2][CO] + K2K3K4%(K1[H:,])!/ZECO] + k-~K2K3K.%(K1EHz])3/ZECOI * 
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kgK~[CO]2 

kd(KI[H2]) 1/2 

k 6 
+ k-~TKIK2K3K4Ks[H2]rco] + 

kA K.~ K.~ K4K = 
~ k 8 ~ i  i ~ (KI[H2]) I/2ZC0] -}. 

kgK~[CO]2 

kdK7K11 (~[H23) 3/z * 

2 r- 2 kgK2~. CO] 

kdK7KIoKI I (KI[H2]) 2 

k9K2[CO]2 

kGK2K3K4Ks[ COl 

kdK7KIoKI 1 
+ 

( lO9) 

The rate limiting step is sti l l  chosen as the one involvi'ng m~thane 

production wlth the steps involving water and carbon dioxide production 

in balance with it. This leads to the following equation 

.d[ CH,,] 
, ... = kd[RUCH3][RuH] (110) 

dt 

using the equations for the f.ractional coverages of "these intermediates 

in conjunction wlth equation (109) yields the following rate expression: 

d[CH4] (k6K~I~K3KL.,Ks[H%]2[CO ] . kgK22[CO];~)/{1 + (KI[H2])1/2 + 
dt " = 

k6K~IL~K4Ks.~[CO ] + (KzK3 k6K2K3K4K5 I 
(K z * kdKTKIoK~I- + kBKTK~I ')(KIZH2]) /Z[CO] + 

k 
(KIK2K3K 4 k6KI.K2K3K4KS~[H2][CO] +(K2K3K4K 5 + ~8 2K3K4Ks) (KI[Hz]) 3/2Zc0] 

+ kdK 7 " 

: kgK2LCO] , }2 

kB(KI[H2]) I/2 + kdKIKT•H2]" .+ k8K7KI1(K1[H2])3/2' + 2 '2 • kBK7KI OK 1 IKi ZHz] 

I f ,  once again, terms in the denominator associated with oxygen-containing 

inter=~dtates are neglected based on the Auger results then equation (111) 

reduces to the following: 
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dCCH4] : (k6KIK2K3K4Ks[H2]Z[co] . kgK~[CO]2)/{I + (K1[H2])I /2 
dt + 

k6K2K3 K4K5 k6K2K3 K4K5 k6K1 K2 K3K4K5 
[H2] [CO] .  (ksK7K10K11)[ col + ( k8K7K11 )(KI[H2 ] )1 /2 [c0 ]  + ( k8K 7 ) 

(~k.-~K6 2K K4K 5) 3 (KIE'Z 3)3/2[c°3 ÷ ÷ 

ks(K1[ H2]) I /2  k8KIICIC H23 
4,. 

kgK [CO]2 kgK ;CO  
+ 2 2 

k8K7K11 (K1 [ H2]) 3/2 ksK7KIoK 1 1K1[H2 ] 
(~12) 

This equation can be rewr i t ten in the f o i l  owing form: 

dt = (A[Hz ]2[c0] + .B[C012)/{I + C[H2 ]I/2 + D[H2 ]3/2[C0] + E[H2~[CO] + 

F[H2]I/2[CO] + G[CO] + I[C032" ~ + K~CO!2 L[CO~2) 2 (113) 
[H211/2 + [H213/2 + [H2.12 

In th is  expression the cor re la t ion  between the constants (A-L) and the 

rate constants and equ i l ib r ium constants is obvious. No d i rec t  cor re la t ion  

between the constants of th is  expression and those of equation (100) is 

intended. When 'the hydrogen pressure is held constant as in the case 

wi th a carbon monoxide order p lo t  th is  expression assumes the much 

simpler form: 

dE CH~] 

dt 
= (A'[C01 + B'[C01 z) 

(I + c' + o,[co] + E'Eco]Z) z 
(114) 

This expression could be f i t  rather n ice ly  to the data wl th the maxlmun 

deviat ion between theory and experiment being 10%, 

An. attempt was made to f i t  the hydrogen order resul ts  using equation 

(113) and the constants of equation (114) obtained from the carbon monoxide 

order p lo t .  The pos i t ive  order region of the curve was f i t  very well  but 
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serious deviat ion occurred in the negative order region of  the curve. This 

suggests that  the mechanism as l i s t ed  does not adequately describe the 

hydrogen interaction at very high hydrogen pressures. A modification of 

the model increasing the negative hydrogen order dependency of the rate 

expression would involve multiple bonding of intermediates to ruthenium 

atoms. Thls would allow more than one hydrogen atom to bond to a 

ruthenium atom and i t  would also permit the bonding of hydrogen atoms and 

carbon containing intermediates to the same ruthenium atom. Since a11 

kinetic data were taken with excess hydrogen and since at times the 

hydrogen pressure was as high as ZOO0 times the carbon monoxide pressure 

i t  i~ not unreasonable to suppose enhanced hydrogen adsorption. Upon 

looking through the eight or so inter~diates predicted in the mechanistic 

discussion thus far i t  is apparent that a variety of structures could 

exist that would involve multiple bonding to the surface atoms. Quite a 

few of these would, however, not change the order dependence of the rate 

law in the desired manner. I f  we examine equation (112) i t  is apparent 

that in order to increase the negative order dependence in terms of 

hydrogen we must either change the rate Iimlting step such that the 

exponent of the hydrogen term in the numerator is less than +2 or we must 

add a term in the denominator which goes as the hydrogen pressure raised 

to a power greater than +3/2. The numerator has a very signif icant 

effect upon the f l t  of the theory to the data, especia11y in the positive 

order region of the hydrogen order plot. Since this region of the curve 

f i t s  f a i r l y  well the approach wi l l  be to introduce new intermediates that 

would r~dify the denominator as described above. 
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When data are collected to yield a hydrogen order plot the carbon 

monoxide pressure is held constant. 

reduces to the fol l  owing: 

d[CH4] H232 
d--T--- = (A,,[ + S,,)/Fl + C"[H231/2 

In th is  instance equation (t12) 

+ D,,ZH213/2 + E,,[H 2] + ~, + 

I" J" ~' L,,_~2 (115) 

rH231/2 + L ~  * [H213/2 + [H2]Z 

As wi l l  be evident later the denominator terms which are inverse order 

in hydrogen have negligible contribution (I" - L" are zero). In an attempt 

to improve the f i t  to the hydrogen order plot a term such as M[H2] 2 was 

added to the denominator. I t  was observed that proper selection of the 
I 

constants gave a fairly good fit to the data. It is evident that when hy~ 

drogen adsorbs as an adatom, a term (C[H2]) I/2 in the denominator of equa- 

tion (113) describes its pressure dependency. Also evident is the fact that 

the carbonaceous species RuCH has a term wi th  the same hydrogen pressure 

dependency. In f i t t i n g  the hydrogen order data no d i s t i n c t i o n  between 

these terms can be made. However, t he i r  r e l a t i v e  magnitude w i l l  a f f ec t  

the carbon monoxide order p lo t  since one is independent of  the carbon 

monoxide pressure and the other var ies as the carbon monoxide pressure. 

An ident ica l  s i t ua t i on  ex is ts  w i th  the M[H2 ]2 term. I f  the adsorbed 

species wi th  th is  hydrogen pressure dependency contains only hydrogen 

atoms then the C' term In equation (114) would include th is  term. I f  th is  

species contains a carbon atom then the term ls ac tua l l y  represented by 

M[CO][H2] 2 wi th  a f i r s t  order carbon monoxide dependency. Thls term 

would appear in the D'[CO1 term of equation (114). I t  is possib le that 

both surface species con t r ibu te .  The resu l t  of  th is  analys is  is t h a t  
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either C' or D i or both must include a term wlth a +2 hydrogen pressure 

dependency, 

I t  was observed that some variation in the values of both C ~ and D' 

was possible without sacrificing the carbon n~noxide order plot f i t .  

Maximum values of the two constants were found to be C' = 0.1 and D' = 

0.01o These maximum values could not be used simultaneously to give 

the optlmC~ f l t .  An a t t~p t  was made to f i t  the hydrogen order plot 
, I  

using constants from the carbon monoxide order plot with C' = 0.1. I t  

was found that this led to an improved hydrogen order f l t  but the error 

at higH hydrogen pressure was s t i l l  too hlgh. Similarly, D ( was maximized 

and,a hydrogen order curve f i t  was attempted. An acceptable f i t  resulted. 

What this suggests is that i f  only one new intern~adiate is introduced 

into the mechanism to accomplish a sln~dItaneous f l t  of both order plots 

its surface concentration must vary as [H2 ]2 and [CO]. AI ternativeIy, 

~o new inter~edlates may be introduced. The f i r s t  would have the pressure 

dependencies just mentioned and the second would have a surface concentra- 

tion that varies as [H2] I .  Introduction of the second intermediate alone 

wi l l  not yield an acceptable f i t  t o  the data. The app rd~  ~ th~s point 

wi l l  be to attempt to introduce examples of both intermediates and use 

data other than kinetics to make a f inal judgement. 

One interaction which might be expected to occur when hydrogen is 

present in large excess is the adsorption of more than one hydrogen etc~ 

per ruthenium atom. Consider the following: 

k~zH H 
Ru + H 2 \ / (Step 12)' (116) 
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[RuH 2 ] 
K12 = "  R.H 2] : K12FH2]ERu] 

Of course, a species of th is  sort would be expected to be react ive.  A 

(117) 

simple mechanism could be written which would involve only th is  form of 

adsorbed hydrogen: 

RuCO + RuH 2 ~ RuCHOH + Ru 

RuCHOH + RuH 2 - H20 + RuCH 2 + Ru 

RuCH 2 + RuH2k13cH4 + 2Ru (Step 13) (118) 

The rate expression derived from th is  sequence of  steps ( inc lud ing  carbon 

monoxide and hydrogen adsorpt ion steps) indicates that  th is  sor t  of  

i n te rac t i on  does not y ie ld  a pos i t i ve  k i n e t i c  order in hydrogen. I t  ls 

poss ib le ,  however, that  th i s  mechanism could be occurr ing simultaneously 

w l th  the one developed prev ious ly .  This would lead to a rate expression 

iden t i ca l  to equation (113) except that some of the c o e f f i c i e n t s  would 

have a s l i g h t l y  d i f f e r e n t  form when expressed as rate constants and 

equ i l i b r i um constants. The important th ing to be gained from th is  

is that  the in t roduc t ion  of the RuH 2 species has no e f f e c t  upon the f l t  

o f  the theory to the data. Since the only e f f e c t  o f  the two unnumbered 

steps above is to modify the form of some of the c o e f f i c i e n t s  in the 

rate expression they w i l l  not be considered subsequently. 

I t  is a lso conceivable that  the RuH 2 species could In te rac t  wi th 

some of the intermediates produced in the previous mechanism, in te rac t ions  

could occur in which e i t he r  one or both of the hydrogen atoms would be 

Involved. AI I such in te rac t ions  were considered and once again the rate 

expression was ident ica l  to equation (11]) except f o r  the co r re la t i ons  
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between so~ of the coefficients and the rate constants and equilibrium 

cons tents.  

I t  is quite conceivable that additional hydrogen could be adsorbed 

in the follc~ing manner: 
H H 

RuH2 H2 -~14 

[RuH 4] 

(119) 

= - ERuH.]  = Kt  H2]Z[Ru] (1205 
K14 [RuH2]LH 2] • ,. 

Thls species has the desired hydrogen pressure dependency and would 

improve the f i t  to the data. Interact ions be~veen th ls  intermediate and 

the oxygen containing intermediates could occur wi thout  modi f ica t lon of  

equation (113) except to change the rate constant -equi l lbr ium constant 

dependence of a few of the coefficients. The same is true of interactions 

wlth RuC, RuCH and RuCH 2 toyie ld higher hydrogen containing intermediates. 

Therefore, such interactions wi l l  not be listed expl ic i t ly in the 

mechanism, An interaction between RuC and RuH&.to yield methane Could 

possibly occur but since such a step does not rea l l y  resemble an elementary 

process, i t  w~II  not be cQnsidered. The in teract ions be t~vee~ RuH 4 and 

each of  the species RuCH, RuCH 2 and RuCH 3 to y ie ld  methane does not f o11~  

th~ observed k i ne t i c sand  therefore must have neg l ig lb le  occurrence. 

The major role of an RuH 4 species would be to serve as a reverslbIe 

surface poison. At high hydrogen pressures the surface would become 

predomlnately covered wi th  th is  species and therefore the number of  s i tes 

ava i lab le  fo r  adsorption of  carbon monoxide would be qu i te  l ~ .  A severe 

drop In rate wouid be expected. Upcn pumping the system,, the hydrogen 
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would be flashed off to yield the original surface. This sort of revers- 

ible poisoning would be expected to yield an order plot wlth a very sharp 

peak. As was observed in Figure 21, this is the case with the data of 

this study. 

All intermediates postulated thus far have been of such a nature that 

no hydrogen atoms could be attached to a ruthenium atom which had a 

carbonaceous species also bound to it, To eliminate such structures is 

apparently incorrect as was noted in-a previous discussion. Several 

species of this sort could be wr i t ten involving the addition of 

extra hydrogen to the intermediates already postulated. Most such inter-  

actions lead to results that are kinetica11y indist inguishable from the 

theory already developed and would therefore not improve the f i t  of the 

theory 1:o the data. Also, species that involve addit ional hydrogen 

adsorption onto oxygen containing Intermediates are not l i ke l y  because of 

the Auger results previously discussed. 

Consider interact ions involving the addit ion of one hydrogen atom. 

Only one such interact ion w i l l  produce an intermediate whose surface 

concentration varies as [Hz]2[CO]. Consider the fol lowing 

Ru + RuH ~ Ru ÷ Ru 

[RuHCH3] = K[RuCH3][RuH ] 

Before attempting to modify the theory to include this species, in ter -  

actions involvlng the addit ion of two hydrogen atoms w i l l  be considered. 
i 

Two such interactions would change the hydrogen order dependency of the 

previous theory. The f i r s t  involves the interact ion of two hydrogen atoms 
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with adsorbed methylene as fo l lows:  

H H H H 

(Step 15) 

(121) 

CRUHzCHz] - K12K 15[ R=CHz]C H2] (I2Z) 

This intermediate c l ea r l y  has the proper pressure dependency in both the 

hydrogen and carbon monoxide. One addi t iona l  in te rac t ion  would involve 

an adsorbed methyl group and a hydrogen molecule as follows: 

CH 3 CH 3 
~u + H2 ~ H - - / u / H  

FRuH2CH3] = K[RuCH3][H2] 

• CH215/2[C0] li~is species has a pressure dependency of and will be consid- 

ered briefly. 

Before proceeding with the mathematical development of the rate 

expression a f~ words must be said about the plausibility of these three 

hypothetical ne,~ surface structures. Comments wil I concern the mode of 

bonding and the stability of each intermediate. A more thorough discussion 

of this matter will follc~ the derivation of the rate expression. 

The bonding of  an adsorbed methyl group is m~st ce r t a i n l y  v ia an sp 3 

hybrid o r b | t a l .  The hydrogen atom is bound to the surface vl__~a a ~ bond. 

Th~s, of  course, assumes that  bonding o r b i t a l s  are ava i lab le  in the metal 

to a c c ~ o d a t e  the bonding of  both s t ruc tures .  For the m ~ n t  we w i l  1 

ass~e  that  th is  is the case and discuss i t  in more de ta i l  l a t e r .  Since 

both the hydrogen atom and the methyl group are bound to the ruthenium 

vla (~ bonds, both adsorbates are free to '~igg]e" and "flop around ~' on 

the ruthenium atom. I t  IS qu i te  l i k e l y  that  in doing th i s  they w|11 



i30 

c o l l i d e  wi th  one another and form methane which desorbs rap id ly  as fol lows: 

H /CH 3 
\ ~ CH 4 + Ru Ru 

This s t ruc tu re  is bel ieved to be qui te  unstable and i ts  surface concen- 

t r a t i o n  would be expected to be neg l ig ib le .  The same arguments can be 

made about the RuH2CH 3 s t ruc tu re  and l ikewise i t  must be el iminated as 

a species that  could achieve r e l a t i v e l y  high coverages under react ion 

cond i t ions .  

I t  seems qu i te  reasonable to expect that  the RuH2CH 2 surface i n t e r -  

mediate could be present in s i g n i f i c a n t  concentrat ions.  I f  i t  is assumed 

that  the carbon atom has already undergone conversion to sp 3 hybrid o r b i t -  
r 

a|s then the bonding to the ruthenium would be as fo l lows:  

The methylene group is f a l r l y  r i g i d l y  bound to the surface such that  the 

sor t  of  movements that  led to decomposition of  the two previous st ructures 

is severely l lm i ted .  The hydrogen atoms are bound to the ruthenium atom 

through d i rec t i ona l  bonds such that  they are not posi t ioned close enough 

to the carbon atom to al low rapid decomposition. This w i l l  be discussed 

in more de ta i l  l a t e r .  

Once the RuHzCH z species is present on the surface i t  can e i the r  

remain on the surface as a revers ib le  poison or I t  can slowly undergo 

decomposition to form methane. I f  the species remains on the surface 

during a run as a poison then i t  would have the e f f ec t  of  removing react ive 

ruthenium s i t es .  ~ This would lead to a very rapid decl ine In the rate and 
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would produce a sharp peak in the hydrogen order plot. A sharp change 

from a kinetic order of +2 to -I  was experimenta|ly observed. 

I f  the RuH2CH 2 undergoes decomposition to methane, then i t  must do 

so in a manner which f l t s  the observed kinetics, Consider the following 

dissociation step: 
H\ H 

C / 
H\I I/H " CH4 + Ru 

Ru 

The rate of thls simple decomposition would go as the number of ruthenium 

atoms. Examination of equation (110) indicates that in order for the 

theory to f i t  the data the rate must go as the number of ruthenium atoms 

squared. The following interaction would meet that requirement: 

H H 

\ c /  kl- 6 + ZRu (Step 16) + Ru CH 4 (123) 

Thls suggests that because of the relatlve positions of the hydrogen ~toms 

with respect to the carbon atom an interaction between the adsorbed 

methylene-hydrogen structure and a bare ruthenium atom is necessary to 

produce methane. This w i l l  be discussed in more detail later. I t  is 

believed, however, that this step is not a major pathway to the production 

of m~thane. 

A rate expression will nc~ be derived using steps 1-16 as a complete 

mechanism. Since the rate of formation of methane must ecluaI the sum 

of those for water and carbon dioxide we get the fo ]  lowing equation: 

ks[RuCH3]~RuH] + kI3[RuCH2][RuH 2] + EI6[RuH2CHz][Ru] = k6[RuCHzOH][RuH] + 

kg[RuCO]2 (I 24) 
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Substitution into this equation leads to the following expression for the 

f ract ional  coverage of RuCH2: 
1 kgK22[CO]2 

[RuCH2] . ~{k6KIK2K3K/~K5[H2][CO ] + EH2] }ZRu] (125) 

with Z - (ksZlK 7 + k13K12 + k16K12K15) 

Simi lar ly,  expressions for the other carbonaceous intermediates may be 

derived: 
2 1/2 2 

kgK2K I KT[CO] ,. 1 3/2 
[RuCH3 ] - ~{k6K I K2K3K4KsK7[H213/2[CO] + [H211/2 --}LRu] (126) 

1,k6 1 
[RuCH] ,' ~.~'~l/2K2K3K4Ks[H211/2[CO] + I/2[ HZ]3/2][Ru] 

K11 K1 
(127) 

I k6K2Z3Z~K=[CO] 
['RuC] " 3 {  K10K11 ~' 

k9K ~ COl 2 
+ . 2 ] [ R u ]  (128) 

K 1 0 ~ I K l [ H 2  ~ . 

1 [RuH2CH2 ~ ~{k6K1K2K3K4KsK12[H212[CO] + kgK~K 12[C032}[Ru] (129) 

The rate may be determined from equation (12/+) as follows: 

d[ CH~dt ] " f k6Zl K223 K~Ks[ H212[ CO] + kgZ~[ COl 2 }[ Ru] 2 (130) 

The expression for the fract ional coverages of the surface intermediates 

has the fol lowing form: 

1 = [Ru] + [RuH] + ERuH z] + [RuCO] + [~uCHO] + [RuCHOH] + [RuCH2OH] + 

[RutH3] + [RuCH2] + [RuCH] + [XuC] + [RUHzCH2] + [Ru.4]  (1~1) 

This expression may be used to solve for the f ract ion coverage of bare 

ruthenium s i tes .  When the resul t ing expression is substituted Into 
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equation (130) the fo l lowing rate ex~pression is obtained: 

dCCH~] 
dt = (k6KIK2K3K4Ks[H2 ]2[C0] + kgK~CCO']2)/{1 + (KI[H2])I/2+ KI2[H2 ] + 

ZKll ZK l l / 2 rH  ' ~3/2 11 1 L 2 j 

÷ 

kgK)[CO]2 
ZEH2 ] .... + 

k6K13/2K2K3K4KSK7 [ H213/2ECO] 

÷ 

k6K2K3K~KsCCO] 
÷ . . . .  ÷ 

ZK1 oK11 

kgK~CCO]2 

K 1KIOK 11 [H2 ]2 ' 

k6K 1K2K3KI+KsCH2]CCO] 

2 1/2 
kgK2K7K 1 [COl 

+ .Z[H2]I /2 

k6K 1K2K3K4KSK 1 2[ H2]2[ CO] 
Z 

kg~K12CCO] 
Z + KI4[H2 ]2}X (~32) 

This expression may be rawrltten in a s in~ ler  fom as follc~s: 

dECHL~] I . .  (AEH2]2[CO] 
dt 

F[CO "i2 + G[H2][CO] + ![C0"]2 + jFH2]3/2[CO] + 
CH ] 3 / 2  - 

HECO]2 ~. N[H2]ZECO] + C~CO] 2 P[Hz]2] z 
C . 2 ] z  " . + 

+ 8[C032)I{I + C[H2 ]llz + D[H z] ÷ E[H2]II~[co] + 

~c0] 2 ÷ LECOD ÷ 
[H231/2 

(~33)  

wh~re the definition of the constants in tems of rate constants and 

equilibrium constants is obvious. This theo~was flt to the data with 

the constants shown in Table II. They are functionally dependent only 

upon the te~erature. 

It was observed in fitting the carbon~noxlde order plot that the 

denominator term which is independent of the carbon ~noxide pressure 

(C i of equation (I14)) could be varie~l by two orders of magnitude 
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Table 11. Values of the constants in the rate expression 

Cons tan t Va 1 ue Un i ts  

• ._  ;1  -1  _ - 3  A 1.26x10"~ 0 molec s i t e  .s .um . 
. _  - 1  - 1  r -  " Z  

B 1o64X10-. molec.slce, .s- pm 
C I .0 xlO[~ /zm:I/2 
D 3.0 xlO - /zm 
E 0 

F 0 8 -2 
G 9.58xi O" /j.m 
I 
J 2.640x10 -8 ~Zm "3/2 
K 0 
L 0 
H 0 
N 3.27x10 "10 /j,m'~ 
0 :3.98xl 0 "~ - Urn. 2 
P 5.33x10 ~ /zm 

wi thout  severely a f fec t ing  the f i t  to the data. The major e f fec t  of th is  

term is at low carbon monoxide pressures where the other terms are f a i r l y  

smal l .  The f i t  of  the data to the hydrogen order p lo t  yielded a more 

accurate value of C'. In the Final equation C' - C[H211/2 + DCH2] + P[H212 

was dominated by the [H2 ]2 con t r ibu t ion .  The data of both curves This term 

were f i t  by i n i t i a l l y  opt imiz ing P and then C and D, Since the [H2 ]2 term 

was dominant the values of C and D could vary by a Factor of 2 or 3 w i th -  

out severely a f fec t ing  the f i t .  A l l  constants that are assigned values of 

zero in Table 11 were found to cont r ibute  negi i g i b l y  to the value of the 

rate as defined by equation (113) and the non-zero constants, 

The f i t  to a typ ica l  carbon monoxide order p lo t  is shown In Figure 30. 

The overa l l  f | t  is qu i te  good wi th  the only deviat ion occurr ing near the 

peakmaximum. This deviat ion amounts to about 10~ at worst .  Figure 31 
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shows the F i t  of the theory to a t yp ica l  hydrogen order p l o t .  The maximum 

dev ia t ion  in th is  case occurs at hydrogen pressures j u s t  below the peak 

maximum, The dev ia t ion in th is  case is about 15%. At extremely low hydro- 

gen pressures i t  is noted that  the theory pred ic ts  a leve l ing  o f f  of  the 

order p l o t .  The [COl 2 term in the numerator dominates y i e l d i n g  a constant 

rate.  In the case of the data shown in Figure 31 th is  l eve l i ng  o f f  begins 

to occur at a hydrogen pressure of about 400 Ilm. The sca t te r  In the data 

In th is  region is higher than usual because the rates are so slow. As a 

resu l t  i t  is not cer ta in  that the rate a c t u a l l y  levels o f f  as predicted by 

-4 
the theory, The minimum rate detectable in th is  study was about 4x10 

mo|ec-s l te= ls  " l .  The f i t  of the theory to the water and methane order 

p lo ts  is shown in F igures 32 and 33 respec t i ve ly .  Two methane order p lo ts  

are shown. They were taken at  d i f f e r e n t  carbon monoxide pressures. Both 

were f i t  qu i te  wel l  by the theory, 

The constants that  were presented in Table 11 were obtained by f i t t i n g  

the theory to the data shown in Figures 30 and )1. These data were 

chosen because they were co l lec ted over a f i f t e e n  month per iod w i th  

exce l len t  r e p r o d u c i b i l i t y .  Also, because there are so many data points  

In these two order p lo ts  i t  is obvious where the curve should l i e ,  To 

demonstrate that the theory wlll correctly predict the results of studies 

conducted at the same temperature but at different pressures, fits were 

made to the data in Figures 34 and 35 using the constants from Table II. 

As can be seen the fit is quite good for each curve. It mlght be possible 

to Improve the fit in Figures )4 and 35 by ~ifying some of the constants 

while attempting to maintain the fl~ In Figures 30 through 33. This, 
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however, was not done. No attempt was made to f i t  all of the data 

collected quantitatively. However, all data were in qualitative agreement 

with the theory. 

Some comparisons among these figures can be made which demonstrate 

that the theory correctly predicts several trends relative to the reaction 

rates and the pressures of  carbon monoxide and hydrogen. Figures 30 and 

34 are carbon monoxide order p lo ts  taken at d i f f e r e n t  hydrogen pressures. 

The rate at a hydrogen pressure of 3800 /~m peaks at a rate of  0.035 molec. 

s i te - ' l s  "1. When the hydrogen pressure was increased to 4150 /~m the maximum 

In the rate occurred at 0.0/~3 molec .s i te~ ls  "1. I t  can be observed in 

Figure 31 that  both of these hydrogen pressures l i e  in the pos i t i ve  order 

r~gion wi th respect to hydrogen, so an increase in hydrogen pressure would 

be expected to increase the rate f o r  any given carbon monoxide pressure. 

The comparison of  the peak maxima can be made since they occur at the same 

carbon monoxide pressure. 

The hydrogen order p lo ts  can be compared in a s i m i l a r  manner (Figures 

31 and 35). At a carbon monoxide pressure of 26.5 /~  the maximum rate 

occurs at 0.O41 molec.s i teT ls  " I  whereas at  43.2 /~m of carbon monoxide the 

peak is at  0.029 molec-s i te- ' ls  "1. Both o f  these carbon monoxide pressures 

l i e  in the pos i t i ve  order region In Figure 30. Therefore, the va r i a t i on  

of  rate w i th  carbon monoxide pressure In a hydrogen order p l o t  is as 

expected, 

A carefu l  examination of the re la t i onsh ips  between the c o e f f i c i e n t s  

In the rate expression and the rate constants and equ i l i b r i um constants 

al lows an approximation of the values of  two equ i l i b r l um constants and 

one rate constant.  From the value of  C i t  Is evident  that  K 1 - lx lO "6 gm "1. 
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From D a value of K 12 = 3xi o '6  ~m" I is ob ta ined ,  These are considered good 

approximations but not absolute numbers because of the problem in determln- 

ing C and O discussed previously. The f inal  mechanism includes three steps 

that lead to the production of methane, I t  is believed, hc~vever, that the 

major pathway to ~athane production is step 8 of the mechanism. I f  this is 

assu~d to be the case then k8K1K7 >> k13K12 + k16K12K15 and the value of  

k 8 can be calculated from the coefficients A and J. I t  i,s evident that 

A/J  = K11/2k8 . This y ields a value of  ks.= 4.77 molec-site~ls "1. 

I t  is d i f f i cu l t  to confront upon these values since equilibrium 

constants and rate constants for surface reactions are not generally 

available, A value for the equilibrium constant K 1 has been reported on 

i r id ium t h i n f i l m s  [105],  At 373K the value was reported to be 2.5 am 

while at g73K the value was approximately 2x10 "Z ~m "I~ These values are 

obvlous]y higher than that of this study. I t  must be kept in mind, however, 

that thls work involves ruthenium rather than iridium and that the tempera- 

ture was 573K. A value of IxlO "6 Im "I is certainly not unreasonable when 

centered to the i r id ium resul ts~ i t  has been reported [~06] that  hydrogen 

flashes o f f  ruthenium by 373K= Since th is  study was conducted at a temper- 

ature well above the desorption te~erature the coverage of adsorbed 

hydrogen atoms would be expected to be quite low. The value of K 2 = 3xI0 "6 

/~n "I see~s also to be in the correct range. A f i r s t  glance might suggest 

t h a t  i t  should be approximate ly  eclual to K I s i n c e  both involve  the adsorp-  

t lon of two hydrogen atoms on ruthenium, No reported value o f t h i s  

equi l ibr ium constant is avai lable for. comparison. 
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Before discussing the value of k 8 i t  might be useful to convert to 

-2 -1 
the more conventional un i ts  of molec-cm- s . This requires an estimate 

Z 
of the number of s i tes  per cm of ca ta lys t  surface area.  The tota l  

number of s i tes was Z.54x1017. I f  the surface area of the f i lm  is e s t i -  

mated at 250 cmZ then a s i t e  densi ty of lxlO ls si tes/cm 2 is obtained. 

The 250 cm Z represents the calculated internal  surface area of the glass 

bulb, Ac tua l ly ,  since the f i l m  is known to have many grain boundaries 

+ the densi ty of s i tes might be expected to be higher. Competing with th is  

e f fec t  is the apparent  removal of s i tes  by the type Z carbon discussed 

earl  l e r ,  E f fec t i ve l y  these two phenomena cancel one another such that 

the 'actual  density of s i tes  is w i th in  an order of magnitude that of a 

r e l a t i v e l y  smooth surface. This densi ty of s i tes  leads to a value of I( 8 

- /+,77x1015 molec.cm-'Zs "1. In general, i t  has been observed that rate 

constants for  blmolecular surface reactions ( l l ke  step 8) tend to f a l l  

in the 1012 to 1016 molec.cmTZs -1 range. The value reported here is 

ce r t a i n l y  wel l  w i th in  that range. 

From the value of k 8 = /+.77 molec 's i teT ls  "1 and the value of 21.9 

kcal/mole fo r  the ac t i va t i on  energy of the react ion at 573K the preexpo- 

nent ia l  fac tor  a may be calculated (k = ae "Ea/RT). A value of a = 9.5x108 

Is obtained. This ls in exce l lent  agreement wi th  the value of 5.9x108 

reported by Vannice for  the methanation react ion on supported ruthenium 

[38] .  This value of a f a l l s  w i th in  the rather  broad range of values 

expected for  a process that  ls surface react ion cont ro l led [107].  The 

agreement between the rate constant of th is  study and that reported by 

Vannice suggests at least some agreement between th is  theory and the 
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data already aveileble in the open literature. It also suggests that the 

assumption that step 8 of the m~chanism is the n~jor-pethway to methane 

production is reasonable. 

The equations developed previously can be used to p red ic t  the re l a t i ve  

coverages of the various intermediates during the reaction process. This 

was done at different pressures of carbon ~noxide and hydrogen. I t  is 

interesting to note that the coverages of those species which are reactive 

inter~diates (RuH, RuH 2, RuCH 2 and RuCH 3) pass through'maxima as the 

pressure of one gas is held constant and the other is varied. A graph of 

coverage versus pressure of reactant would look very much like the 

order plots of carbon m~no×ide and hydrogen. On the other hand, the 

coverages of the reversible poisons RuH 4 and RuH2CH2 increase with the 

pressure of each reactant gas. 

The coverage of RuCH 3 is generally considerably higher then that of 

any other reactive intermediate. This is reasonable since the rate l imi t -  

ing step involves its removal. This observation lends additional support 

to the postul~tion that of the three possible pathways to methane produc- 

tion, step 8 of the ~chanism accounts for most of the methane produced. 

One might argue that step I) ,  which involves the interaction of RuCH 2 and 

Ruff 2 to yield methane, is sufficiently fast that r~st of the RuCH Z is 

rerr~ved vi_._a~this route. This is unlikely since RuCH 2 is a precursor to 

Ruth 3. If the RuCH 2 were being removed vlaan alternate route t h~ the  

coverage of RuCH 3 would not be expected to build up. Also, since RuCH 2 

and RuCH 3 are in dynamic equilibrium, any process which had the effect of 

re~ving the RuCH2 at a rapid rate compared to the production of RuCH 3 
e 



would lead to the dep le t ion  of the RuCH 3 species. I t  might be poss|ble to 

expect that step 16 could lead to s i g n i f i c a n t  amounts of methane. This 

would be expected to occur onJy under condi t ions where the f rac t i ona l  

coverage of vacant s i tes  was r e l a t i v e l y  high. The rate of  methane produc- 

t ion  has been observed to peak at a hydrogen pressure of about 5 t o r r  

when the carbon monoxide pressure was 26.5 ~m (Figure 31). Surface cover- 

age ca lcu la t ions  ind icate that under these condi t ions ample vacant s i tes  

are ava i lab le  up to a hydrogen pressure of  about 15 t o r r .  The peak 

maximum in the hydrogen order p l o t  seems to occur at too low a hydrogen 

pressure to expect step 16 to occur at an appreciable rate.  

Perhaps the most surpr is ing  piece o f  informat ion to resu l t  from these 

ca lcu la t ions  is the very low coverage of the react ive  forms of hydrogen. 

At 57)K the s t i ck ing  c o e f f i c i e n t  of  hydrogen on ruthenium is extremely low. 

However, s u f f i c i e n t  hydrogen must be ava i l ab le  to r ap i d l y  remove the oxygen 

as water, leaving behind RuCH 2 as predicted by the surface charac te r iza t ion  

work. Also, s u f f i c i e n t  hydrogen must be ava i lab le  to convert the RuCH 2 

to RuCH 3. The pathways that lead to product formation are severely l im i ted  

bY the observed k ine t i cs .  In order to s a t i s f y  the Langmuir-Hinshelwood 

k ine t i cs  as wel l  as to meet the s to ich iomet r l c  requirements o f  the react ion 

the water and methane must be produced vi_..~a the in te rac t ions  spec i f ied in 

steps 6 and 8 of  the mechanism ( ignor ing steps 13 and 16). A l l  o ther  steps 

have been w r i t t en  invo lv ing RuH at tack of  the var ious Intermediates. Since 

a l l  steps except those leading to products are t reated as e q u i l i b r i a ,  the 

hydrogen could also be suppl ied by e i t he r  of the revers ib le  poisons or by 

gas phase hydrogen, Such steps are k i n e t i c a l l y  i nd is t i ngu ishab le  from 
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those l i s ted  in the m~chenism. A few examples are as fol lows: 

RuCO + H 2 ~ RuCHOH 

RuCH 2 + RuH2CH 2 ~ RuCH 3 + RuHCH 2 

RuC ÷ RuH4~ RuCH 2 ÷ RuH 2 

Quite a few other steps could also be written since any of the intermedi- 

ates could be interconverted using any of the above hydrogen donors. Keep 

in mind that thls applies only to those equillbrlum steps that convert one 

intemediate into another and not to those irreversi~le steps that lead to 

products. With these possibil it ies the suppIy of reactive hydrogen is 

actually quite a b i t  higher than predicted by the surface coverage calcu- 

lations for RuH and RuH 2. 

Since the coverages of RuH and RuH 2 are relatively low at el l  times, 

i t  might be useful to consider why the coverages of RuHzCH 2 and RuH 4 seem 

so high under certain condit ions. In f i t t i n g  the data to the theory i t  

was observed that the total [H2] 2 dependence of the dencminator was very 

cr i t ica l  in getting a good f i t  to the hydrogen order plot. This says 

that N[CO] + P (from equation (133)) could be accurately determined. The 

relative magnitude of each tam0 however, was less cri.tical for getting 

a reasonable f i t  to both the hydrogen and  carbon monoxide order p lo ts .  

Since i t  was kmcwn frcm Auger studies as well as kinetic results that the 

~ount  of  carbon remaining on the surface a f te r  a k ine t ic  run. generally 

decreased with increasing hydrogen pressure i t  was f e l t  that  the con t r i -  

bution of the RuH~ term should be maximlzedre lat lve to the RuH2CH 2 

¢on=entration. As a resul t  the re la t ive  coverages of these t~o poisons 

are approximately equal under m~st.conditions. The f i t  to the k ine t i c  
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order p lo ts  remains e s s e n t i a l l y  unchanged, however, i f  the coverage of 

RuH~ is decreased (P becomes smal ler)  and the coverege of RuH2CH 2 is 

increased (N becomes la rge r ) .  In fac t ,  the values N = 4o91X10 "10 and 

P = 0 could be used to p red i c t  order p lo ts  that  f i t  the data j u s t  as wel l  

as when the values were as l i s t ed  in Table 10. This suggests that the 

RuH 4 could b~ qu i te  a b i t  lower than the RuH2CH 2 and might even be 

comparable to the coverages of  the RuH and RuH 2 intermediates,  The 

s t ruc tures of these adsorbates w i l l  be discussed sho r t l y .  

One f i na l  comment concerning enhanced adsorpt ion should be made. i t  

was observed that when one reactant  was held constant and the pressure of 

the other was increased the coverage of  both hydrogen and carbon contaln ing 

intermediates was increased. This suggests a f a i r l y  strong in te rac t i on  

between the adsorbed gases and has been seen p rev ious ly  [~9 ] .  

A model has been developed which q u a n t i t a t i v e l y  f i t s  the k i ne t | c  data 

and q u a l i t a t i v e l y  pred ic ts  a l l  other observat ions made during th is  study. 

Step 1 involves the d i ssoc ia t i ve  adsorpt ion of  hydrogen on ruthenium. 

Hydrogen which had been adsorbed on ruthenium (0001) at 100K was found to 

desorb wi th  second order desorpt ion k ine t i cs  in the 350 to 450K range [82 ] .  

Second order desorpt ion k ine t i cs  suggest d i ssoc ia t i ve  adsorpt ion.  Also, 

th i s  mode of  bonding ls cons is tent  w i th  the observed hydrogen-deuterium 

exchange that occurred on the ca ta l ys t  at 573K. This s t ruc tu re  fo r  

adsorbed hydrogen w i th  a Hads:RU r a t i o  of about 1 has been suggested b y  

Oal la Betta [69]  and Taylor  [70 ] .  

That other types of hydrogen bonding on ruthenium can occur s imul ta-  

neously wi th  that  discussed above was suggested by Gostunskaya, et  e l .  

[108] .  Indeed the work of Ghoneim, et e l .  [71] and Kublcka r72] suggests 



that two hydrogen atoms can be simultaneously bound to a single ruthenium 

s l te  as suggested in step I2. 

Bulk ruthenium atoms, being in a hexagonal close packed structure,  

have a coordination nu~er of 12 (nu~er of nearest neighbors). Those 

atoms at the surface of a s~oth plane have 9 nearest neighbors° The 

electron mlcr~raph of this catalyst suggests a very high density of grain 

boundaries in thls thin fi lm. This suggests a hlgh density of edge sites 
. r  

where a ruthenium atom may be bound to as few as 4 or 5 nearest neighbors. 

Such an atom is very highly uncoordinated and has many bonding sites 
= 

(orbit~Is) avai1~ble. I t  is not at al l  unreasonable then to expect 

mult ip le bonding to these ruthenium atoms. Such a structure invo lv ing 

hydrogen atoms is suggested in step 14 in which 4hydrogen atoms are bound 

to one ruthenium atom. Hydrogen normally flashes off of ruthenlumMby 

373K. Therefore any adsorbed hydrogen underreaction conditions must 

resul t  from the sh i f t  o f  the adsorption equ i l i b r i a  Csteps 1, 1Z and 14) 

tc the r igh t  at the elevated hydrogen pressures used in th ls study, When 

the syst~ is pumped this hydrogen most certainly flashes off. 

The carbon monoxide-ruthenium interact ion has Been t~-e- dub~ec-~ Of 

several recant investigations and there is some disagreement as to whether 

the adsorption process results in adsorbed n-~lecular carbon monoxide or 

dissociated carbon n~noxlde, Two f i e l d  emission studies of  .the adsorption 

of carbon monoxide on ruthenium have been reported [8~, 109]. Both 

Involve the adsorption of carbon ~noxlde at about 10OK. The tlps were 

heated and were found to be clean at about'5OOK. Both authors reported 
n 

that there was no Indicat ion that d e c ~ o s l t l o n  of carbon r~noxide was 
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involved. The Kraemer and Menzel work also suggested that the carbon 

monoxide adsorption was not face specific. From the results of a flash 

desorption study of carbon monoxide on ruthenium (0001) Madey and Menzel 

[85 ]  concluded that  adsorbed carbon monoxide is non-dissociated.  They 

were able to model the i r  data qu i te  well using f i r s t  order desorpt ion 

k i n e t i c s .  An in te res t i ng  observat ion was made dur ing- the LEED studies 

reported in th ls  paper. An e lect ron beam induced e f f ec t  was observed in 

which molecu lar ly  adsorbed carbon monoxide was d issociated by the LEED 

beam. A more thorough study of th is  e f fec t  was made by Fuggle, et a l .  

[110]  and i t  was concluded that molecular ly  adsorbed carbon monoxide 

cannot be thermal ly  d issociated at carbon monoxide pressures below lxlO "5 

t o r t ,  Such a state could, however, be produced by e lec t ron impact onto 

a v i r g i n  carbon monoxide layer adsorbed on ruthenium. An XPS/UPS study 

by the same group led to the conclusion that  carbon monoxide adsorbs on 

ruthenium non-d issoc ia t i ve l y  [81] .  The same conclusion was reached by 

Bonzel and Fischer [111] as a resu l t  of  a UPS study of  carbon monoxide 

adsorpt ion of ruthenium (lOT0). Ku, e..~.t a / .  [103] have studied the same 

surface using LEED, AES and f lash desorpt ion and also concluded that  

carbon monoxide bonds molecu lar ly  to ruthenium. A very i n te res t i ng  

study was reported by Reed, et a l .  [88] in which 1802 and carbon monoxide 

were coadsorbed on a ruthenium (10T1) s ingle c rys ta l  at  30OK. The sample 

was heated and the carbon monoxide that desorbed contained no labe l led 

oxygen. The resu l ts  of a f lash desorpt ion study invo lv ing carbon monoxide 

on ruthenium (1100) were recent ly  reported by Goodman, el: a~l. [86] .  

Thei r  data could be f i t  qu i te  n i ce l y  using f i r s t  order desorpt ion k ine t i cs  
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which are indicat ive of non-dissocleted carbon monoxide. These resul ts 

are in agra~ent wi th  those of Medey and Menzel on ru then i=  (000t), 

Several infrared studies involving carbon monoxide on supported 

ruthenlu~ cata lysts have been reported recent ly [112-116]. Each repor.ts 

that  the car6o~ ¢onoxide ~ l e c u i e  is non-c]issocieted on ruthenium. The 

pacer by Brown end Gonzalez [113] alludes to the poss ib i l lW  that sc~r~ o f  

th~ ¢olecules could be bound vle the oxygen atom. Thls msthod of bonding 
, ~ = ¢ = = m  

...  

~as also favored in a recent series of papers by saplenza, e..~t a~]. C117, 

I18] in which they reported a generai lzed n~tha)atlon reaction for ~st 

active n~tals. Although there aru certainly electrons ~ssociated with the 

o:::'~,gen,,at~ such that th i~ n~de of  bonding Could occur i~ is not bel ieved 

Io be e reasonable inter,mediate for  the methanatlon re.orlon for ~-~o 

r ~ s ~ s .  F i r s t ,  i f  the bonding of  molecu.lar carbon ~nox ide occurred 

through the oxygen atom, a very electron def ic ien¢ carbon a t o m  wo= 1 d l 

resu l t .  Thls species would qu i te  | i k e l y  be very unstable. Secondly, 

the mechanism suggested by Sapienza, e t  a t .  involves the removal o f  the 

carbon atcfn vla at tack by adsorbed hydrogen atcr~s to leave an oxidized 
m a l i n e  

ruthenium surface. *There is no evidence to support th-)~. T~ the 

contrary, the vest major i ty  of  the dat~ suggest carbon covered ruthenium 

cata lysts a f te r  the ~ thanat ion  reaction • has occurred on them. 

Two recent stu~|es have concluded that indeed ¢~rbon ~nox ide does 

not bc~d to ruthBl~ ~ l e c u l a r I y  but the ~ l e c u l e  dissocletes up=  adsorp- 

t r on .  STngh and Gre ta  [119~ observed that i f  s ingle crysta l  ruthe~T~ 

spheres were e~osed t~ carbon monoxide0 1: ate. at  823K, for-6-95 hours 

a graphite layer was d~os l ted .  They cohc|uded that the c~rb~ ¢ono>cide 
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was adsorbed d i s s o c i a t i v e i y  and observed that the more act ive  s i tes  fo r  the 

d i ssoc ia t i on  were the atoms located at surface steps. Rabo, et a l .  [120] 

performed a series of  experiments invo lv ing the exposure of a 1.2~ Ru/Si02 

at  673K to several t o r r  o f  carbon monoxide. They observed that  th is  t r e a t -  

ment produced a ca ta l ys t  wi th  a surface carbon coverage of  about 0.8 wi th  

the remainder of the surface being covered w i th  undissociated carbon 

monoxide. Subsequent dosing to th i s  surface w i th  hydrogen indicated that  

some of the surface carbon was converted to methane. Thls led to the 

conciuslon that  carbon monoxide is adsorbed d l s s o c i a t i v e | y  on ruthenium. 

At f i r s t  glance, these resu l ts  which led to the conclusion that  

carbon monoxide adsorbs d lssocTat ive iy  on ruthenium might seem to contra-  
r 

d l c t  the work which ~uggested that  carbon monoxide bonds non -d i ssoc ia t i ve i y  

to ruthenium. However, th is  is not r e a l l y  the case. A l l  of  the work 

which reported non-dlssociated carbon monoxide, except the in f rared 

studies,  was conducted at very low carbon monoxide pressures (~ lx10 "5 

to r t )  w i th  the ca ta l ys t  genera l ly  at  room temperature or below when the 

gas was dosed. The in f rared work was genera l l y  conducted at  room temper- 

ature w l th  an ambient carbon monoxide pressure of  about 5 t o r r .  The work 

that  led to theconc lus lon  that  carbon monoxide adsorbs d i s s o c l a t l v e l y  

was conducted at 673-873K wi th  s u b s t a n t i a l l y  h igher carbon monoxide 

pressure (10-760 t o r r ) .  Since the experiments were conducted under such 

d i f f e r e n t  condi t ions i t  is qu i te  l i k e l y  that  d i f f e r e n t  surface processes 

are occurr ing whlch led to the d i f f e r e n t  conclusions concerning the mode 

Of bonding of  the carbon monoxide to the ruthenium. That such a s i t ua -  

t ion ex is ts  fo r  carbon monoxide adsorpt ion on tungsten has been discussed 

by Anders and Hansen [121].  
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Several studies were performed in this work to characterize the bond- 

ing of carbon =noxide to the ruthenium catalysts, l~na XPS studies in 

which carbon ~noxide and oxygen were individually dosed onto the catalyst 

ylelded a binding energy difference of l.S el/ for the oxygen Is electrons. 

Thls suggests that different modes of bonding are involved in the adsorp- 

tion of these gases to ruthenium, lending support to tl-~ molecularly 

adsorbed carbon monoxide structure. Isotopic exchange Studies were con- 

ducted in which thetexchange occurred • over a wide pressure range suggesting 

that the carbon ~lecule might be adsorbed dlssociatlvely. The exchange 

rate was found to drop with increased hydrogen pressure in the feedstream 

su~estlqg that eithe~ •the percent of the adsorbed c~rbon n-~noxide that 

was dlsscclated was decreasing with increased hydrogen pressure or that 

the oxygen wzs re~r~ved as water before the exchange could occur. The 

latter could occur vi. ! the interaction of adsorbed oxygen at~s with 

hydrogen (a process which is known to occur from the work o f  Ku0 et el. 

[ i03] and from the Auger portion of this work) or vi.__aa the interaction of 

~ lecular Iy  adso~rbed carbon ~noxide with• hydrogen to produce water and a 

cerl~onaceous residue. I t  is qu~litatively correct that in a flash 

desorptlon study where only the dose is varied~ the pe~k maximum temper- 

ature is independent of dose for f i r s t  order desorption kinetics whereas 

for ~ second order desorption process i t  s y s t ~ t i ~ l l y  decreases with 

[ncre~slng doze [57]. I f  thls argument is applied* to the carbon n~noxide 

flesh studies then a f i r s t  order desorption process is found to be 
i 

involved suggesting: rr~lecularly adsorbed carbon monoxide. 
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Consider the fo l lowing react ion sequence: 

Ru + CO ~RuCO 

RuCO + Ru ~ RuC + RuO 

Since d issoc ia t ion  is a thermal process, the second step would be expected 

to occur only  when the carbon monoxide coverage was high enough to cause 

substant ia l  coverage at elevated temperatures. I f  i t  is assumed that  the 

second step is necessary fo r  methanation to occur then a mechanism may be 

w r i t t en  invo lv ing  the adsorpt ion and d i ssoc ia t i on  of  hydrogen as well  as 

the adsoprt ion and d i ssoc ia t i on  of  carbon monoxide w i th  the subsequent hy- 

drogenation of  the carbon and oxygen adatoms to produce methane and water.  

Attempts were made to f i t  var ious Forms of  th i s  mechanism to the observed 

k i n e t i c s ,  i t  was Found that  whenever the carbon monoxide d issoc ia t ion  

step was involved, a rate expression was obtained, ,using the mathematical 

approach discussed e a r l i e r ,  in which the maximum carbon monoxide order 

was +0.5, A maximum carbon monoxide order o f  +1 was experimental |y 

observed. This is a general consequence of  the Langmulr model and is 

discussed b r i e f l y  in Appendix I I .  Steady state k ine t i cs  were also Inves- 

t iga ted  in conjunct ion w i th  the mechanism invo lv ing  d issociated carbon 

monoxide and once again no su i tab le  f i t  to the k i n e t i c  data was obtained. 

I t  should be mentioned, however, tha t  the steady s ta te  approach generated 

a large number o f  f a i r l y  complex expressions and in some cases the s imul-  

taneous so lu t ion  of  these expressions to y i e l d  a rate expression was not 

poss ib le .  Since i t  was apparent that  the inc lus ion  o f  the step invo lv ing 

the d issoc ia t ion  of  adsorbed carbon monoxide y ie lded resu l ts  which could 

not be f i t  to the k i ne t i cs ,  the mechanism invo lv ing  undlssociated carbon 

monoxide was developed. 
i 
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The carbon ~noxide adsorption step is represented as step 2 in the 

mechanism. The molecule is bonded in a linear fashion to a single 

ruthenium atom. Upon adsorption, the oxygen is rapidly removed 6y the 

successive attack of adsorbed hydrogen to ultimately yleId RuCH 2 and H20 

(steps 3-6). The production of carbon dioxide is taken into account in 

step 9 in which t~vo adsorbed carbon monoxide molecules interact. I f  the 

lateral interaction m~del proposed by Madey, et el. [IOZ=] to describe the 
L 

exchange of undissociated carbon m~noxide on tungsten is invoked then the 

exchange results are ex~lained. I f  the dissociative model is used to 

describe the exchange results then i t  must be assumed that only a small 
r 

fra~tion of the adsorbed carbon monoxide is dissociated. The major 

portion of the adsorbed carbon monoxide must be bound in the non- 
? 

dissociated form. Tnis is required in order to get a f i t  to the kinetics. 

The existence of oxygen containing interm~dletes is supported by the 

observation that methanol can be converted to methane at about the same 

rate as carbon monoxide. 

I t  is quite l ikely that rather then having a simple dissociation 

step in which m~lecularIy adsorbed carbon ~noxide is converted to carbon 

atc~s and oxygen atoms, a chemical react ion is o c c u r r i n g w h l c h  resu l ts  

in the removal of the oxygen to produce a carbon overlayer. Kinetically 

this process would be favored at elevated temperatures and increased 

reactant  pressure, exact ly  the cond i t ions  unde~ which resu l t s  have been 

obtained that led to the conclusion of dissociative adsorption. 

I t  would be expected that the carbon monoxlde iisproportiona¢ion 

react ion would be most likely to occur  on metals which form stable bulk 
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oxides and carbides.  The formation of ruthenium oxides has been Found to 

occur r ead i l y  at  573K. This was discussed in the Auger resu l ts  sect ion.  

However, the formation of  ruthenium carbide is very d i f f i c u l t  to achieve. 

Liquid ruthenium dissolves carbon, which upon cool ing is p rec ip i t a ted  in 

the form of graph i te  [122, 123]. The s o l u b i l i t y  of  carbon in molten 

ruthenium increases wi th  temperature and at  the bo i l  ing po in t  of  the metal 

i t  is 4.8%° i t  has been shown from an x- ray  study of the products of the 

react ion of ruthenium wi th carbon that on heating a mixture of  ruthenium 

and carbon black in the p ropor t ions  of 1:10 in a helium atmosphere at 

2873K fo r  four hours, a product was formed whose x- ray d i f f r a c t i o n  pat tern  

indicated a new phase i d e n t i f i e d  as RuC [gb,, 124]. Nickel is another 

metal which is an act ive  ca ta l ys t  fo r  the methanation react ion.  I t  has 

been postulated that  on n ickel  the react ion occurs v ia  the d i ssoc ia t i ve  

adsorpt ion of  carbon monoxide. This is a reasonable p red ic t ion  since, 

in contrast  to ruthenium, the formation of bu lk  n ickel  carbides is 

eas i l y  accompllshed [125].  

Step 6 of  "the mechanism leads to the product ion of water and is 

represented as an i r r e v e r s i b l e  step. This is suggested by the k i n e t i c  

order of  zero fo r  water.  A recent study of the in te rac t ion  of water w l th  

ruthenium (0001) found that  water which had been adsorbed at 100K was 

completely f lashed o f f  the sample by 250K [12(;] .  This same study also 

Indicated that  the water was bound non-d i ssoc ia t i ve l y  v ia  the oxygen atom. 

Since the experiments in th is  study were genera l l y  conducted at 573K I t  Is 

not su rp r i s ing  that  there is no detectable i n te rac t i on  between the 

ca ta l ys t  and the water.  
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Since i t  is general ly  bel ieved that  carbon monoxide d ~ s  not sponta- 

neously d issoc iate on ruthenium, most of the s t ructures that  have been 

proposed for the intermediates of the methanatlon reaction contain oxygen, 

carbon and hydrogen atoms and are very similar to those proposed in steps 

3-6 of thls mechanism. Various flash desorption and kinetic studies have 

led to the conclusion that such s t ructures are involved in the methanation 

reaction ~ ,  49, 8~]. Each of these authors favors a methanation process 

involving the release of water from .the intermediate resulting in an 

adsorbed carbonaceous material which is subsequently hydrogenated to 

methane as in steps. 7, 8, 10, I I  and 13 of the mechanism proposgd in this 

s tudy. 

The production of methane is treated as an irreversible step because, 

like water, methane has a zero kinetic order dependence.. Several studies 

have been performed in an effort  to understand the interaction of methane 

wlth various metal surfaces. The results suggest that on-all metals 

studied the interaction is very weak, A recent study using ruthenium 

black has reported the isotopic exchange between CH 4 and 02 [127]. Tnls 

suggests that perhaps the step yieldlng methane shoula be written as 

sl ight ly reversible to allow for thls. exchange process. 

The relatively uniquelnter~dlate proposed in thls mechanism is the 

RuH2CH Z produced in step 15. In, order to f i t  the kinetics a species was 

required whose surface concentrat ion var ied as [H212~C0]. Such a species 

must by necessity contain four hydrogen atoms. The most reasonable 

s t ruc ture  of  th is  surface species is  as indicated in step, 15 of the 

mechanism (equation (121)). Obviously, any ruthenium atcm. invdlved in 
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th is  sort  of bonding would have to be re la t i ve l y  uncoordinated. There 

must be su f f i c ien t  o rb l t a l s  avai lable to form four bonds. Let us assume 

the crystal  l i r a  surfaces to be low index planes where there are generally 

nine nearest neighbors to a surface ruthenium atom° Since these atoms 

have three vacant coordination s i tes,  RuHzCH 2 would not be expected to 

ex is t  on the crysta l  l i r a  planes. The grain boundaries, however, contain 

atoms which are more uncoordinated than those In the planes. There 

should be ample bonding orb i ta ls  avai lable for  the formation of the 

Intermediate. The resu| t  is that th is  intermediate would be expected to 

p re fe ren t ia l l y  adsorb on the re la t i ve l y  uncoordinated surface atoms 

associated with the grain boundaries. Since the electron m|crograph 
# 

Indicated that the single crystal  grains are qui te small, i t  Is reasonable 

to expect that a very large port ion of the cata lyst  surface area Involves 

grain boundaries. This could resul t  in a f a i r l y  large coverage of RuHzCH 2 

under the proper condit ions. 

There is some precedence for  assuming an Intermediate of th is  sort .  

Kraemer and Menzel [128] have proposed a structure In which one carbon 

!tonoxlde molecude and two hydrogen atoms are bound to a single ruthenium 

atom. Since th is  resu l t  arose from a f |e ld  emission study and not a 

k ine t ic  Invest igat ion, the k ine t ic  Implications of such a surface species 

were not discussed. As a resul t  I1: is not certain whether this species 

would function as a surface poison or I f  perhaps under the condlt lons of 

the study I t  was an act ive reaction Intermediate. In a d i f fe ren t  study 

involving the ruthenium catalyzed transformation of carbon monoxlde into 

polymethylene (at a H2:CO ra t io  of 2 and a tota l  pressure of 1100 aim. 
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and 395K), Pichler detected the presence of HdRud(C0) I 2 which was 

associated w{th a loss in ca ta l y t i c  a c t i v i t y  [129]. I t  is not surpr is ing 

that under the conditions of Pichler's work the surface poison was rich 

in carbon monoxide whereas under the conditions of this work the surface 

poison is rich in hydrogen. Although there is considerable difference 

bet-~een the structure of  P ich ler is  poison and the one proposed in this: 

mechanism= i t  does exemplify a case in which a ruthenium carbonyl hydride 

was foxed under Fischer-Tropsch condit ions and had the e f fec t  of  blocking 

surface sites, in general the method of preparation for many met~1 

¢arhonyI hydride compounds is to convert the m~tal to a metal carbonyl 

and then to react' i~with molecular hydrogen to yield the carbonyI hydride 

[130]. This is similar to the method in which RuHzGH Z was prepared 

beginning wlth ruthenium metal, forming a ruthenium methylene structure 

via interaction with hydrogen and carbonmonoxide and then reactlng wlth 

hydrogen to produce the rutheniu~ methylene hydride. 

A plauslble bonding ~del for the RuH2CH 2 species proposed in this 

work can be developed. As has already been mentioned, the ruthenium atom 

involved is re~atlveiy unc~ordinated. The bonding involved in bulk 

ruth~nium has been dlsoussed by Trost [131]. The electronic configuration 

of ruthenium is [Kr]bsl/~d 7. Each bulk ru then i~a tom has 1,2 nearest 

neighbors: 3 above, 3 below and 6 in the same plane. The bonding of the 

central atom to the 3 above and the 3 below is believed %o involve dbp 

hybridization. The bonding directions are toward the corners of a trigonal 

prism as shown in Figure 36(a). The solid lines represent the bonding 

lobes from the central atom to the nearest neighbors above and below. The 
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dashed l ines represent dSp hybrid o rb i t a l s  between atoms other than the 

central  atom. The bonding o6 the central  atom to the 6 nearest neighbors 

in the same plane occurs via sp 2 hybridization as shown in Figure 36(b). 

Of course, surface atoms are less coordinated than the central  atom 

considered in th is  discussion. I f  the top 3 atoms in Figure 36(a) are 

removed then a smooth surface resul ts  wi th  the central  atom of the p rev i -  

ous discussion at the surface. Since i t  has been prev ious ly  concluded 
/ 

t ha t  the RuHzCH 2 s t ruc ture  is most l i k e l y  associated w i th  the atoms of the 

grain boundaries a d i f f e r e n t  , 'surface'  must be considered. Once again, 

Figure 36(a) w i l l  be considered. The 8 atoms marked with an X w i l l  be 
• I 

removed and the bonding to the o r i g i n a l  central  atom w i l l  be modeled. 

The method developed by Bond [132] and used extensive ly  by Weinberg and 

H e r r l l i  ~133] to model the emergence of" o r b i t a l s  from surface atoms w l l l  

be used to describe the bonding of the RuH2CH 2 s t ruc ture .  Figure 36(c) 

' dSp shows the 5 remaining atoms wi th  the hybrid o r b i t a ] s  exp] i c l t | y  

drawn in. The so l id  l ines represent the hybrid o r b i t a l s  from the central  

carbon atom to the re~naining nearest neighbor above and below. The 4 

lobes represent d'~p hybrid o r b i t a l s  coming out of the surface. Clear ly ,  

these o r b i t a l s  were involved in bonding 1:o the two nearest neighbors above 

and below which have been removed. The angles between the o r b i t a l s  are 

lndlcated.  Each o r b i t a l  makes an angle of  38 ° to the surface. 

I f  it is assumed that the carbon atom of a methylene group is sp 3 

hybr id ized then i t s  s t ruc ture  Is as shown in Figure 36(c).  Note that 

the sp 3 lobes are posi t ioned at 109 ° angles whereas the dSp lobes are 

IO4 ° apart .  This al lows fo r  a great deal of overlap and should resu l t  
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Figure 36. The bonding involved in the RuH2CH 2 structure: 
(a) dSp orbitals involved in bonding a central atom 
to the nearest neighbors above a~d b e l ¢ ~ ,  

(b) s~ 2 hybrid orbi ta ls  involved in. bonding: a:central 
atom to the nearest neighbors in the s ~  plane,. 
(c) surface orbitals involved in the. RuH2CH 2 structure 

# 
= 
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in a fair ly stable bond. The additional two hydrogen atoms are bound to 

the remaining lobes of the dSp hybrid. By using the known structure of 

bulk ruthenium the distance between the carbon of the methylene and one 

o 
of these hydrogen atoms was found to be 3.45 A. This is a f a i r l y  long 

distance over which to expect an i n te rac t i on  to occur and could account 

fo r  the predicted s t a b i l l t y  of  th is  species under react ion condi t ions.  

The dSp and sp 2 hybr id o r b i t a l s  need 9 e lect rons to have 1 e lec t ron per 

o r b i t a l .  Since ruthenium has only 8 valence e lec t rons,  the s t ruc ture  is 

somewhat e lec t ron d e f i c i e n t .  I f  i t  is assumed that  there are 6 e lect rons 

in the dSp o r b i t a l s  and 2 e lectrons in the sp 2 o r b i t a l s  then i t  can be 

qu i te  eas i l y  shown that  the sp 2 o r b l t a l s  at the surface of  s t ruc tu re  
a 

( ~  in Figure 36 contain no e lect rons.  As a resu l t  they were not consid- 

ered in the overa l l  bonding model, 

Previous resu l ts  (Figure 26) have demonstrated that  when the system 

was pumped some of  the carbonaceous mater ia l  on the surface was removed. 

The amount of mater ia l  removed seems to Increase wi th  time up to about 

300 seconds. Very l i k e l y ,  when the surface is exposed to vacuum the 

hydrogen which-was attached to ruthenium atoms is desorbed, During the 

process of punching the gas phase carbon monoxide is removed. This might 

s h i f t  some surface e q u i l i b r i a  such that some carbon conta in ing Interme- 

d iates are removed. I t  is bel ieved that  pumping des tab i l i zes  the high 

pressure poison RuH2CH 2. This would account f o r  the removal of  substan- 

t i a l  amounts o f  carbon during the pumping per iod.  

As a resu l t  of  the Auger and k i ne t i c  studies i t  was determined that  

two types of  carbon w i th  qu i te  d i f f e r e n t  r e a c t l v l t l e s  were associated 
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wlth the catalyst. Type I was the reactive form which was removed by a 

c~bination of pu~ping followed by a,,standard hydrogen dose". ~nis 

carbon is believed to be that associated wlth al l  of the intermedlates 

proposed in the mechanism (including RuH2CH 2) . Type 2 was relative]y 

unreactive and could be re~ved only after exposure to. hydrogenlfor long 

periods of tlme (48 hours). There are two l ikely modes for binding thls 

carbon to the ruthenium° Some carbon could be dissolved in the f i r s t  

fe~ layers of the bulk. Migration out of the bu]k would very 1 ikeIy be 
- .  .. 

e relatively sIc~v process and would account for the observed low reac- 

iv i ty .  Some carbon could also be bound to the surface so tlghtI.y as to 

make its re~va l  very d i f f i cu l t .  This would I ike|y occur in cases in 

which.the carbon could simultaneously bond to several carbon atoms. Such • 

sites ere very l ikely available, especially near the bottom of a. crevice 

or e grain boundary. 

0veralI, the surface is modeled as a ccmbination of very. rough grain 

boundaries with relatlveiy s~oth orystalI i tes. The rougkareas are. 

generally good sites foF the formation of the reverslble poison RuHzCH 2 

and the strongly bound type 2 carbon. The smooth crystall ine areas are 

believed to be sites that convert carbon n=~noxide and'hydrogen to methane. 

Also0 those grain boundary sites which are notblocked arabeIieved to be 

active for methanatlon. 

quite a b i t  has al.ready been said about those studies that tend to 

support the conclusions drawn in thls work. However, very l i t t l e  has 

been said about those who disagree wlth a mechanism involving non-dlsso- 

ciated carbon monoxide. Perhaps the most convincing study which concluded 
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that  methane is produced from carbon monoxide and hydrogen vi__~a a d issoc-  

iated carbon monoxide molecule was that  of  Araki and Ponec on n ickel  [/46~,. 

Two subsequent papers by van D i j k ,  et  a l .  [13/;] and Ponec [135] discussed 

the same system. These authors performed a f a i r l y  wide va r i e t y  of  

experiments and came to the conclusion that  the hydrogenation of  adsorbed 

carbon atoms resu l t i ng  from dissoc iated carbon monoxide was the major 

pathway to methane product ion.  They performed no k i n e t i c  studies but 

commented that  t h e i r  mechanism was cons is tent  wi th  known k i n e t i c  resu l ts .  

They chose to describe the known k ine t i cs  by the same expression used to 

descr ibe some of  the k i n e t i c  studies discussed e a r l i e r  (equation (9) ) .  

Ponec chose to consider the case wi th  m • 0 and n < O. I t  is qu i te  l i k e l y  

tha~: his mechanism coLlld be f i t  to th is  expression. F i r s t  o f  a l l  the 

orders of the react ion are constant i nd ica t ing  tha t  the data were taken 

over a f a i r l y  narrow pressure range and secondly, the region of  the 

carbon monoxide order p l o t  tha t  cannot be f i t  by a d i ssoc ia t i ve  adsorpt ion 

process is the pos i t i ve  order region which was e l iminated from consider-  

a t lon  by choosing n < O. Data ex i s t  fo r  n icke l  which ind ica te  a +1 order 

dependence at  lq~ carbon monoxide pressures [42~. At least  one subse- 

quent study has also concluded that  d l ssoc la t i ve  adsorpt ion of  carbon 

monoxide leads to methane product ion on n icke l  ca ta l ys ts  F136]. 

I t  is very tempting to conclude that  since the recent studies invo lv -  

Ing methanation on n icke l  suggest d i ssoc ia t i ve  carbon monoxide adsorpt ion 

the same sor t  o f  process Is Involved In the methanatlon react ion over 

o ther  metals. Ekerdt and Bell  [/~7] have recen t l y  proposed a d i ssoc ia t i ve  

carbon monoxide adsorpt ion methanation process on ruthenium. Their  work 
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involved infrared studies combined with very I imited'kinet lc work° The 

infrared work suggested the presence of chemisorbed carbon monoxide 

structures with frequencies very close to those reported in the infrared 

work already discussed. $o~ additional bands near 3000 ¢m =I were 

attributed to C-H stretching vibrations. The kinetic orders were +I,5 in 

hydrogen and -O.6 in carbon monoxide. Bell concluded that the adsorbed 

carbon ~noxide was not an intermediate in the methanatlon readtlon, 

although he could quite easily remove i t  by hydrogenation. He postulated 

that the structures causing the bands at 3000 cm "1 were adsorbed methyl 

and ~thy]ene groups and were • active intermediates in the methanation 

reaction. This is quite l ike ly  correct, but the jus t i f i ca t ion for 

c~ncIuding that these structures must result from dissociativeIy 

adsorbed carbon monoxide is not at a l l  clear. Bell proposed a. mechanism 

in which carbon ~no×ide adsorbed dissoclatively-with subsequent 

hydrogenation of the adsorbed carbonand oxygen by both adsorbed and 

gaseous hydrogen. A rate expression was derived using the ecluilibrium 

Langn~ir k ine t i c  approach used. ln the present study..  The model could be 

f i t  to the observed kinetics only i f  i t  was assumed that the surface. 

was covered with adsorbed carbon monoxide. Clearly,  thare are s~e  

inconsistencies" in 8e11's. study which need c la r i f i ca t iono  

i t  is in terest ing to note that a recent study by $achtIer,. e t.t aI., 

[137], has. suggested that the methanatlon mechanisms are qui te different 

on nickel and rutheniu~, pone¢, who was responsible for  the d issoci -  

a¢ive mechanism on nickel ,  was involved in this study. ~nese authors 

have suggested~hat although, the ruthenium surface appears to be covered 
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wlth a carbonaceous deposit under reaction conditions and even though 

a layer of carbon atoms can be readi ly hydrogenated to methane there is 

suffecient evidence to suggest that adsorbed oxygen containing interme- 

diates are very l i ke l y  involved in the reaction on ruthenium. 

In conclusion, the methanatlon reaction on ruthenium thin f i lms 

has been found to fol low Langmuir-Hinshelwood WPe k inet ics .  The rate- 

l lm i t lng  step involves the Interact ion of an adsorbed methyl group with 

adsorbed hydrogen. The surface concentration of a l l  oxygen containing 

intermediates was found to be negl ig ib le .  The reaction involves a 

reversible poison with the structure RuH2CH 2. The surface is predomi- 

nantly covered with RuCH 2, RuCH 3 and RuH2CH 2. I f  al1 other species are 

neglected, a reasonable f l t  to the data can be obtained. Inclusion of 

the other intermediates in the rate expression improves the f l t  to the 

data. The terms in the denominator of the ra te  expression which Involve 

hydrogen to the inverse power are assigned coef f ic ients  of zero because 

they af fect  the theory only In the region where the hydrogen pressure 

was very low, less than any pressure used In th is  study. The surface of 

the c a t a l ~ t  ls at a l l  times covered with a carbonaceous overlayer. This 

carbon can be c lass l f ied  according to I ts  reec t i v lW.  Type 1 carbon is 

reactive under the condltions in which methane is produced. Type 2 carbon 

Is much less reactive. The most act ive si tes are believed to be re la t ive ly  

uncoordinated edge s i tes.  These s i tes ,  however, are believed to become 

covered with the reversible poison leaving the less coordinated sites 

for methanatlon. 


