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RESULTS AND DISCUSSION
Thin Film Characterization

As has been previously mentioned, all 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 [69-731, carbon monoxide [73-75] and oxygen
070,767 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 typical 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 sites obtained using tﬁe adsorption technique and the actual
number of catalytically active ruthenium sites. It is quite conceivable
that some sites which adsorb hydrogen, for example, might not be active
for a particular reaction for which the ruthenium catalyst is used.
For example, the activity of the group Vill metals for the methanation

reaction has been found to decrease as the heat of adsorption of carbon
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monoxide on metals increasés [57. What appears to happen is that in some
cases, the carbon monoxide bonds to the catalyst so strongly that the
desarption of either the carbon moncxide 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
surfzce sites of a metal is believed to have & 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
chemisorption techniques mentioned above. Also, the assumptions 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, !nftialiy, the
procedure was to deposit a thin fiiﬁ'using electron bombardment and then
to do kinetic runs on the film. The first films were used for oae day
only, After being used the film was removed ahd a new film was deposited
beforz any more data were collected. This was a very time consuming
process, [t 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
reproducibie from day to day. A film was deposited'and it was used for
fifteen months. The stability of this film was found to be excellent.
The data were reproducible to = 10% duringvthis enfire pericd. All
data reported in this thesis were taken over this film, Comparison'Of
the large quantity of data taken over this film tc the rathar small

amount taken over previous films indicates that there was no'apprebfabie
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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 material. The hydrogen was pumped from the
reaction cell and a 35.9 um carbon monoxide dose was made. The carbon
monoxide disproportionation 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. Fqllowing the completion of the
carbon monoxide dose the cell was pumped for 300 seconds. A 3.5 torr
hydrogen dose was made to 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 point exists in which these two values differ by more than 2%. As
the time of exposure of the film to carbon monoxide is increased, the

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

of about 300 seconds. After that the amount of carbon on the surface
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levels off, This suggests that uncer the conditions of this study a
monolayer coverage of carbon is achieved and further exposure to carbon
monoxide does not increzse 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 [787.

The amount of methanme and carbon dioxide produced due to a monolayer
of surface carbon is shown in Figure 7 to be 2.5&x1017 molecules. This
is also the number of active catalyst sites for methanation since there
is by definition 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. It is used to designate a place where carbon monoxide can bond
and upon exposure to hydrogen produce methane. In this context a site

_might be a single ruthenium atom, it might be a pair or a group of atoms,
or there might be more than one site per atom. This 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 of the carbon to the surface or of the surface area of a typical
ruthenium atom, it is believed to be more accurate than previously
mentioned methods that involve one or both of these assumptions.

The structure of the thin film was studied using electron diffrac--
tion techniques. A sample of the thin film was removed from the glass

by treatment with 20% hydrofluoric acid. After about 1 minute in the
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acid solution the film peeled of 7 the glass and fioated to the top of
the solution. The film was mounted on an electren microscope grid and
placed in a Hitachi electron microscope (wodel HU125), 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 little
spot is a crystallite with a maximum digmeter of about 500 R. Each
crystellite diffracts as a single crysﬁal producing a series of
diffracted electron beams. Since these beams interfere both construc-

tively and destructively the pattern shown fn Figure 8(a) results
with regions of»high intensity and regions of iow intensiéy. The
snalysis indicates that this film, which was used in all the kinetic
studies to be discuséed, consisted of a very large number of small
single crystal planes interconnected by grain boundaries. This
suggests that certain arsas are fairly smooth while the interconnecting
grain boundary areas are quite likely very rough. The fact that the
film had a quite stable and reproducible activity for many months
indicates-that it was we?lfsintered. Frequently, the crystallites of
well-sintered films are the low index (fairly smooth) planes of the
crystal.’ |

The thickness of the %ilm was approximated using the theory of
evaporation rates. The rate of evaporation in number of ruthenium

atoms per square centimeter per second (y) can be expressed in the =
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Figure 8, Electron microscope analysis of the ruthenium thin film:
‘ (a) electron diffraction pattern, (b) electron micrograph
taken at a magnification of x38,000.
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following manner [58]:

log y = 32.41 - 0.5 log T - 22%22 (78)
Since the film was deposited at 2223K over a period of 3 hours from a
ruthenium sample of 1 cm® it is evident that 3.68x1019 atoms'(2.69><10"3
grems) of ruthenium were evaporated. Using a ruthenium bulk density
of 12.30 g/cm3 [79] and assuming that the film was deposited evenly

over the approximately 250 cm2 of interior surface area of the pyrex

bulb & film thickness of 87 R 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 experiménts
required a method for converting Auger intensity dataz into amounts.of
carben and oxygen present on the'ruthgnium sample. The princiba!
peaks in the ruthenium Auger Spectfum occur at 150 ey, 200 ev, 231 eV
and 273 eV, The oxygen spectrum has peaks at 468 ey, 483 eV and 503 evV.
This suggests that there should be no problem determining the
amount of oxygen present in a ruthenium sample from Auger results.
Carbon, however, is more 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., It should be noted that the
ruthenium peak is a fairly symmétric peék whereas almost 21l of the

carbon peak lies below the baseline. Therefore, it wouid 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 qualitatively the amount of
carbon present on the ruthenium sample. The ratio, Q, ofvthe intensity
above the baseline to that below the baselfne was used as a measure of
the amount of carbon present in the sample. Spectra of clean ruthenium
taken from the literature yield Q values of approximately 0.75 to 0.80.
Lower Q values suggest increased amounts of carbon associated with the
sample, All Auger transition energies are from a book by Davis, et al.
(8o].

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 ?igure 9(a) was
taken at this point. The sample was fairly dirty. The peak at 117 eV
indicates the presence 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 fairly 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 follows with a hydrogen treatment and a
high temperature (1500K) flash N81]. Others omit the argon bombardment

and use an oxygen treatment followed by a high temperature flash
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[B82-867. The sample used in this work wés'bombardéd with argon ions
(5 minutes, 1 ma, 2.3 keV). This treatment removed the phosphorﬁs,
sulfur and most of the oxygen as shown in Figure 9(b). The carbon
conteminetion was still quite bad, Q = 0.59. An oxygen dose of 1x10_6
torr for 300 seconds at 783K was f?llowed by a hydrogen dose of 3x10-6
- 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-
ment, This spectrum is qualitatively identical to that reported for
ruthenium in several recent studies [86-837. This éleaning'procedure
is similar to several of the methods reported by other groups. In
generzal an Initial argon ifon bombardment removes most of the impurities
zuith the exception of carbon., This is quite likely the result of a
reletively high carbon Impurity in the bulk. Since the carbén is
dispersed throughout the sample removal of a few surface layers does
not clean 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 reactivity .
towards oxygen has been reported by Grant and Haas [87]. They abserved-
thzt the carbon contaminant in their Ru (0001) single crystal was
unrsactive to an oxygen dose (1x10-7 torr at 1273K for 30 minutes),
Subsequent studies indicated that this carbon was in the form of
graphite. The reactivity 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 cérSOn monoxide’yas

dosed onto the clean sample, it was discbvered that the carben’ could be
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Figure 9. The sequential preparation of a clean ruthenium sample:
(a) after heating at 1373K for 72 hours, (b) after argon
fon bombardment, (c) after oxygen and hydrogen treatment.
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remerd by flashing the sample to 1373K. _Prolqnged treatment at this
temperature would result in the diffusion of sulfur agd phosphorus from
the bulk necessitating the more rigorous cleaning procedure outlined
zbove. Most experiments resulted in the depos%tion of some sort of
carbonaceous intermedizte without any associated oxygen. Indeed, the
carbon monoxide disproportionation reaction (6) deposited a monolayer‘of
carbor atoms. This carbon could be rgmoved by flashing. It is believac
that the carbon merely diffused into the bulk, |

Since the clezning procedure suggested that diffusion of carbon
into and possibly out of the bulk could occur, it had to be esteblished
that these processes do not occur at 573K during the timelframe in which
experiments were performed., To estsblish that diffusion from the bulk
did not occur at 573K the crystal was éleaned by flashing to 1373K and
cooled to 573K. The change in the carbon coverage, 47, was measured as
a function chtime beginning when the sample cooled to 573K, The .

results zre shown in Table & in which 4Q = Q"Qig?

Table L, Carbon coverage as a function of time on a clean ruthenium
sample .

time (min.) A

5 0.00
15 0.01
20 0.01

L2 0.00

These results establish conclusively that no diffusion of bulk carbon to

t

the surface occurs in a 42 minute period with the catalyst é£'573K.
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A similar study was performed in which the diffusion of carbon from
the surface into the bulk was monitored as a function of time at 573K.
A 175 u carbon monoxide dose was made and the disproportionation
reaction proceeded for about 5 minutes building up a monolayer of
surface carbon. Once again, AQ was monitored as a function of time
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

time (min.) fas)

1 0.00
10 0.00
20 0.00

No diffusion of the surface carbon occurred after the gas phase carbon
monoxide was removed.- It is quite possible, however, that some carbon
did diffuse into the subsurface bulk when the surface carbon deposition
began. The equilibrium between surface and subsurface bulk carbon is
apparently established rapidly compared to the length of time required
to do an experiment (several minutes).

In an effort to understand more about the state of the catalyst
surface during and after methanation the following study was made.
Experiments were conducted to determine if a carbonaceous materlal is
left on the surface of the ruthenium catalyst after the methanation
reaction has occurred. 1If so, an understanding of the reactivity of

this material toward the ”sfandard'hydrogen dose!' (3.5 torr) could yield
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information concerning the structure of the active Sites of the catelyst,
Recall that the normal sequence af 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 followed by a hydrogen dose (3.5
torr) to regenerate the reactive surface aﬁd remove any reactive
carbonacecus material left from the previous run.

Figure 10(a) shows the Auger spectrum of the clean ruthenium
catalyst (Q = 0.80). Note that a small oxvgen impurity is evident.
This oxygen could be removed as was established earlier.

However, it reappeared rather quickly when the sample was maintained at
573K. The oxygen reached the level shown in Figure 10(a) in 2 time.
frame that was short relative to the length of time required to

measure the surface species present after a methanation run: it then
remained at this level for long periods of time, being unreactive to
any gas used in this study. All experiments were therefore conducted
on & surface that had a constant oxvygen ﬁontaminant. By conddcting

the experiments in this manner changes in the surface oxygen coverage
causad by the reaction could be unambiguously measured; It is believed
that this background oxygen is due to a relatively small amount of bulk
oxXygen. Previous work done in this group on an identical ruthenium
sample indicated that the oxygen could be totally removed oniyvafter
cycling the cleaning procedure for 2 to 3 months [90]. The fact that
this 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 um 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 10(b) was taken. At this point Q = 0.62 indicating the presence
of a fairly large amount of carbon on the catalyst surface. Of course
the structure of this carbon cannot be deduced directly 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 10(c) was obtained with Q = 0.70. This increase in Q sugqests
that some of the carbon was removed by the hydrogen treatment. FYasHing
ta 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 hydéogen
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 different
from the first in reactivity and did not remain behind merely because
the reaction was quenched when the hydrogen was pumped out after 300
seconds the following experiment was performed. The catalyst was
exposed to the same carbon monoxide-hydrogen dose (138 p of carbon
monoxide and 8.63 torr of hydrogen). This was followed by a series
of cleaning hydrogen doses without flashing the sample until the end of
the study, The results are summarized in Table 6 (t = 0 corresponds to
thevfirst addition of hydrogen). Hydrogen was present at all times

after the reactant gases were pumped out except while running spectra,
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Figure 10. Auger characterization of the catalyst before and after
. methanation: (2) clean ruthenium sample, (b) after carbon
monoxide~hydrogen dose, (c) after “standard hydrogen dose'r,
(d) clean sample obtained by flashing to 1373K.
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Table 6. Carbon coverage as a function of hydrogen exposure

Catalyst Condition Q
clean ruthenium ©0.79
after methanation 0.61
(138 yu €0-8.63 torr H,) :
standard hydrogen dose
t=20 0.61
t= LOO s 0.71
t = 1145 s 0.70
t = 2680 s 0.70
t =13 hrs 0.75
flash 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 methanation intermediate. After 13 hours in 3.5 torr 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 far, When the carbon monoxide-hydrogen dose was made and the
Auger spectrum was run, no change in the oxygen peak was detected.
This is a very interesting observation and will be discussed In more
detai! below.

An experiment was performed in which carbon monoxide and hydrogen
were dosed onto the sample at 573K under reaction conditions with the
CO:H2 ratio being increased steadjly to see if the quantity of carbon-

aceous material on the surface was affected by the pressure of carbon
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monoxide in the dose. The results are summarized in Table 7 (AQ =

chean - Qcarbon covered):

Table 7. Variation in carbon coverage as a function of the CO:Hz
rstio

co (u) H, (torr) e}
15k 8.82 0.15
154 8.82 0.17
516 8.92 0.18

1270 8.84 ) 0.16

1790 8.81 .15

As can be seen, the values of AQ do not vary in-a systematic maﬁner; The
average of the AQ values is 0.16. All values are within ¥10% of this
value. This sugéests that the CO:H2 ratio can be varied by an ordgr of
magnitude without changing the amount of carbon present on the surface.
This is a very interesting and somewhat surprising result}‘ One W§u]d '
expect thet an increase in the carbon monoxide gas phase concentration
by an order of magnitude would favor'adsorptioﬁ 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 CO:H2 ratios of 1:3 and at very high pressures relative to ;hose

in this study (100 atm.). Quite likely, the iarge excess of hydrogen
always present in this study interferes Qith the formation of‘the
carbonaceous material responsible for catalyst fouling. The concentra-
tion of adsorbed hydrogen must be high enough to prevent thé interaction
of neighboring adsorbed carbon species to form higher moie;uiaf weight

materials. An interaction of this sort might produce eithernéraphfte
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or scme very high molecular weight wax=like material which does not
desorb from the catalyst surface under recaction conditions and could
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 metharztion

s tudy
Catalyst Condition Oxygen intensity
clean 31 (Fig. 10(a))
methanation dose 30 (Fig. 10(b))
standard hydrogen dose 29 (Fig. 10(¢))
flashed (clean) 28 (Fig. 10(d))

The oxygen intensity remained 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 likely involving the hydrogenation of the carbon containing
intermediate,

Two pathways are available for the conversion of adsorbeq carbon

monoxide into methane and water. One route involves the hydrogenation
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of the carbon monoxide molecule to produce adsorbed‘alcohol type
intermediates. The other process would involve the immediate dissoci-
ation of the carbon monoxide to yield adsorbed carbon and adsorbed
oxygen, each of which Is hydrogenated to the reaction products. An
experiment was performed in an effort to develop an understanding of the
ruthenium~oxygen interaction and to learn something about thé reactivity
of adsorbed oxygen. The results of this study are presented in Figure
11. Figure 11(a) is the Auger spectrum of the clean-sample. Some
residual oxygen which could not be removed by flashing to 1375K was
presert. A 138 um 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 ruthenfum paaks weré
measured on the same sensitivity scale. This was followed by an 8.9
torr hydrogen dose (réaction conditions). As can be seen from Figure
11(6), all of the zdsorbed oxygen was removed by the 300 second
hydragen dose and the clean spéctrum resul ted.

This demonstrates clearly that twe types of oxygen are associated
with the ruthenium catalyst. The bulk oxygen is very unreactive and
is not affected by any of the experiments performed except the initial
cleaning step. The adsorbed oxygen atoms from the above study were
shown to be extremely reactive when exposed to the same préssure of
hydrogen used in some of the methanation studies,

1t is difficult to quantify the amount gf axygen thai adsorbed

in terms of a fractional coverage of oxygen. A common practice is to
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use & single crystal of ruthenium and quantify the amsunt of adsorbed
oxygen by correlating LEED structures which are indicative of oxygen
coverage with Auger intensities. By assuming that the relationship
betwesn Auger intensity and oxygen coverage is linear, coverage values
can be assigned to any Auger intensity. Since the sample used in this
study was not & single crystal, a direct LEED-Auger correlation could
not be made. Previous studies using a }uthenium (1070) single crystal
demonstrated that a 2x1 structure resulted from a 10 Lahgmuir oxygen
dose at L23K [91]. A series of oxygen doses were made on the paly-
crystalline sample. fhis is shown in Figure 12, |If it is assumed
tbat & 10 Langmuir dose yields a coverage of 0.5 then the correlation
between Auger inténsity and oxygen coverage is establishad (0.5 mono-
layer = 4l units of intensity). The results of_this intehsfty-
coverage study suggest that the previous oxygen dose of é.1x107
Langmuirs produced an ;xygen coverage of roughly 2 monclayers. This
oxygen could eesily be accommodated through multiple adatom adsorptién.
It is alsc possible that some could diffuse into the subsurface bulk.
If this is the case then removal of this subsurface oxygen by hydrogen
is g rapid process.

The noteworthy thing as far as this gtudy is concerned is that
adsorbed oxygen atoms are very reactive to'hydrogen at 573K. If the
mechanism of the methanstion reaction involved dissociation of
adsorbed carbon monoxide one would expect to see essentially no oxygen

on the surface under resction conditions.

-
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diagram for a polycrystalline ruthenium sample
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'The carbon monoxide disproportionation reaction was allowed to
aroceed on the clean ruthenium sample. éigure 13(a)-shows the Auger
spectrum of the clean catalyst and Figure 13(b) shows the spectrum that
resulted after dosing the catalyst with 250 pm of carbon monoxide for
300 seconds at 573K. As expected the carbon intensity increased (AQ =
0.1) while the oxygen peak changed negligibly., An experiment was
performed to enazble a2 comparison of the Auger results of this high
pressure carbon monoxide dose to those of a low pressuré carbon monoxide
dose. A 1x10‘6 torr carbon monoxide deose was made at 573K for 300
seconds. No change in the carbon and oxygen peaks was detectable.

Flesh desorption results of Kraemér and Menzel [83] suggest thét carbon
monoxide is completely removed from a ruthenium field emitter tip upon
heating to 500K. Other LEED/Auger studies suggest no interéction
between carbon monoxide and ruthenium at fow pressures (10-6 torr range)
and elevated temperatures (473K or greater) [92]. The temperature of
the crystal was lowered to 373K and the experiment was repeated.

Figure 1k&(2) shows the clean ruthenium Auger spectrum and Figure TE(b)
shows the spectrum that resulted from the 1ight carbon monoxide dose

at 373K. Small increases in both the carbon and oxygen peaks were
detected, This suggests that some carbon monoxide hasvadsorbed but
apparently the interaction is very wesk since the coverage is so low. It
is interesting to note that this carbon monoxide dose was followed by

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

to 1373K was reguired to remove the adsorbed carbon.
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interaction of a heavy carbon monoxide dose with the

(a) clean ruthenium sample,

(b) after carbon monoxide exposure (250 um, 300 s,
573K) .
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Interaction of a light carbon monoxide dose with the .
ruthenium sample: (a) clean ruthenium sample, (b) after

carbon monoxide exposure (1x10 -6 torr, 300 s, 573K).
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. A mixture of carbon monoxide and hydrogen at a 1:3 rztio was dosed
to a pressure of 1)(10'6 torr for 300 seconds at 573K. Figure 15(a) shows
the clean spectrum and Figure 15(b) shows that carbon wss 2dsoiu.l (&3 =
0.08) but no oxygen adsorption 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 torr is
dosed than when carbon monoxide alone at 1><10"6 torr is dosed.

One final Auger study was made té monitor the amount of cartcn and
oxygen on the catalyst surface as a function of time at constant carbon
monoxide and hydrogen pressures. A mixture of 138 y of carbon monoxide®
and 9.1 torr hydrogen was dosed onto the sample for different exposure
t{mes (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 unit and transferred
to an AEl XPS spectromeier. 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 evy) and 3d5/2 (280 ev [937) electrons 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
rigorous conditions [94], 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 all cases the carbon peak is
shifted to lower binding energies in the metal carbide structure. A

clean spectrum taken of the sample prior to catalytic treatment is shown
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in Figure 16(a). As can be seen the higher energy ruthenium=carbon

neak 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 um 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 light argon etch (4 minutes, 5 u , 0.5 v) removed some
of the carbon as shown in Figure 16{(c). A repeat of this light 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 all of the kinetic studies were completed an XPS analysis of
the thin film was made. The film had been stored in hydrogen for about
six weeks prior to its removal from the vacuum system. A glove bag was
placed around the glass bulb prior to its removal. In an effort to
prevent air contamination of the film it was constantly flushed with
helium until it was loaded into the ESCA system. A small oxygen impurity
was present which was almost completely removed by a very light argon
ion etch. This oxygen quite likely diffused into the glove bag while
the film was being transferred from the kinetic system to the ESCA unit.
Essentially no carbon was detected. This is not too surprising since the

film had been stored in hydrogen for such a long period of time. This

suggests that even at room temperature the reduction of any surface




Figure 16.

83

Pdetadng o

INTENSITY

e vt
292 288 284 280 276 272
.—-—Epe ak

XPS analysis of ruthenium sample before and after methana-
tion: (a) clean sample, (b) after methanation (138 pm €O, 8.63 -
torr H., 573K, 300 s), (c) after argon etch, (d) after

another argon etch. ‘ T




8L

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 will 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 16. This clearly demonstrates that carbon
was present on the used catalyst in fairly high 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 polycrystaliine
disc used in the Auger work.

An attempt was made to use LEED to characterize the structure of
the carbon remaining on the catalyst surface after methanation. A
ruthenium (1072) surfac; was used in this study. The atomic arrangement
of the ruthenium atoms is shown in Figure 17. The unit cell is a
rectangle defined by two adjacent atoms in the highest row and their
counterparts in the next row of elevated atoms, Figure 18(a) shows the
LEED pattern of the clean surface. The sample was maintained at 573K
and exposed to 138 um of carbon monoxide and 8,63 torr of hydrogen. The
methanation reaction proceeded for 300 seconds and then the system was
evacuated. The LEED pattern shown in Figure 18(b) resulted. An Auger
analysis indicated the presence of carbon on the ruthenium surface

(A = 0.1). This second LEED pattern suggests a 2x! structure for the

carbon overlayer relative to the ruthenium unit cell, Figure 19 gives
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Figure 17. The atomic arrangement of atoms in a ruthenium (1072)
surface.
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Figure 18. LEED study of the ruthenium (1072) surface:
.- (a) clean surface, (b) after methanation (138 u
’ co, 8-63 torr HZ' 573K1 300 S)o
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Figure 19. A representation of the ruthenium (10?2) surface
using only the atoms in the elevated rows. Each
X represents a possible site for adsorbed carbon

based upon the LEED results. The rectangle defines
the unit cell, |
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o representation of the ruthenium (1072) surface using only the atoms in
the elevated rows. Open circles represent rutheniumvatoms and the dashed
iines indicate the unit cell. 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 presente& 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 results will be discussed later. The LEED
pattern makes it evident, however, that the carbon is not graphitic,
The 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., This was indicative of the symmetry of the graphite layer. It
turns out that the (0001) plane of ruthenium is a very likely candidate
for graphite overlayers since the position of the ruthenium atoms and the
carbon atoms in the (0001) graphite basal plane coincide very well at
every 9 ruthenium or 10 carbon meshes. Since the LEED pattern obtained
from this work contained fairly sharp individual spots, a graphite over-
layer is very unlikely.

Another LEED study was conducted in which the crystal was cleaned
and then dosed with 138 um of carbon monoxide and the disproportionation

reaction occurred for 300 seconds. A LEED pattern was taken of this

surface and a very diffuse 1x1 (unit cell) pattern resulted. This
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suggests that the carbon overlayer was randomly dispersed on the catalyst
surface. Auger analysis indicated a fairly heavy carbon deposit (AQ =

6.25).
ESCA Characterization of Ruthenium=Adsorbate Interaction

Several photoelectron spectroscopy studies have been performed which
involve the intsraction of carbon monoxide, oxygen, methanol and
formaldehyde wfth ruthenium single crystals., Only cn; study is known
in which XPS work was done on supported ruthenium [96]. These studies
provide information which could be useful in predicting the bonding of-
verious reaction intermediates in the methanation process. The-follcw-f
ing general conc!ﬁsions have been drawn_from the single crystal work.
Oxygen dissociates and adsorbs atcmicaliy whereas garbon monoxide is
believed to adsorb non-dissociatively via the carbon atom. At 80K
metheno! adsorbs non-dissociatively with the primary bénding involving
the lone pair of electrons of the oxygen atom; Heating to T > 300K
results in decomposition to primarily carbon morioxide and hydrogen [977.
of the adsorbed species reéu!ting from the dissociation of the
formzldehyde at 80K remains unknown. It is known, however; that ths
complex is different than that obtained when hydrogen and carbon monoxide
are coadsorbed on ruthenium. Flashing the formaldehyde surface complex
yields carbon monoxide and hydrogen.

Some XPS experiments were performed in this study in which Tight-

doses of carbon monoxide, oxygen and methanol were made on the ruthenium
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solycrystalline sample. Since this work had, in general, already been
performed on single crystals the primary purpose of the study was to
demonstrate that the polycrystalline Ru used in this study behaved

similarly to the single crystals used in the other studlies. This would

provide a needed link between the polycrystalline work and the single
crystal work and would help to demonstrate that the bonding to the
surface in these two forms of catalyst is similar. All doses were in the
1 to 100 Langmuir range and were made with the sample ét room temperature,
Higher temperature doses (373K to 623K) were attempted but little or no
adsorption was observed to occur. The results of this study are shown

in.Tab]e 9.

Table §. Binding energies (eV) of the 0 1s level

Gas Dosed Energy
] 529.8

cb 531.3
CH30H 531.3

These results are in excellent agreement with those of Kim and Winograd
{937 and with those of Fuggle, et al. [81] who studied the ruthenium-
oxygen-carbon monoxide system. In the latter study a difference of 1.8 ev
was reported for the oxygen (1s) peak for adsorbed oxygen and adsorbed
carbon monoxide. A difference of 1.5 eV was observed in this study.

After dosing each gas and recording the XPS spectrum a light hydrogen

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

spectrum occurred as a result of the hydrogen treatment. A good review
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of the study of metzl-adsorbate interactions using photoelectron

spectroscopy has recently been published [997.

1}

2)

3)
1)
5)
6)
7
8)
)]

10)

1?}

12)

13)

The Auger, ESCA and LEED results may be summarized as follows:
Neither diffusion of carbon into aor out of the bulk occurs at a
detectable rate at 573K. '

A carbonaceous material is left on the surface after metﬁanationu_
This matérial involves two types of carbon. Type 1 is reactive

to the standard hydrogen dose after each run. Type 2 is relatively

unreactive to hydrogen and can be removed only after 24-L48 hours
of hydrogen treatment (3.5 torr) at 573K. |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 @ methanation study. o .

The quantity of carbonacecus material associated with -the
ruthenium did not very as the carbon monoxide pressure was
increased from 155 pm to 1790 pm with 8.8 torr of hydrogen.
Oxvgen atoms adsorbed at 573K are very reactive toward hydrogen.

The carbon menoxide disproportionation reaction readily occurs with
no surface oxygen being detected. '

Light doses of carbon monoxide yield changes in both the carbon and
oxygen Auger peaks. .

No carbon buildup occurs if the methanation reaction is mon i tored
as a function of time. :

Flashing drives carbon into the bulk; argon jon bombardment exposes
it.

XPS results confirm that no ruthenium carbides are formed.

Adsorbed oxygen is detected on the surface only in the absence of
hydrogen. ' ' :

LEED suggests that the carbon is not graphftic.in nature.
XPS studies of the adsorption of carbon monoxide, oxygen and

hydrogen on the polycrystalline 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 wide
pressure range, Most previous kinetic studies have been made over a
fairly narrow range with a pressure variation 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 perfdrmed over a 2 to 3 order of
magnitude pressure range with respect to each reactant in an effort to
demonstrate that the reaction follows Langmuir-Hinshelwood kinetics and
to attempt to demonstrate that much of the existing data are not contra=-
dictory but were collected under such diverse conditions that different
results were obtained.

Initial rates were measured throughout this work, The qqantity of
product never exceeded 25 um in the time 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 different occasions over a period of
several months. The data are unadjusted and reproduce well within a
maximum scatter of about ¥10%, It is evident that this curve has a
shape that is indicative of a Langmuir=-Hinshelwood interaction, The
curve has, howgver. a very sharp maximum and can be easily approximated

by two intersecting straight lines. The order of the reaction with
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respect to carbon monoxide is +1 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 rahge suggest that the
kinetic order is more négative than -1 and may approach a value of ~2,
in general, kinetic orders for carbon monoxide from earlier studies are
between -0.5 and -1.0,

A typical hydrogen order plot is shown in Figure 21, These data
were collected on eleven differént 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
in;ersectihg straight lines. At lower hydrogen pressures the reaction
order is +2. However, as the hydrogen pressure is increased, the
reaction abruptly becomes =1 order in hydrogen. |n general, earlier
studies have yielded a hydrogen kinetic order in the range of +1 to +2.
No report of a negative order in hydrogen has been found.

Figure 22 shows the results 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 Iin the.pressure range
of 5 to 60 um 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 um methane. The data in Figure 23 suggest that
the reaction is zero order in water in the pressure range of 5 to 50 um
of water. At higher water pressures the reaction appears to become

negétlve 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 all 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 this 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
apparent activation energy resulting from a rate expression which involves
products and quotients of actual rate constants. This accounts for the
non=linearity of the curve, At 573K the apparent activation energy is
21.9 kecal/mole, Other reported activation energy values for the methana-
tion reaction on ruthenium catalysts are listed in Table 10:

Table 10. Apparent activation energy values of the methanation reaction
on various ruthenium catalysts.

Catalyst Ptotal Eapp Reference
‘ (atm) (kcal/mole)
5% Ru/Alzo3 1 2L.2 33
Ru (powdef) 0.01-0,16 9.0 49
0.5% Ru/Alzo3 1 37.2 51
1% Ru/SiO2 1 26.5 36
5% Ru/Sio 1 27.0 36
1.5% R‘u/A?Zo3 1 24.0 100
5% Ru/SiO2 1 24,0 L7




Reng

molec.site! s~!

in

Figure 24,

.5 1.6 L7 1.8 L9 2.0
| 1000 5
TIRY

Temperature dependence of the methanation reaction on ruthenium thin films.

66



100

The value of 21,9 kcal/mole is in good agreement with the values that
fall in the 24.0-27.0 kcal/mole 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 [497 and
Randhava, et al. [51] are in serious disagreement with all 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 salt., The catalysts
were not characterized before use and quite likely some sort of impurity
caused the observed deviation from the expected activation energy value,
It is also possible in the latter case that an impurity in the support
woyld account for the unexpected result.

An experiment was performed to study the effecf of carbon deposition
upon the rate of the methanation reaction, The rate of the ''clean't
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 Qc =0
(an initial 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 different
fractional coverages of carbon atoms. After each disproportionation
reaction the catalyst was dosed with the same carbon monoxide~hydrogen
dose and the reaction rate was measured. A graph of the rate of
methanation as a function of the initial carbon coverage is’shown in

Figure 25. This graph demonstrates that the rate of methanation first
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increases in a linear fashion as the number of carbon atoms on the surface
increases until a carbon coverage of about 0.65 is reached, and thereafter
declines dramatically,

An additional experiment was performed at A = 0.%4 in which the
methanation rate was measured over the partially carbon covered surface.
It was observed that the rate of methanation 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. This is an interesting observation and
suq?ests that the increased rate observed for ec < 0.80 is due to the
increased availability of surface carbon.

These observations suggest two fairly important facts. First, It
demonstrates (as did Figure 7) that adsorbed carbon atoms are reactive
toward hydrogen and could possibly be intermediates in the methanation
reaction. [t is not required that carbon atoms be intermediates in the
methanation sequence since the reaction could occur in such a manner
that carbon atoms are not produced. Once produced, however, they are
reactive. Secondly, this experiment demonstrates that adsorbed
hydrogen is necessary to produce methane. |f the reaction merely occurred
between the adsorbed carbon atoms and gas phase hydrogen, then the rate
would be expected to increase as the carbon coverage increases for all
values of Gc. The decrease in rate as the coverage of adsorbed carbon
gets above 0,65 indicates that a competition for sites is involved with

hydrogen being unable to displace an.adsorbed carbon atom.
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13
£ 13C18

A study was made in which “C atoms were deposited on the catalyst

using the disproportionation o

0. This was followed by a dose of
12c16

12CH,J' and 13CHL}. was

0 and hydrogen. The production of both
monitored, Initially, they were produced at about the same rate,
however, the rate of 13CHL,’ production dropped rather quickly due to the

depletion of 13

C 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, ; standard hydregen dose was used
between a1l 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 little to detect).
In cases in whica the CO£H2 ratio had been fairly large in the previous
run some methane was detected., It was observed that ?or a given CO:H2
ratio which produced methane during the standard hydrogen dose, the
amount of product was & function of the length of time that the system
was pumped between the end of the kinetic run and the dosing of tﬁe
standard hydrogen dose. This is shown in Figure 26. Thié indicates
that some (or all) of the intermediates present on the surface at the
end of the kineiic run are unstable in vacuum at 573K. Tﬁey undergo
some sort of decomposition (or interaction) process which leads to the
removal of carbon from the surface.

The standard hydrogen dose could be completely eliminaéed from the
experimental procedure with very little effect upon the observedrrates.

Omission of the standard hydrogen dose between runs in which the CO:H,
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ratio was moderate or low had no effect upon the rates of the suhsequent
runs. Omission of the standard hydrogen dbse after a run involving a
targe CQ:H, ratio led to a slight enhancement of the rate of the next
kinetic run. This is actually predicted froq Figure 25, Since the
system was by necessity pumped between the two runms being discussed,
and since some of the carbonaceocus intermediates were removed by this
purping, Gc was surely below 0.80 and an enhancement of the rate of the
next runm would be expeéted.-

Tne ruthenium thin film was always stored under 3.5 torr of hydrogen
at room terperature when it was not in use. It was always the case
that after about 48 hours this hydrogen contained substantial amounts of
me%hane. Since no reactive carbén was left on the surface prior to this
hydrogen dose, there must be carbon assoc}ated with the catalyst which
is removed only after long hydrogen exposures. This would be the litype
2' carbon suggésted by the Auger results.v The possible structure of
tﬁis carbon will be discussed in & subsequent section. ‘

One very reasonable reaction intermediate in the methanation
reaction would be a partially hydrogenated adsorbedbcarbon monoxide
molecule with the following structure:

0~
H-&=H
A

This looks very much like an adsorbed methanol molecule with the bonding
occurring through the carbon atom. Since the Auger results indicated
that noc oxygen was on the surface of the catalyst after a methanation

study, the rate'Iimiting step must occur after the removal of the oxygen
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irom 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
methano! 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
ﬁethanol 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 techniqug of Yates, et al. [101] involving
the vacuum decomposition of paraformaldehyde (trioxymethylene). It was
not possible using this technique to get the formaldehyde purity to an
acceptable level. Therefore, this experiment could not be performed.

It was observed that with high C0:H, ratio feedstreams some carbon

2
dioxide was produced. Ruthenium is known to be a good catalyst for the
hydrogenation of carbon dioxide to methane. Therefore, there was a
possibility 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 it underwent the water-gas shift
reaction (5) before leaving the cell. This was checked by mixing an
equal molar mixture of carbon monoxide and carbon dioxide with hydrogen

and dosing this feedstream onto the catalyst 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 monitorad. Methane production was observed to oécur
irmediately upon introduction of the reactant feedstrgam° However, no-
carbon dioxide was used up until all of the carbon monoxide had been
convertad to methane. The carbon dioxide was then hydrogenated. = These
results indicate that although both gases can‘ée converted to methane
over ruthenium catalysts, carbon dioxide in a mixture of the two will not
be converted until the carbon monoxide is depleted. This difference in
rezctivity is believed to be due to the different manners in which the
two gases interact with rutheﬁium. Carbon monoxide interacts strongly
with ruthenium whereas the ruthenium~carbon dioxide interaction is
relatively weak. Therefore the msthanation reaction invoiviné carbon
monoxide will predominate as long as there is carbon monoxide available.
Since the total deﬁletién of carbon monoxide never occurred during the
kinetic studies, neither the hydrogenation of carbon dioxide nor its
removal by the water-gas shift reaction could have occurred. This
proves that the primary oxygenated reaction product was at all times
water,

it was also noted at relatively high CG:HZ ratios that the rate of
methanation 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 little cafbon monoxfde was used. This drop
in rate with time is very likely due to fhe prodgction of some sort of
surface poison which removes active sites. This has been cbserved before
and is generally believed to be due to the formation of some sort of
carbonaceous overlayer which is relatively unreactive under reaction

conditions.
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Exchange Studies

The exchange reactions of hydrogen and carbon monoxide were studied
on the ruthenium thin film. Even though the experiments are fairly easy
to perform with results that a very useful in predicting the structure
of the adsorbed gas, no report of either reaction on ruthenium has been
found. A dose was made in which 616.85 um of hydrogen and 577.05 um of
deuterium was introduced into the reaction cell at 573K. The hydrogen-
deuterium exchange occurred instantly with equilibrium being reached in
a matter of seconds after the dose was made. This suggests very strongly
that the hydrogen adsorbs dissociatively.

The 12¢16.13,18

0 exchange reaction was also found to proceed
r;adily on the ruthenium thin film. The reaction was studied at
approximately equal molar mixtures of the two isotopes over a fairly
wide pressure range. The total carbon monoxide pressure was varied from
2x10-7 torr to 80 um. The exchange reaction was quite rapid, however it

could be measured on the basis of the rate of appearance of 12C]80.

The ready exchange would be most simply explained by a mode! involving
dissociative adsorption of the carbon monoxide with both carbon and
oxygen atoms available to exchange. The exact nature of the adsorption
states of carbon monoxide on most metals is not well-understood. Some
results suggest molecular adsorption and others suggest dissoclative
adsorption. |n an effort to explain Isotopic exchange of carbon monoxide
on tungsten using a non-dissociative moded Madey, et al. [102] proposed

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

and oxygen atoms are bound to the surface as well as to each other.
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Exchange could then occur via the interaction of these horizontally bound
carbon monoxide molecules. Presumably, if such a structure is possible
on tungsten then an analogous structure should be possible on ruthenium.
This exp]anationAdces, however, seem rather far-fetched. An alternative
model involves both disscciated and non-dissociated carbon meonoxide in
equilibrium on the surface. ' The carbon monoxide molecule adsorbs
molecularly to @ ruthenium site via the carbon atem. This molecular
carbon monoxide. can then dissociate to form adsorbed ca;bon and oxygen
aéoms. This model seems to be more reascnable than that prbpcsed by
Yates, et &l. The exchange would of course océur among the adsorbed
atgms.

An activaticn.energy for the carbon monoxide exchange reaction was.
determined from the data shown in Figure 27. The value was found to be
6.1 kezl/mole which is considerably lower than the aéparent activation
energy of the methanation reaction. -

A very interesting observation was made when the carbon monoxide
exchange rate was measured with varying amounts of hydrogen present in
the gas mixture. This was done in an effort to Eeffé?’éﬁéﬁaﬁté?izé the
adserked state of carbon monoxide under reaction conditions. A piot of
this exchange rate versus the quéntity of hydrogen ip the mixture is shown
in Figure 28. As can be seen the exchange rate drops w?éh increasing
hydrogen pressure. Methane production begins to occur around 2.5 to 3.0
torr of hydrogen although enly very sma?l amounts of methane are produced
undér these conditions. Since the Auger results suggest that the catalyst

surface is free of oxygen after a méthanation study, this hydrogen effect



110

_
-2.0r
T —a.0L
L)
1.
)
Ci=
S{T-3.5¢F
- |8
C s
©
1=~&.CrF
£

"4555;'

L
1000

T(K)

Figure 27. Temperature dependence of the 136180-12(:160 exchange
reaction on ruthenium thin films,
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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 will be discussed

thoroughly in the discussion of the proposed mechanism.
Flash Desorption Study

A series of flash desorption spectra for carbon monoxide from
ruthenium was determined, The results are shown in Figure 29, The doses
ranged from 0.6 fo 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 fill with
dos;s of about L4 Langmuirs. The peak maximum for this low energy state
occurs at 403K. These results are in fairly good agreement with those of
Ku et al, [103] who report two states of carbon monoxide on ruthenium
(1070), with peak maxima at about 403 and 495k. Since one study involves
a single crystal and the other involves polycrystalline ruthenium,
perfect correlation is not really expected. Qualitatively, however, the
results are identical. The flashes were continued to about 1000K and no
further desorption 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 500K. While this flash
work is not eitremely useful in terms of predicting a mechanism for the

methanation reaction, it does lend support to the contention that work

done on single crystal ruthenium is very useful in predicting observations

made on polycrystalline ruthenium.
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Figure 29. Flash desorption spectra for carbon monoxide on ruthenium:

(g) 0.6 L CO dose, (b) 1.2 L CQ dose, {(c} 1.5 L CO dose,

(d) 2.6 L €0 dose, (e) 3.9 L CO dose, (f) 4.4 L CO dose,
(g) 8.0 L CO dose, (h) 12.0 L CO dose.




114
Mechanistic Considerations

An attempt has been made to develop a mechanism which is quantita-
tively consistent with the kinetic studies as well as qualitatively
consistent with the isotopic exchange studies, the flash desorption work
and the surface characterization studies (Auger, LEED and ESCA). The
major portion of the data suggest a carbon monoxide kinetic order varying
between +1 and -1 and a hydrogen kinetic order varying between +2 and -1,
The kinetic orders with 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

following sequencé of elementary steps:
Ky
ZRu + H, £12Ru-H (Step 1) (79)

Ru + CO ﬁ c (Step 2) (80)
H k3 §

+ & 2 f~H + Ru (Step 3) (81)
R

-H + kukﬁ g-u + Ru (Step &) (82)

H
H+ &UE: H-C-H + Ru (step 5) (83)
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0-H H H
l H ke 'y 6 .
H-x‘:-n i g ‘c‘: + Ru + Hzo_ (Step 6) (8L)
Ru Ru
U H ky I -
lcl: + oy [Z-') H-l-H + Ru (step 7) {(85)
Ru =7 Ru
H Kg ‘
HeG-t + }m = CHy, + ZRu (Step 8) (86)
Ru ’

This mechanism proposes the existence of seven surface complexes. A
steady state development would lead to a series of simul taneous equations
which for all practical purpeses are unsolvable, Although & mathematicg]
sofﬁticn can be obtained using this approach, the ﬁhysical significance
of the result is ambiguous. A more informative approach in thié case
would be that of kemball [104] invelving the establishment of some but
not necessarily all of the possible equilibria between gas and surface
and between different kinds of species on the surface, Each equilibrium
established exerts a thermodynamic influence updn the amounts of the
intermadictes which take part in the reaction.

lﬁ the mechanism listed above, Ru designates a ruthenium éurfaﬁe
atom, Ru=H represents a hydrogen atom adsorbed to a ruthenium surface atom
and Ru=C=0 represents an undissociated carbon monoxide molecuie bonded
via a double bond to one surface.atom. An attempt has been made to
maintzsin at g1l times four bonds to an adsorbed ca}bon, two bonds to
oxygen and one bond to each hydrogen atom. The step designated by (86) is
chosen as the rate determining step (Actually, steps (84) and (86) are in

balance, and so in that sense both are rate limiting). Neither steps
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(&%) nor (86) are equlilibium steps since the reaction is zero order with
respect to both products. The mathematical development proceeds as

follows:

2
THyJCRUS

_ [RucO? _
Ky = m - [Ruco] = KZ‘:CO][Ru] (88)

_ CRUCHORWI - - v Fy /200 -
K3 = PRuCoT RN CRUCHOT = K Ky (K TH,T) 7 [Ru] (89)

¢ = LRUCHOHICRuT
L~ _RuUCHO][ RuH]

*RuCHZOH?[Ru]

Kg = RuCHOR RS [RuCHZOHj = K2K3KuKS(K1LH2]

- T = fyu MeoIMry?
~ RUCHOH? K]K2K3K4_H2‘Lco_tau (90)

)3 2rcortRu) (91)

The overall reaction stoichiometry requires the production of water and
methane at equal rates. This leads to the following equality:;
k6[RuCH20H][RuH] = k8[RuCH3][RuH] (92)

From equations (91) and (92) it is evident that:

K w320
[RuCHyT = goKaK3Kuks (K LR, D (coilRu) (93)
[ RuCH, 1[Ru] koK, K K K, K
7 = [RucnzﬁfRuHT ~ [RuCH,] = : 1k2x§ * SEHZJECOJERUJ (o)

Each of these expressions represents the surface coverage of the particular
intermediate under reaction conditions. Fractional coverages will be
used in this development. The sum of the fractional coverages of all
intermediates and empty sites must be unity as indicated below:

1 = Ru + RuH + RuCO + RUCHO + RUCHOH + RuCH,OH + RuCH, + RuCH (95)

2 2 3
Substitution of the above expressions for the fractional coverages of the

surface intermediates into equation (95) yields the following expression
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for the fractional coverage of bare ruthenium sites:

1/2 1)1/2

[RuT = /{1 + (K,[H, 1) 77 + K,[€0] + K Ky (K [HZ [col +

(96)

kK, K KK, K Kk :
(KqKoK3Ky, + 6 ‘kZK; 5)[H2][co1 + (KyKqKyKe + kZKZKBKhKS)(K1[H2])3/2{C037

Now that expressions have been derived for each of the surface inter-
mediates as well as the ruthenium surface atoms, the rate can now be

written:

dCCHL;' . [ 2 -2

— - ka[RuCH3][RuHJ = k6K1 KKKl Hy T [collRud (97)
Using the fractional coverage for bare ruthenium sites (96) leads to the

following rate expression:

dLCH, ] 172

—r = CkgGRsR KT TCOD /1T + (kLD + KyLco] +

kK, K, KoK K '
Ky (K [HZ])ifz[co] + (KyKyKoKy + 6 1t§x§ : S)EHZ][COJ + (KyKgKyKg +

Ke

k2858 (k. [n, 12

Ccol}? (s8)

Recall that the surface characterization studies indicaied that there was
essentially no oxygen on the catalyst surface after methanation. There
was, however, a significant carbon coverage. If it is assumed that the
total coverage of all oxygen containing intermediates is at all times

quite low then equation (98) reduces to the following:

dLcH,. 1 koK, K, KoKy K
dtb = (kgKi¥y KQKSEHZ] [co])/¥1 + (K [H2])1/2 6 Tk;K; 4 5'H2][co]
k
* é%w (k,[H, 1>/ X comy? (99)
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This expression can be rewritten as follows:

d[CHu]
dt

1/2

Ainjztco]/{x + a[HZ}

+ cH,0c0] + ol 1% 2rc01y? (100)
The meaning of the constants A through D is obvious. This rate

expression does predict the observed limiti;g kinetic orders for both
hydrogen and carbon monoxide (ignoring the -2 order in carbon monoxide) .

In order to fit this expression to the data the constants must be
determined. It would be desirable to be able to linearize the expression
or use some other mathematical approach to evaluate them absolutely.
However, this expression is too complex so the trial and error metho§
of iteration must be used. An attempt was made to fit the carbom monoxide
order curve using equation (100) with the hydrogen pressure constant.

The curve was found to be much too broad to fit the data. No choice of
constants would increase the sharpness of the curve maximum. What this
indicates is that the mode! presented thus far does not adequately describe
the role of carbon monoxide in the reaction. Since the carbon monoxide
order plot could not be fit with this theory, no effort was made to fit

the hydrogen order plot.

As has already been mentioned some data collected at relatively high
carbon monoxide pressure indicated a higher negative order dependence than
=1. Actually, at high carbon monoxide pressures the kinetic order seems
to be approaching -2. This suggests an interaction between two adsorbed
carbon containing intermediates. It is difficult to understand how such
an interaction could lead to methane production. The mass spectral output
of some of the higher pressure carbon monoxide runs was examined and the

production of a small amount of carbon dioxide was detected. A step was
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sdded to the mechanism to account for the Interaction leading to carbon
dioxide production. Perhaps the simplest Interaction that could lead to
carben dioxide production would be as follows:

k ..
2RuCO =2 RuC + €O, + Ru (Step 9) (101)

If only this additional step were added then the catalyst would poison -
due to the formztion of unreactive RuC. Since this is not observed to
occur, the hydrogenation of the adsorbed carbon atom must be also included.

This requires the addition of the following two steps:
k

RuC + RuH %p RuCH + Ru (Step 10) (102)
k-TO '
d ke
RuCH + RuH @ RuCH, + Ru (step 11)  (103)
k ' .
=11

The development of a rate expression for this new mechanism proceeds
in the same fashion as the previdus development. The expréssions for
ERuH], [Ruc0], CRuCHO], [RuCHOH] and [RUCHZOH] are unchanged from the
results of eguations (87) to (91). The principal change occurs as a
rasult of the prﬁduction of Aot only water but also carbon dioxide as an
oxygen containing product, Actually, two different processes are
occeurring simultaneously:

Co + 3H2 res CHA + HZD

2¢0 +’2H2 rd CH# + CO2

At low carbon monoxide to hydrogen ratios, only the first reaction occurs
at a detectable rate. However, as the carbon monoxide pressure is

increased relative to the hydregen the second reaction begins to occur,
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products from both reactions are detected, therefore both must be
considered in the development of the rate expressioh. 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] = gstkucazoujtauﬂj + k9[RuCO]2 (104)
Using the previously determined values for [RuCHZOHT, (Ruc07 and [RuH?

we can now solve for [RuCH3]:

kg 3/2 kgthcojz
[RuCH3T = {E—K2K3KAK5(K1[H21) fcol « ‘1/2}[Ru1 (105)
8 k (D)

Using this expression and the surface equilibria relationships we can

generate the following expressions for the other intermediates:

kg kgka[c01% 3rayn (106)
CRuCH, = {k8x7K1KzK3KuKs[“z][c°] " gk KTH,T
2. 2
k ko K, LCO]
- [ b 1/2 g™t
{RuCH] = {k8K7K11K2K3K4K5(K1[H2} [col + 3/21[Ru] (107)

ghyky (6, L1,

2 2
k K, K K. K.[CO] kK[ €O
[Ruc] = (2325~ , 92

HRu] (108)
KoK, AK 2 2-
8"7™10™ 11 k8K7K10K11K1[H21

The following expression for the fractional coverage of bare ruthenium

sites results when the fractional coverages of all intermediates are

summed and set equal to unity:

[Rul = 1/{1 + (K1[H2])‘/2 + KZ[CO] + K2K3(K1[H2])1/2[CO] +

kg

K1K2K3K4[H2][C0] + KZKBKQKS(KIEHZ])3/2[CO] + EEK2K3K4KS(K1[HZ])3/2[C0] +
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2 yA

k xztco] ke c k KZ[CO]

K K K. K. K[H,TFco] +
172 T kK L
kg (K, [H,]) ghy 1235572 Rgl Ky, 1 *
2 2

kgKoK3K1 Kz 1/2 k9K2[c01 kGKZKSKL!_KS[CO]
kg K (kiEry 1) " 7Lco] + 372 T T RoRK, K

11 k8K7Kﬂ(K1[H2]) g7 0™ 1

kgko( 01>
3
kg KoKy q (K LH D)

(109)

The rate limiting step is still chosen as the one invo!vfﬁg methane
production with the steps invelving water and carbon dioxide production

in balance with it. This leads to the following egquation

. dLCHy ]
dt

= kglRuCH; 1[RUK] | (110)

Using the eguations for the fractional coverages of ‘these intermediates

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

drCH, T | |
— b (k6K§K2K3K4K5[HZ]Z[CO] + kskgtcojz}/{n (Ki[Hz'j)V 2,
kK. K. KK kK KKK :
X2 KKK 6KaR3Kks 1/2
(K, + -——-—-—-—-kaK7K:OKH)[co] U Tk ) (k,[H,7) " 7lc0] +
(K, K KKy, + KeKiXg N5t 5y [, I0C0T +(K, KaKeKe + oK KoKyKe) (K TH Y32 co
1KzK3ky, kg 211€01 +{KoR3KyKs —Kz 1Kg 21
) C(111)
KZECO] sztco‘_q k9K2£c01 - k9K2[c01 }
5+ +
“8“‘1[“23) k8K1K7LH2] . k8K7K11(K1£”23)3/2 ka*%“m“n“izmzlz

{f, once again, terms in the denominator associated with oxygen~-containing .
intermediates are neglected based on the Auger results then equation (111)

reduces to the following:
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25%2&1 - (k6K1K2K3KhK5[H2]2[CO] + kgKg[CO]z)/{1+ (K1[H2])1/2 +

k6K1K2K3KuK

Y2c0] + ( o 2)(H,]Cc0] +

(23S gy, (B2 oy g
gk7K10%11 gk7%11

kg

k. K5(CO 1
GEEK2K3KQK5)(K1[H2])3/2[c0] b 2(€0] kgKZECO

+ +
k8(K1[H2])1/2 kgKy Ko TH, 1

2.2 2
kgk5[€0] kgKo[CO] 2 2)
377 7. 2 (
kgkaKyq (K TH;D) gh7K10Ky 1KqTH, ]
This equation can be rewritten in the following form:
d{CHy, ]
— = = (aTH,1%[c0] + 8Lco1? /1 + clH,1/2 + o0H,13/2(c0] + ELH,[co] +
) 2 e 2 regr2
F[H2]1/2[CO] + glco] + LRCQl , Jeor | kfeol  L{col 42 (113)

1/2 H 3/2 2
(H,] 2 [H,] (H,y1

In this expression the correlation between the constants (A~L) and the

rate constants and equilibrium constants is obvious. No direct correlation
between the constants of this expression and those of equation (100) is
intended. When the hydrogen pressure is held constant as in the case

with a carbon monoxide order plot this expression assumes the much

simpler form:

d[CH,] - (a'[co] + 8i[c01%)
dt (1 +c' + p[co] + £'[c01®)?

(114)

This expression could be fit rather nicely to the data with the maximun
deviation between theory and experiment being 10%.
An attempt was made to fit the hydrogen order results using equation

(113) and the constants of equation (114) obtained from the carbon monoxide

order plot. The positive order region of the curve was fit very well but
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serious deviation occurred in tbe negative order regioﬁ of the curve. This
suggests that the mechanism as listed does not adequ;tely 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 bending of intermediates to ruthenium
atoms. This would aliow more than one hydrogen atom to bond to a
ruthenium atom and it would also permit the bonding of hydrogen atoms and
carbon containing intermediates to the same ruthenium atom. Since all
kinetic data were taken with excess hydrogeﬁ and since at times the
hydrogen pressure was as high as 2000 times the carbon monoxide pressure
it hs not unreasonable to suppose enhanced hydrogen adsorption. Upon
looking through the eight or so intermediates predicted in the mechanistic
discussion thus fer it is apparent that a variety of structures could
exist that would invoive multiple bonding to the surface atoms. Quite &
few of these would, howsver, not change the order dependence of the rate
law in the desirad menner. If we examine equafién (112) it is apparent
that in order to increase the negative order dependence in terms of
hydrogen we must either change the rate limiting step such that the
exponent of the hydrogen term in the numerator is less than +Z or we must
add a term in the denominator which goes as the hydrogen pressure raised
to a power greater than +3/2. The numerétor has a very significant |
effect upon the fit of the theory to the data, especially in the positive
order region of the hydrogen order plot. Since this region of the curve
fits %airly well the approach will be to introduce new intermediates that

would modify 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, In this instance equation (112)

reduces to the following:

dfCH, -
e S RS BV T R L O - v I T
12 - K L 12 (115)

— g + + ,
erj1/2 Iﬁ;T [HZ]B/Z [szz

As will 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 fit to the hydrogen order plot a term such as M[H2]2 was
added to the denominator. |t was observed that proper selection of the
constants gave a fairly good fit to the data. it i; évident that when hy-
drogen adsorbs as an adatom, a term (C[Hz])v2 in the denominator of equa-
tion (113) describes its pressure dependency., Also evident is the fact that
the carbonaceous species RuCH has a term with the same hydrogen pressure
dependency. In fitting the hydrogen order data no distinction between
these terms can be made. However, their relative magnitude will affect

the carbon monoxide order plot since one is independent of the carbon
monoxide pressure and the other varies as the carbon monoxide pressure.

An identical situétion exists with the M[szz term. |f the adsorbed
species with this hydrogen pressure dependency contains only hydrogen

atoms then the C' term in equation (114) would include this term. |If this
species contains a carbon atom then the term is actually represented by
M[CO][HZ]Z with a first order carbon monoxide dependency. This term

would appear in the 0'[CO7 term of equation (114). It is possible that

both surface species contribute. The result of this analysis is that.
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either C' or D! or both must include a term with & +2 hydrogen pressure
dependency.

It was observed that some variation in the values of both-C! and D'
was possible without sacrificing the carbon monoxide order plot fit.
Maximum values of the two constants were found to be C! = 0.1 and D' =
0.01. These maximum values could not be used simultaneously to give
the optimum fit. An attempt was made to %?t the hydrogen order plot
using constants from the carbon monoxide order plot witg ¢! = 0.1. 1t
was found that this led to an improved hydrogen order fit but the error
at high hydrogen pressure was still too high. .Similarly, Df was maximized
and,a hydrogen order curve fit was attempted. An acceptable fit resulted.
What this suggests is that if only one new intermediate is introduced
into the mechanism to accomplish a‘simu!tanecus fit of both order plots
its surface concentration must vary as [HZ]Z and [CO7. Aitefﬁatively;
two new intermediates may be introduced; The first would have the pressure
dependencies just mentioned and the second would have a surface concentra-
tion that varies as [HZ]Z; !ntroductién of the second intermediate alone
will not yield an acceptable fit to the data. The approdch af this point
will be to attempt to introduce examples of both intermediates and‘use
data other than kinetics to make a final judgement.

One interaction which might be expected to occur when hydrogen is
present in large excess is the adsorption of more than one hydrog;n atom

per ruthenium atom. Consider the follawing:

kiR .
R + Hy & v (step 12)  (116)
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[Rqu]
Kig = m = [RuH,] = Ky, [H,)[RU] (117)
of course, a species of this sort would be expected to be reactive. A
simple mechanism could be written which would involve only this form of
adsorbed hydrogen:
RuCO + Rqu @ RUCHOH + Ru

RUCHOH + RuH, - H,0 + RuCH, + Ru

2 2 2
RuCH, + Rqukl3CHu + 2Ru (Step 13) (118)

The rate expression derived from this sequence of steps (including carbon
monpxide and hydrogen adsorption steps) indicates that this sort of
interaction does not yield a positive kinetic order in hydrogen. It is
possible, however, that this mechanism could be occurring simul taneously
with the one developed previously. This would lead to a raté expression
identical to equation (113) except that some of the coefficients would
have a slightly different form when expressed as rate constants and
equilibrium constants. The important thing to be gained from this
is that the introduction of the Rqu species has no effect upon the fit
of the theory to the data. Since the only effect of the two unnumbered
steps above is to modify the form of some of the coefficients in the
rate expression they will not be considered subsequently.

It is also conceivable that the Rqu species could interact with
some of the intermediates produced in the previous mechanism. Interactions
could occur in which either one or both of the hydrogen atoms would be
involved., All such interactions were considered and once again the rate

expression was identical to equation (113) except for the correlations
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between some of the coefficients and the rate constants and equilibrium
constants,
It is quite concelvable that additional hydrogen could be adsorbed

in the following manner:

11- ’
RuH, + Hz k‘ \}w[ (Step 114)' (119)
K L= m - ERUHL!_I = K}AEHZ].A [Ru] (120}

This species has the desired hydrogen pressure dependency and would

improve the fit to the data. Interactions between this intermediate and
the oxygen containing |nternedxates could occur without wcdlfxcaticn of
equation (113) except to change the rate ccnstant-equnllbraum constant
dependence of a few of the coef?xcxents. The same is true of interactions
with RuC, RuCH and RuCH2 to yield higher hydrogen containing intermediates.
Therefore, such interactions will not be listed explicitly in the
mechenism. An interaction between RuC and Ruﬁg.tc yield methane couid
possibly occcur but since such a step does not really resemble an elementary
process, it wifi not be considered., The interactions bétweeﬁ-RuHA and
each of the species RuCH, RuCHz and RuCH3 to yleld methane does not follow
the observed kinetics and therefore must have negl:gib}e oceurrence.

The major role of an RuHy, species would be to serve as a reversible
surface poison. At high hydrogen pressures the sn}facerwould becomes
predominately covered with this species and therefore the number of sites
available for adsorption of carbon moncxide would be quite low, A severe

drop in rate would be expected, Upon 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 plét with 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 written involving the addition of
extra hydrogen to the intermediates already postulated. Most such inter-
actions lead to results that are kinetically indiﬁtinguishable from the
theory already developed and would therefore not improve the fit of the
theory to the data. Also, species that involve additional hydrogen
adsorption onto oxygen containing intermediates are not likely because of
the Auger results previously discussed,

Consider interactions involving the addition of one hydrogen atom.
Only one such interaction will produce an intermediate whose surface

concentration varies as [HZJZ[co]. Consider the following

CH H CH
[ 3 \/ 3
Ru + RuH 2 Ru + Ru

[Ruucu3] = K[RuCHB][RuH]

Before attempting to modify the theory to include this species, inter-
actlons involving the addition of two hydrogen atoms will be considered,
Two such interactions would change the hydrogen order dependency of the

previous theory. The first involves fhe interaction of two hydrogen atoms
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with adsorbed methylene as follows:

H H (121)
‘c/ (A" ST (step 15)
RU k.iE \“. H
[RuH,CH,T = KIZKISERUCHZJEHZ] (122)

This intermediate clearly has the proper pressure dependency in both the
hydregen and carbon monoxide. One additicnal interaction would involve
an adsorbed methyl group and & hydrogen molecule as follows:
: CH
3 3
hy” * By @ B h "
r =
RuH CH3] K[RuCH3][H2]

This species has a pressure dependency of [H ]Syz[CO] and will be consid-
erad briefiy.

Before procesding with the'ﬁatéematical development of the rate
expression a few words must be said sbout the pléusibility of these three
hypothetical new surface structures. Comments will concern the mode of
bonding and the stability of each intermédiate. A more thorough discussion
of this matter will follew the derivation of the rate expréssion.

The bonding of an adsorbed methy! group is most ce}tainly via an sp3
hybrid orbital. The hydrogen atem is bound to the surface via a G bond.
This, of course, assumes that bonding orbitals are available in the metal
to accommodate the bonding of both structures. For the moment we will
assume that this is the case and discuss it in more detail later., Since
both the hydrogen atom and ths methyl group are bound to the ruthenium
via o bonds, both adsorbates are free to twiggle and “fiop arouﬁd“ on

the ruthenium atom. It is quite likely that in doing this they will
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collide with one another and form methane which desorbs rapidly as follows:
H\ /CH3 2 CH, + Ru
Ru M

This structure is believed to be quite unstable and its surface concen-
tration would be expected to be negligible. The same arguments can be
made about the RuHZCH3 structure and likewise it must be eliminated as
a species that could achieve relatively high coverages under reaction
conditions.

|t seems quite reasonable to expect that the RuH2CH2 surface inter-
mediate could be present in significant concentrations. If it is assumed

that the carbon atom has already undergone conversion to sp3 hybrid orbit-
4

als then the bonding to the ruthenium would be as follows:

Haee -H
£z,

The methylene group is fairly rigidly bound to the surface such that the
sort of movements that led to decomposition of the two previous structures
is severely limited. The hydrogen atoms are bound to the ruthenium atom
through directfonal bonds such that they are not positioned close enough
to the carbon atom to allow rapid decomposition. This will be discussed
in more detail later.

Once the RuHZCHZ species is present on the surface it can either
remain on the surface as a reversible poison or it can slowly undergo
decomposition to form methane. If the species remains on the surface

during a run as a poison then it would have the effect of removing reactive

ruthenium sites. This would lead to a very rapid decline 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 -1 was experimentally observed.

1f the RuH.CH., undergoes decomposition to methane, then it must do

272
so in a manner which fits the observed kinetics., Consider the following
dissociation step:

H\c/ﬁ

H\ﬂ,ﬁ - CHy, + Ru

Ru

The rate of this simple decomposition would go as the number of ruthenium
atoms. Examination of equation (1{0) indicates that in order for the

theory to fit the data the rate must go as the number of ruthenium atoms

sqqared. The following interaction would meet that requirement:

HoH i
N Kig | '
o g+ Ru T CH, + 2R -~ (step 16) (123)

~ RU/

This suggests that because of the relative positions of the hydrogen atoms
with respect to the carbon atom an interaction between the adsorbed
methylene-hydrogen structure and a bare rutheniuﬁ atom is necessary to
produce methane. This will be discussed in‘more detail later. It is
belijeved, however, that this step is not a major pathway to the production
of methane.

A rate expression will now be derived using steps 1-16 as‘a complete
mechanism. Since the raté of formation of methane must equal the sum
of those for water and carbon dioxide we get the follewing egquation;

kBCRuCH3]£RuH] + k13[RuCH2][RuHZ] + k16[RuHZCH2][Ru] = kEERuCHZOHj[RuH] +

: : kgtRuCOIZ - (125)
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Substitution into this equation leads to the following expression for the

fractional coverage of RuCsz
K [co]
CRUCH, ] {kBK1 JKakyKslH,1[C0] + -g—rg-;——}[au] (125)

similarly, expressions for the other carbonaceous intermediates may be

derived:
2,1/2
koK [co)?
[RucH,] = 'fk 3/2 2K3K4K5K7[H2]3/2[C0] ;=2 ZE; ]TZz WRul (126
2
" K2Lcol?
[RUCH] = -{-—§1/2 2K3KuK5[H2]1/2[C0] + 9 i1/2 - ]3/2}[Ru] (127)
1y L2
' 2
koK, K K KLCO]  koK[CO]
[RuC] = — 6 i 3K“ o, 22 ,1[Ru] (128)
1011 K1°K11K1[H2]
1 2
(Rur,CH, ] = FTkeK KyKaK KeK, oTH, ] 2co] + kgK 2K12[COW }{Ru] (129)

The rate may be determined from equation (124) as follows:

dlcH,) 2 2. 2. .2
- " {k6K1K2K3KuK5[H21 (co] + kng[coj J{RuY] (130)

The expression for the fractional coverages of the surface intermediates

has the following form:

1 = [Ru] + [RuH] + [Ruuzj + [RuCc0] + [RuCHO] + [RuCHOH] + [Rucuzon] +
[RuCH,] + CRucH,] + [RuCcH] + [RuC] + [RuH,CH,] + [RuH,] (131)

This expression may be used to solve for the fractlon coverage of bare

ruthenium sites. When the resulting expression is substituted into
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equation (130) the following rate expression is obtained:

d[CHh]

2 2- . -2 2
- = (kéKiKZKBKgKSEHZJ [col + k9K2[c0] /{1 + (K1[H2])1/ + Ky LH, T +
1/2 1/2 2. -2
keK, K2K3K4K5[H2] {co] kgxztco] - k6K1K2K3K4K5[H2][C0]
K., T K 20y 132 * Z
BEESTL Y
2\ om2 3/2 3/2 2, /2
. kgxztcoj , keKj K2K3K4K5K7EH2] Lco] . kgkoKoK, " “Lc0]
zEHZj Z ~Z[H2]1/2
202 . 2
k6§ZK3K4KS[CO] . kgK5[€0] ) kegKy K KoKy KoKy o[ H,170C0T
ZK. K 2 z
1011 K1K10K11[H2]
k KoK {co]
R A At (132)

This expression may be rewritten in a simpler form as Tollows:

dlcH,
= bl _ (AlH,1%[c0] + Blca1®) /{1 + c[azj‘/z s D[] + E[sz‘/z[cg] +
2 2 . 2
Flcol : ifcol 3/2 k[ €o
EH2}3/2 + e[K,]lco] + TH,T * JrH, 17 7Teo] + E;;3%7§ + Lfco] +
2
?&E%%"* NEHZJZECG] + g co1? + F[Hzlz}z (133)
2 _ -

where the definition of the constants in terms of r;te constants and
equilibrium constants is obvious. This theory was it to the data with
the constants shown in Table 11. They are functionally dependent only
upon the temperature.

|t was observed in fitting the carbon monoxide order plot that the
denominator term which is independent of the carbon monoxide préssure

(c! of equation (114)) could be varied by two orders of magnitude
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Table 11. Vvalues of the constants in the rate expression

Constant Value Units
A 1.26x10:é° molec-siteE‘sz:gm:g
B !,64x10_3 molec-sitgo/s- pm
c 1.0 x10_6 pm_} 2
D 3.0 x10 pm
E 0
F 0
6 9.58x1078 um2
i 0 L
J 2.64x10"8 | pm 3/2
K 0
L 0
M 0 .
N 3.27x10:;° um_>
0 3.98)(10-9 um_z
' P 5.33x10 um

without severely affecting the fit to the data. The major effect of this
term is at low carbon monoxide pressures where the other terms are fairly
small, The fit of the data to the hydrogen order plot yielded a more
accurate value of C'. In the final equation C' = C[H2]1/2 + D[HZJ + P[sz%
This term was dominated by the [Hz]Z contribution., The data of both curves
were fit by initially optimizing P and then C and D. Since the [HZ]Z term
was dominant the values of C and D could vary by a factor of 2 or 3 with-
out severely affecting the fit. All constants that are assigned values of
zero in Table 11 were found to contribute negligibly to the value of the
rate as defined by equation (133) and the non-zero constants.

The fit to a typical carbon monoxide order plot is shown in Figure 30.
The'OVeraIl fit Is quite good with the only deviation occurring near the

peak 'maximum. This deviation amounts to about 10% at worst. Figure 31



L Y 7 T T T T Y
T=300°C
-2 Pup =50 pm  _
Tm '
= =3 -
i
3
V.a
T o ~4- =
Oole
xlo
E -5 —
[ o
— .
i L 1 | i I L
| 2 3 4. 5 6 7 8

1
Pco
H | \

in

- Figure 30. The'flt of the theory to a carbon monoxide ordef plot with [HZ] = 14150 pm.

sl



136

shows the fit of the theory to a typical hydrogen order plot. The maximum
deviation in this case occurs at hydrogen pressures just below the peak
maximum. The deviation in this case is about 15%. At extremely low hydro-
gen pressures it is noted that the theory predicts a leveling off of the
order plot. The [CO]2 term in the numerator dominates yielding a constant
rate. |n the case of the data shown in Figure 31 this leveling off begins
to occur at a hydrogen pressure of about 400 um. The scatter in the data
in this region is higher than usual because the rates are so slow. As a
result it is not certain that the rate actually levels off as predicted by
the theory, The minimum rate detectable in this study was about hx10'h
molec-sitefls']. The fit of the theory to the water and methane order
plots is shown in Figures 32 and 33 respectively. Two methane order plots
are shown. They were taken at different carbon monoxide pressures. .Both
were fit quite well by the theory,

The constants that were presented in Table 11 were obtained by fitting
the theory to the data shown in Figures 30 and 31, These data were
chosen because they were collected over a fifteen month period with
excellent reproducibility. Also, because there are so many data points
in these two order plots it is obvious where the curve should lie. To
demonstrate that the theory will 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 11.
As can be seen the fit is quite good for each curve. It might be possible
to improve the fit in Figures 34 and 35 by modifying some of the constants

while attempting to maintain the fit in Figures 30 through 33. This,
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however, was not done. No attempt was made to fit all of the data
coilected 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 plots taken at different hydrogen pressures.
The rate at a hydrogen pressure of 3800 um peaks at a rate of 0.035 molec.
15-1

site- « When the hydrogen pressure was increased to 4150 um the maximum

in the rate occurred at 0.043 molec-site:‘

s.l. It can be observed in
Figure 31 that both of these hydrogen pressures lie in the positive Qrder
region with respectito hydrogen, so an increase in hydrogen pressure would
be expected to increase the rate for any given carbon mondxide pressure,
The comparison of the peak maxima can be made since they occur at the same
carbon monoxide pressure.

The hydrogen order plots can be compared in a similar manner (Figures
31 and 35). At a carbon monoxide pressure of 26.5 pm the maximum rate
occurs at 0,041 molec-siter's™ whereas at 43.2 um of carbon monoxide the

1s']. Both of these carbon monoxide pressures

peak is at 0.029 molec-site*
lie in the positive order region in Figure 30. Therefore, the variation
of rate with carbon monoxide pressure in a hydrogen or&er plot is as
expected.

A careful examination of the relationships between the coefficients
In the rate expression and the rate constants and equilibrium constants

allows an approximation of the values of two equilibriun constants and

one rate constant. From the value of C it is evident that K1 - lxlO-6 um".
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From D a value of K12 = 3x10"6 pm-t is obtained. These are considered good

approximations but not absolute numbers because of the problem in determin-
ing C and D discussed previously. The final mechanism includes three steps
that lead to the production of methane, It is believed, however, that the
major pathway to methane production is step 8 of the mechanism. -lf this is
assumed to be the case then k8K1K7 >> k13K12 * k16K12K15 and the value of
k8 can be calculated from the ccefficienfs A and J. 1t is evident that
A/J = Kz/zks. This vields a value of kG.; k,77 molecesite? s 1,
[t is difficult to comment upon these values since equilibrium
constants and rate constants for surface reactions are not generally
available. A value for the equilibrium constant Ky has besn reported on
iridium thin films [105]. At 373K the value wes reported to be 2.5 um |
while at k73K the value was appro#imetely 2x10"2 pm-i; These values are
obviously higher than that of this study; tt must be kept in mind, however,
that this work involves ruthenium rather than fridium and that theA tempers-

-1 . . q
is certainly not unreasonable when

ture was 573K. A value of 1x10-6 um
compered to the iridium results. It has been reported {1067 that'hydrogen
flashes off ruthenium by 373K. Since this study was conducted at a temper-
ature well above the desorption temperature the coverage of adsorbed
hydrogen étcms would be expected to be quite low. The value of K2 = 3310-6
pm-! seems alse to be in the correct ramge. A first glance might suggest
that it should be épproximately egual to K1 since both involve ths adsorp-

tion of two hydrogen atoms on ruthenium. No reported value of ‘this

equilibrium constant is available for comparison.
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Before discussing the value of k8 it might be useful to convert to
the more conventional units of molec=cm:25-l. This requires an estimate
of the number of sites per cm2 of catalyst surface area. The total
number of sites was 2.54x10’7. If the surface area of the film is esti-
mated at 250 cm® then a site density of 1x10'> sites/cm’ is obtained.
The 250 cm2 represents the calculated internal surface area of the glass
bulb, Actually, since the film is known to have many grain boundaries

the density of sites might be expected to be higher. Competing with this

effect is the apparent removal of sites by the type 2 carbon discussed

earlier. Effectively these two phenomena cancel one another such that
the "actual density of sites is within an order of magnitude that of a
relatively smooth surface. This density of sites leads to a value of k8
- 4.77x10]5 molec-cm7zs-1. in general, it has been observed that rate

constants for bimolecular surface reactions (like step 8) tend to fall

12 16 2_-1

in the 10°° to 10 ° molec.am-“s™' range. The value reported here is

certainly well within that range.

From the value of kg = 4.77 molec-site>'s™! and the value of 21.9
kcal/mole for the activation energy of the reaction at 573K the preexpo-
nential factor a may be calculated (k = ae'Ea/RT). A value of a = 9.5x108
Is obtained. This is in excellent agreement with the value of S.9x108
reported by Vannice for the methanation reaction on supported ruthenium
[38]. This value of a falls within the rather broad rangé of values
expected for a process that is surface reaction controlled [107]. The

agreement between the rate constant of this study and that reported by

Vannice suggests at least some agreement between this theory and the
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data already availzble in the open lTiterature. It alsé suggests that the
assumption that step 8 of the mechanism is the mzjor-pathway to methane
production is reasonable.

The eguations developed previously can be used to predict the relative
coverages of the various intermediates during the reaction process. This
was done at different pressuras of carbon monoxide and hydrogen. lf is
inferesting to note that the coverages of those species which are reactive
intermediates (RuH, RuH,. RuCH, and RuCH3) pass through maxima as the
pressure of one gas is held constant and the other is varied. A éraph of
coverage versus pressure of reactant would look very much like the -
order plots of carbon monoxide and hydrogen. On the other hand, the
coverages of the reversible poiscns Rub, and RuH,CH, increas; with the
pressure of each reactant gas.

Tne coverége of RuCH3 is generally considerably higher than that of
any other reactive intermediate. This is rezscnable since the rate limit-
ing step involves its removal. This observation lends additional support
to the postulation that of the three posgible pathways to methane produc=
tion, step 8 of the mechanism accounts for most of the methane.prcduced.
One might argue that step 13, which involves the interaction of RuCH, and
Ruﬂz to yield methane, is sufficiently fast that most of the RuCHZ fs
removed vig this route, This is unlikély since RuCH2 is a precursor to
RuCHg. If the RuCH, were being removed via an alternate route then the
coverage cf RuCH3 would not be expected to build up. Also, since RuCHZ'
and RuCH3 are in dynamic equilibrium, any process which had the efféct éf

removing the RuCH? at a rapid rate compared to the production of RuCH
2 3

o
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would lead to the depletion of the RuCH3 species. It might be possible to
expect that step 16 could lead to significant amounts of methane. This
would be expected to occur only under conditions where the fractional

coverage of vacant sites was relatively high. The rate of methane produc-

tion has been observed to peak at a hydrogen pressure of about 5 torr
when the cérbon monoxide pressure was 26.5 um (Figure 31). Surface cover-
age calculations indicate that under these conditions ample vacant sites
are available up to a hydrogen pressure of about 15 torr. The peak
maximum in the hydrogen order plot seems to occur at too low a hydrogen
pressure to expect step 16 to occur at an appreciable rate.
Perhaps the most surprising piece of information to result from these
qcalculations is tﬁe very low coverage of the reactive forms of hydrogen.
At 573K the sticking coefficient of hydrogen on ruthenium is extremely.)ow.
However, sufficient hydrogen must be available to rapidly remove the oxygen
- as water, leaving behind RuCH2 as predicted by the surface characterization
work. Also, sufficient hydrogen must be available to convert the RuCH2
to RuCHB. The pathways that lead to product formation are severely limited
by the observed kinetics. In order to satisfy the Langmuir-Hinshelwood
kinetics as well as to meet the stoichiometric requirements of the reaction
the water and methane must be produced via the interactions specified in
steps 6 and 8 of the mechanism (ignoring steps 13 and 16). All other steps
have been written involving RuH attack of the various intermediates. Since
all steps except those leading to products are treated as equilibria, the
hydrogen could also be supplied by either of the reversible poisons or by

gas phase hydrogen. Such steps are kinetically indistinguishable from
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those listed in the mechanism. A few examples are as follows:
RuCO + H, 2 RuCHOH

RuCH2 + RuHZCHZ 3

RuC + RuH, 2 RuCH, + Rub,

ﬁ‘BuCH + RuHCH,
Quite & 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 thet this applies only to those equilibrium steps that convert one
intermediate into another and not to those irreversible steps that.lead to
products. With these possibilities the supply of reactive hydrogen is
actually quite 2 bit higher than predicted by the surface coverage calcu-
fations for RuH and RuH,. “

) Since the coverages of RuH and RuH, are relatjvely low at all times,
it might be useful to consider why the coverages of RuHZCHz and Ruﬁh ééem
so high under certain conditicns. In fitting the data to tﬁe-thecry it
was observed that the total [HZ]Z dependence of the dencminator Qas very
critical in getting & good fit to. the hydrcgen order plot., This says

that N[C0] + P (from equation (133)) could be accurately determined. The
relative magnitude of each term, however; was less critical fdr getting

a reascnzble fit to both the hydrogen and carbon monoxide order plots.
Since it was known from Auger studies as well as kinstic results that the
amount of_carbon remaining on the surface after a kinetic run generailly
decreased‘with increésing hydrogen pressure it was felt that:the contri=
butlon of the RuH, term should be maximized relative to the Rut CH,

coneentration. As a result the relative coverages of these two poisons

are approximately equal under most conditions. The it to the kinetic
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order plots remains essentially unchanged, however, if the coverage of

2CH2 is

increased (N becomes larger). In fact, the values N = h,91x10'10 and

Ruﬂh is decreased (P becomes smaller) and the coverage of RuH

P = 0 could be used to predict order plots that fit the data just as well

as when the values were as listed in Table 10. This suggests that the
RuH,, could be quite a bit lower than the RuHZCH2 and might even be
comparable to the coverages of the RuH and Rqu intermediates, The
structures of these adsorbates will be discussed shortly.

One final comment concerning enhanced adsorption should be made. it
was observed that when one reactant was held constant and the pressure of
the other was increasgd the coverage of both hydrogen and carbbn containing
in;ermediates was increased. This suggests a fairly strong interaction
between the adsorbed gases and has been seen previously (49].

A model has been developed which quantitatively fits the kinetic data
and qualitatively predicts all other observations made during this study.
Step 1 involves the dissociative adsorption of hydrogen on ruthenium.
Hydrogen which- had been adsorbed on ruthenium (0001) at 100K was found to
desorb with second order desorption kinetics in the 350 to 450Kk range [82].
Second order desorption kinetics suggest dissociative adsorption. Also,
this mode of bonding Is consistent with the observed hydrogen-deuterium
exchange that occurred on the catalyst at 573K. This structure for
adsorbed hydrogen with a Hygs:RU ratio of about 1 has been suggested by
Dalla Betta [69] and Taylor [70].

That other types of hydrogen bonding on ruthenium can occur simulta=-
neously with that.discussed above was suggested by Gostunskaya, et al.

[108]. indeed the work of Ghoneim, et al. [71] and Kubicka r72] suggests
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that two hydrogen atoms -can be simultaneously bound to a single ruthenium
site as suggested in step 12,

Bulk ruthenium atoms, being in & hexagonal close packed structure,
have 2 coordination number of 12 (number of nearest neighbors). Thosev
atoms at the surface of a smooth plane have 9 nearest neighbors. The
electron micrograph of this catalyst suggests a very high density of grain
boundaries in this thin film. This suggests a high density of edgs sites
where 2 ruthenium atom mey be bound to &s few as L or 5 gearest neighbors.
Such an atom is very highly uncoordinatéd and has many bonding sites
(orbitals) available. It is not at all unreasonable then to expect -
multiple bonding to these ruthenium atoms. Such a structure involving
hydrogen atems is suggested in step 1k in which I hydrogen atoms are bound
to one ruthenium atom., Hydrogen nprma!3§ flasheés of f of ruthenium by
373K. Therefore any adsorbgd hydrogen under reaction conditions must
result from the shift of.the adsorption equilibria (steps 1, 12 and 1k)
te the right at the elevated hydrogen pressures used in this study. When
the system is pumped this hydrogen most certainly flashes of ¥,

The carbon monoxide-ruthenium interaction has been fﬁé‘éﬁﬁjééf.of
several recent investigations and there is some disagréement as to whether
the adsorption process results in adsorbed molecular carbon monoxide or
dissociated carbon monoxide. Two field emission studies cf the adsorption
of carben monoxide on ruthenium have been reported [83, 109]. Both
involve the adsorption of carbon monoxide ét about 100K. The tips were
heated and were fougd to bevclean at about 500K, Both authors reported

that there was no indlcation that decomposition of carbcn-ﬁonoxide 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
(857 concluded that adsorbed carbon monoxide is non-dissociated. They
were able to model their data quite well using first order desorption
kinetics. An interesting observation was made during-the LEED studies
reported in this paper. An electron beam induced effect was observed in
which molecularly adsorbed carbon monoxide was dissociated by the LEED
beam. A more thorough study of this effect was made by Fuggle, et al.
[110] and it was concluded that molecularly adsorbed carbon monoxide
iannot be thermally dissociated at carbon monoxide pressures below lxlO-S
torr. Such a state could, however, be produced by electron impact onto
a virgin 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-dissociatively [81]. The same conclusion was reached by
Bonzel and Fischer [111] as a result of a UPS study of carbon monoxide
adsorption of ruthenium (1070). Ku, et al. [103) have studied the same
surface using LEED, AES and flash desorption and also concluded that
carbon monoxide bonds molecularly to ruthenium. A very interesting
study was reported by Reed, et al. [88] in which ]802 and carbon monoxide
were coadsorbed on a ruthenium (1071) single crystal at 300K. The sample
was heated and the carbon monoxide that desorbed contained no labelled
oxygen. The results of a flash desorption study involving carbon monoxide

on ruthenium (1100) were recently reported by Goodman, et al. [86].

Their data could be fit quite nicely using first order desorption kinetics
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which are indicative of non-dissociated carbon monoxide, These results
are in agrsement with those of Madey and Menzel on ruthentum (0001).

Several infrared studies involving carbon monoxide on suggcrted‘
ruthenium catalysts have besn reported recently [112-116]; Eaﬁh reports
that the carbon monoxide molecule is non-dissociated on ruthenium. The
paper by Brown and Gonzalez [113] alludes to ths possibility that some of
the mo!ecu!es could be bound vie the oxygen atom. This methcd oF bonding
was glso favcred in a recent series of papers by Sap:enza, et al. [137,_
118] in which they reported 2 general:zed methanat:on reaction for most
active metals, Aithcugh there are certcsnly electrons associated with the
cxygen.atom such that thss.mada o‘ bonding cau!d occur 1t is not be!seved
to be & reasonable intermediate for the methanation reaction for two
reasons, First, i the bonding of mo!ecu!ar-carbon monox:de cccurred
through the oxygen atom, a very electron defxc:ent carbon atam-wcuid
result. This species would qu?te~1ike!y be.very Qnstable. Secohdiy,
the rechanzsm suggested by Sapienza, et al. |nvolves the removal of the
carbon atem via attack by adsorbed hydrogen atoms to leave an ex:dlzed
ruthenium surface. ~There is no evidence to support this, TS the
contrary, the vast msjority of the data suggest carboﬁ covered ruthenium
catzlysts after the methanation reaction has cccurred on them.

Twe recent studies have concluded that Indeed carben monoxide does
not bond to ruthenfum molecularly but fhs molecule disscciatas u;cﬁ'adsorpf
tion. Singh and Grenga [119] observed that if single crystal rutﬁenfum
spheras were exposed to carbon moncxids, 1 atm. at 823K, for 6-98 hours

a graphite layer was depcsited. They concluded that the carbon monoxide
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was adsorbed dissociatively and observed that the more active sites for the
dissociation were the atoms located at surface steps. Rabo, et al. [120]
performed a series of experiments involving the exposure of a 1.2% Ru/SiO2
at 673K to several torr of carbon monoxide. They observed that this treat-
ment produced a catalyst with a surface carbén coverage of about 0.8 with
the remainder of the surface being covered with undissociated carbon
monoxide. Subsequent dosing to this surface with hydrogen indicated that
some of the surface carbon was converted to methane. This led to the
conclusion that ca;bon monoxide is adsorbed dissociatively on ruthenium

At first glance, these results which led to the conclusion that
carbon monoxide adsorbs aissqciatively on ruthenium might seem to contra-
diet the work whiéﬁ §uggested that carbon monoxide bonds non-dissociatively
to ruthenium. However, this is not really the case. All of the work
which reported non-dissociated carbo& monoxide, except the infrared
studies, was conducted at very low carbon monoxide pressures (< 1x10'5
torr) with the catalyst geﬁerally at room temperature or below when the
gas was dosed. The infrared work was generally conducted at room temper-
ature with an ambient carbon monoxide pressure of about 5 torr. The work
that led to the‘}onclusion that carbon monoxide adsorbs dissociatively
was conducted at 673-873K with substantially higher carbon monoxide
pressure (10-760 torr). Since the experiments were conducted under such
different conditions it is quite likely that different surface processes
are occurring which led to the different conclusions concerning the mode
of bonding of the carbon monoxide to the ruthenium. That such a situa-
tion exists for carbon monoxide adsorption on tungsten has been discussed

by Anders and Hansen [121].
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Severz!] studies were performed in this work to characterize the bond=
ing of carbon monoxide to the ruthenium catalysts. %he KPS studies in
which carbon monoxide and oxygen were individually dosed onto the catalyst
yielded a binding energy difference of 1.5 eV for the ouygen is e?éctroné.
This suggests that different modes of bonding are involved in the adsorg-‘
tion of these gases to ruthenium, lending support to the molecularly
adsorbed carbon monoxide structure. Isotopic exchange studies were con-
ducted in which theSexchange occurred over 2 wide pr;55ure Eange suggesting
*that the carbon mole:ulehmfght be adsorbed dissociétive?y. The exchange
rate was found taAdrop wftﬁ increesed‘hyd}ogén pressure in the feédstfeam
sugyesting that eiéhe? the percent of fhe-adsorbed‘carbon monoxide that
was dissociated was éecreasing with incréased.hydrogen pressure‘or'that.
the oxygen was removed as water beforé»the'ex;hange could occur. The
latter could occur vis the interaction of adscrbed'cgygen atcmsbwith
hydrogen (s process which i; kncwn to occur from thes work of'Kﬁ; et al.
[103] and from the Auger portion of this work) or via the interaction of
molecularly adsorbed carbon monoxide with hydrogen to produce water and a
carbonaceous res'idu‘e., It is_qualitetively correct that in a fiash
desorption study where only the dose is,variéd, the peak maximum temper=
ature is independent of dose for firstvorder descrption kinetics whereas
for 2 second order desorption process it systematita!ﬂy decreasesuwith
Increasing dose [57]. If this argument is‘applfed'tq the carbén ronoxide

flash studies then a first order desorption procéss'is found to be

involved suggesting molecularly adsorbed carbon mcnox?dgw
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Consider the following reaction sequence:
Ru + CO 2 RuCO
RuCO + Ru @ RuC + Ru0
Since dissociation is a thermal process, the second step would be expected
to occur only when the carbon monoxide coverage was high enough to cause
substantial coverage at elevated temperatures. |If it is assumed that the
second step is necessary for methanation to occur then a mechanism may be
written involving ;he adsorption and dissociation of hydrogen as well as
the adsoprtion and dissociation of carbon monoxide with the subsequent hy-
drogenation of the carbon and oxygen adatoms to produce methane and wa;er.
Attempts were made to fit Qarious forms of this mechanism to the observed
kinetics. It was fou;d that whenever the carbon monoxide dissociation
step was involved, a rate expression was obtained, using the mathematical
approach discussed earlier, in which fhe maximum carbon monoxide order
was +0.5. A maximum carboq monoxide order of +1 was experimentally
observed. This is a general consequence of the Langmuir model and is
discussed briefly in Appendix |i. Steady state kinetics were also inves-
tigated in conjunction with the mechanism involving dissociated carbon
monoxide and onc; again no suitable fit to the kinetic data was obtained.
It should be mentioned, however, that the steady state approach generated
a large number of fairly complex expressions and in some cases the simul-
taneous solution of these expressions to yield a rate expression was not
possible. Since it was apparent that the inclusion of the step involving
the djssociation of adsorbed carbon monoxide yielded results which could
not be fit to the kinetics, the mechanism involving undissociated carbon

monoxide was developed.
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The.carbon monoxide adsorption step is represented as step 2 in the
mechanism. The molecule is bonded in a linear fashiog to a single:
ruthenium atom. Upon adsorption, the oxygen is rapidly reﬁcved by fhé
successive attack of adsorbed gydrogen to ultimately yield RGCHZ and H,0
(steps 3=6). The production of carbon dioxide is taken into accouﬁt_in
step § in which two adsorbed carbon monoxide molecules interact. |If the
Tateral interaction model proposed by Madey, et al. [102J toe describe the
-exchange of undissc;iated carbon monoxide on tungsten is fnvoked then the
exchange results are explained. If the dissociative model is used to
describe fhe exchénge resﬁlts then it must be assumed that only a small
fraction of the adsorbed carbon monoxide js dissociated. The major
portion of the adsorbed carbon monoxide must be bound in the non-
dissociated form. This s reguired iﬁ order to get a Tit to the kinétics.
The existence of oxygen containing intermediates is supportaﬁ by the
observation that methanol ;an be converted to methane at about the same
rate as carbon monoxide.

It is quite jikely that rather than haﬁing = simpie dissociation
step in which mglegularly adsorbed carben monoxide Is converted to carbon
gtems and oxygen atoms, a chemical reaction is occurring which results
in the removal of the oxygen to produce a carbon overlayer. Kinetically
this process would be favored at elevated temperatures and increased
reactant pressure, exactly the conditions undeé which results have been
obtzined that led tc the conclusion of dissociative adsorption.

{t would be expected that the carbon monoxide disproporticnation

rezctidn would be most likely to occur on metals whicﬁ form stable bulk
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oxides and carbides. The formation of ruthenium oxides has been found to
occur readily at 573K. This was discussed in the Auger results section.
However. the formation of ruthenium carbide is very difficult to achieve,
Liquid ruthenium dissolves carbon, which upon.cooling is precipitated in
the form of graphite (122, 123]. The solubility of carbon in molten
ruthenium increases with temperature and at the boiling point of the metal
it is 4.8%. 1t has been shown from an x-ray study of the products of the
reaction of ruthenéum with carbon that on heating a mixture of ruthenium
and carbon black in the proportions of 1:10 in a helium atmosphere at
2873K for four hours, a product was formed whose x-ray diffraction pattern
indicated a new phas; identffied as RuC [94, 124]. Nicke! is another
metal which is an active catalyst for the methanation reaction. 1t has
been postulated that on nickel the reaction occurs via the dissociative
adsorption of carbon monoxide. This is a reasonable prediction since,

in contrast to ruthenium, the formation of bulk nickel carbides is

easily accomplished [125].

Step 6 of ‘the mechanism leads to the production of water and is
represented as.;n,irreversible step. This is suggested by the kinetic
order of zero for water. A recent study of the interaction of water with
ruthenium (0001) found that water which had been adsorbed at 100K was
completely flashed off the sample by 250K (126]. This same study also
indicated that the water was bound non-dissociatively via the oxygen atom.
Since the experiments in this study were generally conducted at 573K it is

not surprising that there is no detectable interaction between the

catalyst and the water.
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Since it is generally believed that carbon monoxide does not sponta-
neously dissociate on ruthenium, most of the structures that have been
proposed for the intermediates of the methanation reaction contain oxygén,
carbon and hydrogen atoms and are very similar to those proposed in steps
3-6 of this mechanism. Various flash desorption and kinetic studies havé
led to the conclusion that such structures ére invelved in the methanation
reaction (33, 49, 86]. Each of these authors favors a methanation process
involving the re!eas; 6f water from the intermediate’resu}ting in an
zdsorbed carbonaceous material which is subsequently hydrogenated to
methane as in steps 7, 8, 10, 11 and 13 of the mechanism proposed in this
stu;y. ' |

Thé productioﬁ of methane is treated as an irreversible step because,
1ike water, methane has a zero kineti; order dependence. Several studies
have been performed in an effort to understand the interaction of mefhene i
with vericus metal surfaces. The results suggesf that on a1l metals
studied the interaction is very weak. 'A recent s;udy using futhenium

-t

black has reported the isotopic exchange between CHy and<02 {1273, This

._‘_" .
suggests that perhaps the step yielding methane should be written as
siightly reversible to allow for this exchange process.
The relatively unique intermediate proposed in this mechenism is the

RuH CHZ produced in step 15. In order to fit the kinstics a species was

2
required whose surface concentration varied as [HZJZECO]. Such a species
must by necessity contain four hydrogen atoms. The most reasonable
structure of this surface s§ecie5 is as indicated in step 15 of the

mechanism {(equation (121)). Obviously, any ruthenium atcm involved in
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this sort of bonding would have to be relatively uncoordinated. There
must be sufficient orbitals available to form four bonds., Let us assume
the crystallite 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 sites, RquCH2 would not be expected to
exist on the crystallite planes. The grain boundaries, however, contain
atoms which are more uncoordinated than those in the planes. There
should be ample boqding orbitals available for the formation of the
Intermedléte. The result is that this intermediate would be expected to
preferentially adsorb on the relatively uncoordinated surface atoms
associated with the grain boundaries. Since the electron micrograph
Inéicated that the si;gle crystal grains are quite small, it is reasonable
to expect that a very large portion of thg catalyst surface area lnvoIves'
grain boundaries. This could result in a fairly large coverage of RquCHz
under the proper condition;.

There is some precedence for assuming an intermediate of this sort.

Kraemer and Menzel [128] have proposed a structure in which one carbon

atom. Since this result arose from a field emission study and not a
kinetic investigation, the kinetic implications of such a surface species
were not discussed. As a result it is not certain whether this specles
would function as a surface poison or If perhaps under the conditions. of
the study it was an active reaction Intermediate. In a different study
involving the ruthenium catalyzed transformation of carbon monoxide into

polymethylene (at a HZ:CO ratio of 2 and a total pressure of 1100 atm.
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and 393K), Pichler detected the presence o% HhRu&(CO){Z which was
associated with & loss in catalytic activity [129]. It is not surprising
that under the conditions of Pichler!s work the surface poison was rich
in carbon monoxide whereas under the conditiaons of thié work the surfacs
poison is rich in hydrogen. Although there is considerable difference
betwaen the structure of Piéh!er'é poisen and the one proposed in this .
mechanism, it does exemplify a case in which a ruthenium carbonyl hydride
was formed under Fischer=Tropsch conditions and had the effect of b!ockingv'
surface sites. In generai the method of preparation for many me}
carbony! hydride compounds is to convért_the metal to @ metal carbonyl
and then to react’ it,with mclecﬁlar_hydrégen‘to yield the carSony! hydride
[130].“This is similar ta thé method.inrwhich RuHZCHZ was preparad
beginning with ruthenium metal, forming a‘ruthenfum methy!éne stru#tﬁre
viz interaction with hydrogen aﬁd—carbon‘ﬁoncxide apd then feacting’with
hydrogen to produce the ruthenium methylene hydride. | 7

A p!aus?ble bondfng»model for the-RuHZCHz species proposed in this
work can be develﬁped. As has already been mentioned,.tﬁé rutheniunr atom
involved Is re;ativeiy uncoordinated. .The bonding involved in bulk
ruthenium has been discussed by Trost [131]', The electronic configuration
of ruthenium ?sifkr]551457. Each bulk ruthenium atom gas 12 nearest |
neighbors: 3 above, 3 below and € in the same plane. Tﬁe bonding of the
central atom to the 3 above and the 3 below is believed to invoive dsp
hybridization. The bonding directions are toward the corners of & trigonal
priém as showm in Figure 36(a). The solid tines represent the bonding

lobes frem the central atom to the nearest neighbors sbove and below. The
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5

dashed lines represent d”p hybrid orbitals between atoms other than the

central atom. The bonding of the centra) atom to the 6.nearest nelghbors
in the same plane occurs via sp2 hybridization as shown in Figure 36(b).
of course, surface atoms are less coordinated than the central atom

considered in this discussion. If the top 3 atoms in Figure 36(a) are
removed then a smooth surface results with the central atom of the previ-
ous discussion at the surface. Since it has been previously concluded
’that the RuH,CH, struéiure is most likely associated with the atoms of the
grain boundaries a different ''surface’’ must be considered. Once again,
;igure 36(a) will be consid&red. The 8 atoms marked with an X will be
;émov;d and the bonding'to the original central atom will be modeled.

The method deve!opediby Bond [132] and used extensively by Weinberg and
Merrill [133] to model the emergence of orbitals from surface atoms will
be used to describe the bonding of the RuH,CH, structure. Figure 36(c)
shows the 5 remaining atoms with the dop hybrid orbitals explicitly

drawn in. The sglid lines represent the hybrid orbitals from the central
carbon atom to the remaining nearest neighbor above and below. The &4
&

lobes represent d”p hybrid orbitals coming out of the surface. (learly,

these orbitals were involved in bonding to the two nearest neighbors above
and below which have been removed. The angles between the orbitals are
indicated. Each orbital makes an angle of 38° to the surface.

If it is assumed that the carbon atom of a methylene group is sp3
hybridized then its structure is as shown in Figure 36(c). Note that

the sp3 lobes are positioned at 109° angles whereas the dsp lobes are

104° apart. This allows for a great deal of overlap and should result
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“20”7
(c)

Figure 36, The bonding involved in the RuM,CH, structure:

(a) dsp orbitals involved in bonding a central atom
to the nearest neighbors above and below,

(b) spz hybrid orbitals involved in bonding a central
atom to the nearest neighbors in the same plane,.
(c) surface orbitals involved in the Ru.CH, structure
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in a fairly stable bond. The additional two hydrogeﬁ 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
of these hydrogen atoms was found to be 3.@5 g. This is a fairly long
distance over which to expect an interaction to occur and could account
for the predicted stability of this species under reaction conditions.
The dsp and sp2 hybrid orbitals need 9 electrons to have 1 electron per
orbital. Since ruthenium has only 8 valence electrons, the structure is
somewhat electron.deficient. If it is assumed that there are 6 electrons

in the dS

p orbitals and 2 electrons in the spz orbitals then it can be
quite easily shﬁwp that the spz orbitals at the surface of structure
(€) in Figure 36 coétain no electrons. As a result_they were not consid-
ered in the overall bonding model. -
Previous results (Figure 26) have demonstrated that when the system
was pumped some of the carbonaceous material on the surface was removed.
The amount of material removed seems to increase with time up to about
300 seconds. Very likely, when the surface is exposed to vacuum the
hydrogen which-was attached to ruthenium atoms is desorbed. During the
process of pué;ing the gas phase carbon monoxide is removed. This might
shift some surface equilibria such that some carbon containing interme-
diates are removed. |t is believed that pumping destabilizes the high
pressure pofson RuHZCHz. This would account for the removal of substan-

tial amounts of carbon during the pumping period.

“As a result of the Auger and kinetic studies it was determined that

two types of carbon with quite different reactivities were assoclated
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with the catalyst. Type 1 was the reactive form which was removed by a
combination of pumping followed by a “'standard hydrogen dose''. This
carbon is believed to be that associated with all of the intermediates
proposed in the mechanism (including RuHZCHz). Type 2 was relatively
unreactive and could be removed only after exposure to.hydrogen;for long
periods of“time (48 hours). There are two likely modes for binding this
carbon to the ruthénium. Some carbom could be dissolved in the first
few layers of the bulk. Migration out of the bulk would very Tikely be
2 relatively slow process and would account for the cobserved IGW'féac-
ivity. Some carbon could also be bound to the surface so tightly as to
make its removal very difficult. This would Iikely occur in cases in
wh:ch the carben c;;Id s;nultaneousiy bond to several carbon atoms. Such
sites are very likely aveailable, especsally near the bottom of a crevice
or 2 grain boundary.

gverall, the surface is modeled as a ccmbination of very rough grain
boundsries with relatively smooth crystaliiteg. Thé'réugh'areas are .
generally good sites for the formatioﬁvof the reversible poison.RuHZCHZ
and the stroigly bound type 2 carbon. The smooth crystalline areas are
believed to be sites that couve;t carbon monoxide and'hydrogen to methane.
Alsc, those grain boundary sites wﬁich are not blocked are beiieved to be
active for methanation. |

Quite a bit has already been said about those studies that tend to
support the conclusions drawn in this work.  However, very little has
been said sbout those who disagree with a mechanism involving non-disso-

ciated carbon monoxide, Perhaps the most convincing study which concluded
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that methane is produced from carbon monoxide and hydrogen via a dissoc~
jated carbon monoxide molecule was that of Araki and Ponec on nickel [uen,

t al. [134] and Ponec [135] discussed

Two subsequent papers by van Dijk,
the same system. These authors performed a fairly wide variety of
experiments and came to the conclusion that the hydrogenation of adsorbed
carbon atoms resulting from dissociated carbon monoxide was the major
pathway to methane production. They performed no kinetic studies but
commented that their mechanism was consistent with known kinetic results.
They chose to descffbe the known kinetics by the same expression used to
describe some of the kinetic studies discussed earlier (equation (9)).
ponec chose to consider the case withm >0 and n < 0. |t is quite likely
that his}mechanism’co&ld be fit to this expression. First of all the
orders of the reaction are constant indicating that the data were taken
over a fairly narrow pressure range ahd secondly, the region of the
carbon monoxide order plot that cannot be fit by a dissociative adsorption
process is the positive or&er region which was eliminated from consider-
ation by choosing n < 0. Data exist for nickel which indicate a +1 order
dependence at Igw carbon monoxide pressures [42]. At least one subse-
quent study ha§-;lso concluded that dissociative adsorption of carbon
monoxide leads to methane production on nickel catalysts [136].

It is very tempting to conclude that since the recent studies involv-
Ing methanation on nickel suggest dissociative carbon monoxide adsorption
the same sort of process is involved in the methanation reaction over
other.metals. Ekerdt and Bell [47] have recently proposed a dlssoclatl;e

carbon monoxide adsorption methanation process on ruthenium. Their work
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involved infrared studies combined with very 1im?t§d'kinetfc work., The
‘in%rared work suggested the presence of chemisorbed carbon monoxide
structures with frequencies Qery close to those reported in the infrared
work already discussed. Some additional Bagds near 3000 Cm=1 were
attributed to C-H stretching vibrations. The kinetic orders were +1.5 in
hydrogen and -0.€ in carbon monoxide. Bell concluded that the adsorbed
carbon monoxide was mot an intermediate im the methanétfon reaction,
a2lthough he could quite easily remove it by hydroéenation. He postulated
that the structurés csusing the bands at 3000 em™ ! were adsorbed methy1
and methylens groups and wefe'actfve intermediates in the methanation
reaction. This is quita 1ike1y correct, Eut the justi%icafion %or .
cSnciuding that the;é structures must result frcm.diSSOciativer
adsorbed carbon monoxide is not at ;TI'c}ear. Beii‘prOPQSed @ mechanism
in which carbon monoxide adscrbad‘dissﬁ;iétively-with subseguent |
hydrogenation of the adséfbed carbon and oxygen by Eoth adsorbed and
gaseous hydrogen. A raée expression was derived using the equilfbrium
Lengmuir kinetic approach used. in the present stﬁdy.[ The model ﬁould be
fit to the cbstrved kinetics only if it was assumed that the surface
' L4
was coversd with adsorbed carbon monoxide, Clearly, there are some
inconsistencies: in Bell's study which need clarification.
It is interesting toc note that a recent study by Sachtier, et al.

[137], has suggested that the methanat:on mechan:sms are quxte dlfferent
on nickel and ruthenium., Ponec, who was responsible for the d:ssoc:-

ative mechanism on nickel, was involved in this study. These authors

have suggested that althougk. the ruthenium surface appears to be covered
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with a carbonaceous deposit under reaction conditions and even though
a layer of carbon atoms can be readily hydrogenated to methane there is
suffecient evidence to suggest that adsorbed oxygen containing interme-
diates are very likely involved in the reaction on ruthenium.

In conclusion, the methanation reaction on ruthenium thin films
has been found to follow Langmuir-Hinshelwood type kinetics. The rate-
1imiting step involves the interaction of an adsorbed methyl group with
adsorbed hydrogen. The surface concentration of all oxygen containing
Intermediates was found to be negligible, The reaction involves a
reversible poison with the structure RuHZCHz. The surface is predomi-
nantly covered wfth RuCHz. RuCH3 and RuHZCHz. If all other species are
neglected, a reasonable fit to the data can be obtained. Inclusion of
the other intermediates in the rate expression improves the fit to the
data. The terms in the denominator of the rate expression which involve
hydrogen to the inverse power are assigned coefficients of zero because
they affect the theory only in the region where the hydrogen pressure
was very low, less than any pressure used in this study. The surface of
the catali}t is at all times covered with a carbonaceous overlayer. This
carbon can be classified according to its reactivity. Type 1 carbon is
reactive under the conditions in which methane is produced. Type 2 carbon
Is much less reactive. The most active sites are believed to be relatively
uncoordinated edge sites. These sites, however, are belleved to become

covered with the reversible poison leaving the less coordinated sites

- for methanation,




