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Abstract
The sjnthesis of hydrocarbons ffom CO and H2.was
studied on a silica—supported7Ru catalyst and the'species
- present on the catalyst surfacé were characterized by

infrared spectroscopy. Initial rates of methane formation

were correlated by the expression NCH = 7.4 x 105 exp
(~24,000/RT)P1'5'/Pgé§ The synthesis of ethane, propylene,

H
and propane, tie principie products observed in addition
to methane, was favored at high CC partial préssures, low
H2/C0.ratios, and low ﬁemperatures.. The primary featurev
observed in the'infrared spectra was‘a band at 2030 ch_l,
aséociated with chemisorbed CO. Neither thé position nor
intensity of this band was affected by the CO partialv

pressure or the H,/CO ratio. The CO band intensity did



decrease with increésing temperaturé due to a decrease
in co surface coverage. Bands were also observed at
2050, 2910, and 2845 cm © and were assigned to hydro-
carbon structures surrounded. by chemisorbed CO. These
structures could be removed from the catalyst surface by
hydrogenation, but do not appear to be intermédiates in
the éynthesis of stable products. Reduction of the
catalyst foilowing steady state reaction revealed that.the
working catalyst maintains a reservoir of carbon

several Ru monclavers in magnitude. A part of the
carbon appears to be dissolved in the Ru but all of it

- readily reacts with H., to form methane, ethane, and

2

propane. Carbon deposition mechanisms and the role of

carbon in the synthesis of hydrocarbons are discussed.



" INTRODUCTION
The characteristics of ruthenium catalysts for the
syﬁthesisiof methane and higher moiecular weight hydrocarbons

ﬁtom CO and H., have been discussed in a number of recent publi-

2
cations (1-11). Prime motivations for the interest in rﬁthenium‘
have been.its‘very high"specifiq activity -for méthane synthesis |
énd its high slectivity_fof the formétioﬁ»Of straight-chained
hydrocarbbns, Concurreﬁt with studies of overall catalyst
performance efforts have been underﬁaken to define the

elementary processes involved in thé ¢onveréionvof CO and Hz_

to hyarocarboﬁs. In this context, attenﬁion has focused on

- two principle questions. The first is whether synthesis is
initiated by the direct hydrogenation of adsorbed CO to form an
oxygenated intérmediate or by thé dissociation of adsorbed CO

to form caibon, which is subsequently hydrogenated. The

second major qﬁestion is whether propagation of carbon-chaihs'
occurs by CO_insertion into adsorbed alkyl-type iﬁtermediates

or by polymerization of CH# fragments. Arguments for both

sides of these questions can-bexfound in the literature. -

Supporﬁ forjthe direct hydrogenation of cﬁemisorbed Co
has come mainly from the interpretation of kinetic data;
Vannice (6) and Ollis and Vannice.(S) have proposed that’
methanation over Ru‘and othéf’érdup VIII meﬁéls is,ihitiated
by the reversible hydrogenétion of chemisorbed CO to form an
eﬁol intermediate. The rate determining step is taken to be
.the further hydrogenaﬁiqn of the initial»intermediate. Based

4

upon this hypothesis, rate expressions were developed which



lcould be madeAcqhsisteﬁt with those observed experimentally.
Direct hydrogenation of chemisorbed CO to form an oxygenated
intermediate has also been proposed as the first stage in
Fiécher—Tropsch synthesis by'Dautzenberg et al. (9). Chaiﬁ
growth is envisioned to oCéur by repeated CO insertioﬁ into
the primary intermediate followed by hydrogenationa USing_
this mechanism the authors developed a kinétic model to |
correlate product distribﬁtion data obtained from transient
response experiments.

Experimenﬁal evidence supporting the idea that Cco
dissociation to form carbon is an essential initiai step in
the synthesis_of methaﬁerhas recently been presented by
Rabo et al. (12). 1In studies with silica-supported Ru these
authors ébserved that at 300°C passage of CO pulses over the

catalyst led to the formation of CO, and the depdsition of

2
carbon on the catalyst surface. The carbon thus deposited
could be hydrogenated to prdduce‘methane at roocm température.
No methane was observed under similar conditions when only
chemisorbed CO was present on the catalyst. Similar results
have also been obtainéd by McCarty et al. (13) and Low and
Bell (14). Further support for CO dissociation as an
important step has come from the work of Dalla Betta and Shéléf
(4) . The absence of an HZ/DZ kinetic isotope effect on the
rate of methane formation was taken as evidence that CO o
dissociation might be a rate deﬁermining stép.

Several studies have been'undertakeh to observe
Fischer—Tfépsch intermediatés by infrared spectroscopy. Dalla

Betta and Shelef (3) : and King (15) have observed that the
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primary species present on an alumina-supported Ru catalyst

is chemisorbed CO. Hydrocarbon and'formate species were also

evident but isotopic substitution experiments (3) led to the
conclusion that.these structures were inactive reaction
products'adsorbed en the alumina support. Infrared
investigations have also been carried out on silica—sUpported_
Ru catalysts by Ekerdt and Bell (16) and(King (15). ,Here
again adsorbed CO was oeserved as the primary adspecies.
Hydrocarboh speciee were also detected but there was no
evidence of the forﬁate structure seen on alumina.

The‘present studies were undertaken to further
investigate the'mechanism and kinetics of hydrocarbon
synthesis over Ru. An important objective of this effort
was to determine the role of chemisorbed CO in beth the
initiation and propagation of hydrocarbon synthesis. ' For
these studies in situ infrared spectroscopy.was'combined
with measurements of reaction rates both under steady state
and transient conditions.

EXPERIMENTAL METHODS

Apparatus

The reactor used in this work is shown in Fig. 1.

It'was designed to fit within the sample compartment of a

'Perkin Elmer 467 infrared spectrometer so that infrared

spectra of species adsorbed on the catalyst surface could be
recorded under reaction conditions. The rectangular inner -
chamber of-the reactor is made of}stainless eteel apd is
aluminum coated oh the inner surfaces to reduce the catalytic

activity'of the walls. The infrared beam passages through'



thié chamber‘arevCOVered by ZnSe wiﬁdows.séaied to knife—édge
flanges by Vac-Seal. Strip heaters placed on the top and
bottom cf the chamber allow it té be ﬁéated to 300°C, an upper
limit set bf the use of ZnSe windows. The outer chamber is
also Made of stainless steel but the beam pésséges throﬁgh
this chamber are covered by'KBr windows. To_minimize,heat
losses the spaée between the two chambers is evacuated.

| A.catalyst wafer, 25 mm in diameter and weighing
180 mg, is supported on the sample side of the inner chamber
of the reactor. A second wafer, madé of the catalyst Support
alone, is supported on the reference side of the inner chamber;
_The-wafer»temperétures aré monito:ed by stainless steel
sheathed thermocouples positioned adjacent to each wafer. By
_using two wafers, the superposition oﬁ the catalyst support
spectrum onvthevreCOrdéd spectrum is minimized. Furthermore,
due to the identical path lengths through the sample and
reference sides of the inner chamber the gas phase spectrum
is also suppressed.

The reactor is connected to a gas flow system. To
insure a'nearly unifo:m gas composition withinnthe reactor,
gas is recirculated from the inlet to the outlet of the -
reactor by a 40 £/min stainless steel bellows pump.

Reactanﬁs are introduced into the recirculating gases.and a
comparable flow of producté is removed continually. During
the measurement of reaction kinetics the recycle ratio is
maintained at 200 to 1 to assure differential conversion per
paés through the reactor. To avoié flowing hot reactants and’

products through'the pump, the gas leaving the reactor is



cooled in a.length of aluminum tubing‘prior to enfering the
purp and heated in a second length of alumihum tubing upon
leaving the pump and returning to the reactor. The effluent
from the gas recirculation loop is passed through a dry ice
tra@ to reﬁOve water and then analyzed by gas chrométographyn
A 124 cm column packed with Porapak Q is used to separate all

of the reaction products.

Materials
A 5% Ru/SiO, catalyst was prepared by impregnating
Cab-0-Sil HS-5 with a solution of RuCl3-3H20.' The slurry was

:freezé—dried and then reduced for 2 hrs. in flowing hydrogen
400°C. : The surface area of the reduced catalyst was

determined by H., chemisorption. Prior to measuring the H,

2
uptaké the catalyst was reduced in H2 at 400°C for 2 hrs. and
then evacuated at 400°C for 2 hrs. Chemisorption was then
carried out at 100°C in 400 torr of H, (17). The equilibrium
uptake wasvdetermined to be 22 umoles of H2 per gram of
_cataiyst. Rates reported here as turnover numbers were
determined,using H2 uptake as a measure of Ru surface area;

| (99.7%), and He (99.998%)

Te gases H, (99.999%), D

2 2
were used without further purification. Carbon monoxide
(99.8%) was purified by passage through a trap of dry ice

prior to entering the reactor.

RESULTS

Kinetic Measurements

Preceeding each measurement of reaction kinetics the

catalyst‘was reduced overnight in flowing H2 at  the intended



reaction temperature. Fpllowing the introduction of the
reaction mixture the gas COmposition.was analyzed as a function
of time.,Figure_z illustrates an éxample of the data. The points
show that the rate of methane formation, relative to the
initial rate measured aﬁ 10 min, declines as a function of time,
indicéting a loss in catalyst éctivity. The rate of de-
activation is seen to increase as the ratiovéf H2 to CO over

the catalyst is deCreased.' For a fixed H2/C0.ratio the
aeactivation rate is_also observed to increase wiﬁh CO partial
preééure as shown in Fig. 3. The catalyst deactivation is
reversible, howeVér, and the original acﬁiﬁity can be
reétored by heating the catalyst overnight in flowing H2 at
temperatures between 190 and 275°C.

To minimize the influence of deaétiyation on thé;
measured.kinetics, oniy the initial rates, measured at 10 min,
were used. Data weré taken at CO partial'préssures’between 1le
and ZQO torr, HZ/CO rétios'between 1 and 20,_and temperatures
between 191 and 275°C. The CO conversions observed ranéed
from 0.1% for the lowest reéction rates to 40% for the highest
rates. As exemplified by the data shown in the legendsvof
Figs. 2 and 3, the rate of methéne'formation was observed to
vincreasé with HZ/CQ ratip at a constant CO partial.pressure
and. to inérease with C0 partiai pressure at a constant HZ/CO
ratio; | |

The dependence of the rate of methane fqrmation on the

partial pressures of H., and CO was determined by a nonlinear

2
- least square fit of the accumulated rate data to the

following empirical expression



(1)

where N.. is the rate of methane production per surface Ru

CH4
site, where A is the pre-exponential factor, E the. apparent
activation energy, and X and Y are exponents on the partial
pressures of H2

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

and CO respectively. The quality of the fit

orders of magnitude in N

CH the average absolute relative

4’
deviation between the calculated and observed turnover
numbers is +15%.

In addition to methane, the products were found to
contain ethane, prop?lene and propane. Ethylene, when
detected, was present only‘in tracé quantities and its
concentration could not be determined accurately. The yields
of higher molecular weight products were independent of
catalyst deactivation, indicating that overall activity as
well as methanation activity decays with time. The dependence
cf product distribution on reaction Conditions ié shown in
rigs. 5 thfough 7. It is apparent that the formation of 

high relative yields of C., and C3 products is favored as the

2
temperature and the H2/CO ratio decrease and as the_partiai
pressure of CO increases. A particularly interesting

product composition was 6btained when thé temperature waé set
~to 191°K,  the CO partialgpressure to 195 torr, and the HZ/CO
ratio to 2. Under these conditions only propylene waé

observed in addition to methane and the propylene to methane

ratio was essentially one to cne.



The only nonhydrocarbon product bbserved in significant
concentrations was water. Carbon dioxide was detected but its
concentration was negligible compared to that of water. These
results indicate that the reaction products are far from

equilibrium with respect to the water gas shift reaction.

In Situ Infrared Spectrosdopy' : ' ‘ v
| Fig. 8 shows typical infrared spectra recorded under |

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

temperatures the most prominant feature is a strong band at

2030 cm—l, characteristic of CO lineérly‘adsorbed on a fully

raduced silica—supported Ru catalys£=}15119). The position of

the CO band remained éonstant tc within i—_S-cm"l for all of the

reaction conditions uséd in this work and did not change as

the catalyst deactivated. The dependence of the CO band

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

data points show that at a fixed temperature the absorbance

is essentially independent of either the CO partial pressure

or the Hz/CO ratio. Whétever variations are observed are-

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

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

of the extent of catalyst deactivation. To further test

whether the preéence of H, affects the intensity of the CC'

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

the CC partial pressures were similar to those usediunder o ‘

.reaction conditions. .The.resulting spectra showed a CO band

centered at 2030 cm"l, identical in shape to that shown in

Fig. 8. At each.temperatu%e, the CO band absorbance was

essentially the same as that given by the horizontal lines



shown in ¥Fig. 9. The only vafiable found to influence the
CO band intensity was temperature. Both in the absence and’
presence of da,the bandvintensity was observed to decrease
with increasing temperature.

Spectrum 4 in Fig. 6 shows three bands at 2950, 2910
and 2845 cm L in adaltlon to the CO band at 2030 cm l. These
.new features are observed only at 191°C and only when the CO
‘partial pressure is above 180 torr and the H2/CO ratio is
below 2. The bands increase in 1nten51ty-very slowly and
become prominant only after 20 min. | Based upon the positions
off the bands, the weak shoulder appearing at 2950 cm"1 can be
assignecd to C~-H stretching vibrations in methyl groups while
the two more intense peaks at 2910 and 2845 cm—l can bé
assigned to symmetric and asymmetric C-H vibfations‘in
methylene groups (20).

To determine whether the obserVedVC—H stretching
frequencies might bé due to the adsorption of hydrocarbon
products on either the Ru or the support a gas mixture con-

4’ C2H4, ¢2H6’ C3H6’ C3H8, andCO2 was passed

over the catalyst at 191°C. No absorbtion bands were

taining CO, CH

observed. This indicates that the hydrocarbon adspecies
giving rise to the béﬁds in the vicinity of 2900 cm—l.are not
feaétiOn products adsorbed from the gas phasé, but rather |
adspecies formed during the course of the reaction,.

A number of eXperimPnts were performéd to determine
the utaleLty and reactivity of fhe adsorbed hydrocarbon
épecies.and their possible role in the formatlon of reaction

products. 1In the first experiment a mixture of CO and Hz'
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was fed to the reactor, maintained at 191°C, for 1 hr. The
feed was then switcheé to a CO and D2 mixture for 1 hr and
then finally back to the original feed. It'was observed
that the bands at 2950, 2910 and 2845 cm™ ! remained un-
changed upon substitution of D, for H, but that a new set of
bands were formed at 2210, 2180 and 2090 cm_l, corresponding
to the fully deuterated forms of the hydrodarbon adspecies.

Upon return toc the feed containing H the bands associated with

27

the deuterated structures stopped growing and the_ bands cdrrespoh~

ding to the hydrbgen containing structures resumed their growth.
In the second experiment, a run was first carried

out at 191°C. At the end.of the run, the flow of H2 was

stopped and the flow of CO and He continued until'H2 had been

eluted from the reactor. The CO flow was then terminated

and CO was eluted from‘the reactor by a flow of He. Specﬁra'

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

gshown in Fig. 10. Spectrum b is identical to that recorded

under reaction conditions. Spectrum ¢ taken after the

elution Qf‘CO, shows that the CO band has shifted to 1940 cm™ 1

and diminished somewhat in intensity. The shift in the CO

1 to 1940 cmn1 suggests that a

band frequency from 20230 cm
fraction of the CO monolayer has desorbed and that the

remaining adsorbed CO is strOngly'bondéd, possibly“in a bridged
fashion (21).° It is important +to note, however, that the ‘

adspecies responsible for the hydrocarbon bands are stable

'even in the absence of gas phase H, and CO.



Following the eiution of CO in the experiment just
described, é filow of H2 in ﬁe was introduced into the reactor.
Spéctra taken subsequent}y show that fhe‘bands associated
with the hydrocarbon spegies and the CO band afe rapidly

zttenuated and within 4 min are completely removed from the

spectrum. These observations show that the hydrocarbon species

are stable in the presence of adsorbed CO but are rapidly.

~hydrogenated cnce CO is removed from the catalyst surface.

Reduction of Carbonaceous Residues

| "Following each steady-state experiment the flpw of
CO to thé reactor was stopped but thevflow of Hé and He was
continued. The purpose of this procedure was.to.flush the
reactor of CO and to remove any carbonaceous residues from
the catalyst by reaction with ﬁz. Reactor effluent
compositiohs and infrared specﬁra taken during this peridd
provided important information with regard to the identity
#nd reactiVity of the species present on the catalysﬁ
surface at the .end ofba run.

Fiéures i1 and 13 show the relative absorbance of‘

-the>CO band, appearing at 2030 cmnl, as a function of the
time_since termination of thé CO flow. The curves for all
four runs are Qualitétively similar. Initially the relative
absorbance.remains congtant at unity and then at a well
dafined momeﬁt falls rapidly to zero. Similar patferns
were alsb observed at 225 and 275°C. As the temperature is
increased the time at”which the CO band disappears becomes

shorter.

11.



To interpret the curves of co absofbance versus time
it is neéessary to know thevtime dependence of the CO partial
pressure in the gas phaée. Unfortunately, over the time
span shown in Figs. 11 and 13 only one gas sample could be'v
analyzed. The CO partial préssures determiﬁéd'from these
analyses divided by the steady state CO partial preséures
are indicated by the isolated data points. Since there is so
little composition data, an upper bound on the CO partial
pressure is shown as well. The straight lines appearingvin

Figs. 11 and 13 are given by

' _ =t/T : |
Pao (£) /P (0) = e S (2)

,which represents the time dependence of a noﬁreacting
com@onent eluted frém a well-stirred vessel (22). The
pérameter 1T in egn. 2 represents the reaétor space time
(typically 2.6 min.). The iocation of the measured values
of Pco(t)/PCO(O) show that the CO partial pressure falls off
more rapidly than predicted by egn. 2, thereby indicating that
a fraction of the CO reacts as it is eluted. o

The curves of relative CO ébsorbance can now be
understood by recognizing that as long as the CO partial
pressure is sufficiently_high,‘the Ru surface remains.
veséentially saturated with CO and the relative absorbance
is unity. Once the CO partial pressure becomes significantly
less than a torr the readsorption rate can no longer keep up .
with the rate of.CO rémoval from the surface. and the
relative absorbance falls. Consistent with this pictufe wé

observe that. the time at which the decay in absorbance

12,
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begins depends upon the CO partial pressure used at steady stéte
bﬁt is independent of the steady state H2/CO ratio. The slight
displacement in curves for the two runs shown in Fig. 13 is
totally due to the differences in the fléw rates of the H2/He
streams used in these runs.

The decay in CO absorbance which occurs at low CO
pressures could either be due to désorption or reaction with

H,. The first of these possibilities can be excluded based

11

e

on experiments in which He alone was used to elute the CO.
During these experiments the CO absorbance remained at near
saturafion levels even though the CO partial preSSUre was
reduced to thé ofder of 10_3 torf. On the other hand, wheh H2
Wwas present in the elutihg gas, the chemisorbed CO could be
removed from the surface at CO partial pressures of the order
of one torr.

Figures 12 and 14 show the relative rates of methane
and ethane-production during reduction. For each run the
curves for both cumponents pass through a maximum at about the
same time that the CO absorbance goes to zero (as indicated

by the vertical arrows). Beyond the maximum, the relative

.rate cf methane formation falls off gradually but the relative

rate of ethane formation declines rapidly to zero. While
the curves for methane shown 1n Figs. 12 and 14 terminate
at 35 min., data were usually collected for 125 min. The

magnitude of the maxima in the methane and ethane curves

and the level of the slowly decayinqg portion of the methane

curve increase as either the steady state partial pressure

of CC or the HZ/CO ratio is decreased. It should be noted,

13.



14,

however, that the absolute rate of methane production
meaéured at 35 min increases with both CO partial pressure
and H,/CO ratio.

The observation of hydrocarbon formation long after
CO has been eluted from thevgas phase and rémoved from the
catalyst surface is enhancéd'by increasing the steadylstate
partial pressure of CO and decreasing the ratio of HZ/CO. Figé
‘,ure 15 illustrates the rates aﬁ which methane and eﬁhane
are formed during reduction following a run at 191°C in
which the feed partial pressure of CO was 195 £orr and the
H,/CO ratio was 2.0. 1In contrast to the results shown in
Figs. 12 and 14, ethane formation continues for a long time
beyond the point at which CO is present either in the‘gas
phase or on the surface of the catalyst. While not shdwn
in Fig. 15, small amounts of propane were also observed
during the reduction period. It is interesting to note that
when the catalyst was operated at steadynstate neither ethane
nor propane was observed and only methane and propylene were
detected. |

The shape of the curves appearing in Figs. 12, 14
and 15 can be interpreted in the following fashion. Upon
cessation of the CO flow, the H2 partiél pressure,in the Hz/He
feed stream is set to about 290 torr. This causes thé-CO'
partial pressure to steadily decline while the H, partiai
pressure changes from the value held during steady state
to that in the Hz/He feed stream. The net result is a very

rapid increase in the H,/CO ratio of the gas within the

\a
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reactor. In response toﬁthis.change the réte cf hydrocarbon
production increases. For the case of methane the.responSe
to the decrease in CO partial pressure is predicted by egn. 1.
Consistent with the propoSedvinterpretatioh we observe that
the extent to which the steady-state rate of hydrocarbon
formation is surpassed'depends uporn the‘CO partial pressure
and the HZ/CO ratio maintained during the steady-state
period. The lower the CO pgrtial pressure or the H2/CO
ratio, the greater is the net rise over the steady-state
reaction rate.

The éppearance of a maximum in the curves of relative

rate of hydrocarbcon formation closely coincides with the

o

complete elution of CO from the reactor gas space and the
elihination of CO from the catalyst surface. This feature
- suggests that at very low CO partial pressures the rate of
hydrocarbon formation becomes positive order in CO, in
response to CO adsorption becoming a rate limiting step.

The continued formation of hydrocarbon products‘long
after CO has been excluded from the reactor and the catalet
surface, is the most interesting characteristic of the data
shown in Figs. 12, 14 and 15. In.addition, it is seen that
the rate of methane formation is comparable to the steady-state
.rates for extended periods of time. These observations suggest
that the hydrocarbon prcducts observed aré formed by |
thdrogethion of & carbonaceous species on the catalyst
surface and that these same species may be responSiblé for

product formation under steady-state reaction conditions.
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To further confirm‘the“idea that hydrogenation of
carbonaceous residues piesent on the catalyst surface could
produce methane and ethane, the following exéeriment was
'carriéd out. Upon completion of a steady4state iun at 191°C,

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

2

H? in He was then introduced. Infrared spectra taken after_'

the addition of H., showed that within ¢ min all of the

2
adsorbed CO'had been removed from the sﬁfféCe. The subsequent
rates of methane and ethane formation were observed as functionsv
of time and are shown by the triangular data points in
Fig. 15. It is apparent that the initial rate éf methane
production is nearly a hundred-fold higher than that
observed at steady-state and that even after 125 min of
feactionlthe rate is a factor of two greater than the steadyQ
state rate. While no ethane was produced during the steady~
state period it'is.seen that‘a significant amouﬁt of ethane
appears during the hydrbgehation of the carbonaceous residue.
Adaorption Qf the product gases, formed during the first
5 min of reduction, cn activated carbon and subsequént
mass spectrmmefric analyses of the desorbed gases revealed
that small amounts of propane were also produced duriﬁg the
early stages of reduction; | |

The total amounts of carbon removed from the catalyst
as methane ahd ethane are shown in Table 2. These figures
were obtained by integrating the production of each com-
ponent. Integration was started at a point 2.2 space times
(épproximately 6 min ') beyond the time at‘which the CO baﬁd

disappeared from the spectrum and was terminated at the



time ﬁhen the raﬁe of product formation became negligibly
small. The total number of mecles Qf carbon removed from
the catalef is in most instances greater thén the number
of Ru. surface sites (7.9 x 1076 moles) and is ciearly
dependent upon ﬁhe reaction conditions under whichrthe
narbon is depritedp The table shows that for a constant

inlet partial pressure of CO andez/CO ratio the amount of

carbon deposited increases with the reaction temperature.

In addition, at abconstant temperature the carbon deposited
increases with both the inlet partial pressure of CO and
ﬁhe HZ/CO faﬁio.' It is also evident that the amount of
carbon deposited is independent of the duration of a
steadywstéterrun carried out at 191°C.

To determine whether the amount of carbon deposited
under reaction conditions was different from that deposited

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

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

in a CO/He flow for 70 min. Following this exposure, the
flow of CO was discontinued and a stream containing HzJin

Be was introduced intc the reactor. Table 2 shows that

the amount of carbon removed as methane is considerably

smaller than thet observed after a reaction run.
DisCUSSION'
The kihetics of methané formation reported here are
correlated by egn. l; using the valﬁes of X, Y., A,vand E

given in Table 1. Similar rate expressions have been

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

.]-.7 L]



the rate parameters found in those studies are aiso shbwn

in Table’l, There is.general agreement among all fhree
investigations chcerning.the order with respect to H,
partial'pressure, but the order with respect to CO shows a
wider spread.; The results of this investigatipn and that

of Vannice indicate a nearly inverse half order dependence
while that of Dalla Betta et al. favors a roughly inverse
first order CC dependence. The agreement with regard'to.

the apparent‘activation energy is very gooa, all three groups
reporting a value of about 24 Kcal/mole. There is greater:
disagreement, however, concerning the magnitude of the pre-
exponential, A. Differences in this parameter are very

hard to reconcile since the specific activity éf Ru catalysts
can depend upon the dispersion (1lg9) and the accuracy with
which the Ru surface area was measured (17) .

The infrared spectra téken under reéction conditions
shéw that at a fixed temperature neither the CO partial
vpressure nor the H,/CO ratio affects the ffequency or
- intensity of the CO band appearing at 2030 cm™ Y. In
addition the band position and intensity are identical to
those observed when CO is adsorbed in the absence of H,- These
observations differ from those of Daila Betta and Shelef (3).
In their investigation with'an alumina-supported Ru catalyst
it was found that the CO band which appeared_at 2043 cm"l in
the absence of H2 shifted to 1996 cm—l when H2 wa; present

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

was used to argue that adsorbed H2 contributed to a weakening

18.

-

-
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of the C-0 bond. The absence of a shift in}the‘CO bénd
position when CO and H, are coadsorbed on a silica-supported
Ru catalyst might be regarded as an indication of the
differences’bétweén alumina and silica-supported Ru. However,
the naﬁure of these differences cannot be explained at

this time.

The results presenfed in Fig. 9 show that the
intensity of the CO band decreases as the temperature in-
creases but that the band intensity is éssentially
independent of CO partial pressure and HZ/CO ratio at each
temperature. These observations can be interpfeted by
comparison of the data in Fig. 9 with CO adsorption isotherms.
Figure 16 illustrates a series of isothermsvmeasured
gravimetrically on a silica-supported Ru catalyst very
similar to that-u§ed in the present studiés (24); For a
fixed‘CO pressure the coverage by adsorbed CO is seen to bé
" a strong function of temperature. B§ éontrast, CO coverage
changes mprevslowly as the CO préssure is increased at a
fixed temperature. The decrease iﬁ CO absorbance with
increasing temperature, seen in Fig. 9, can, thus, be
ascribed to a decrease in the coverage by adsorbed CO. The
absence of a dependence on CO band intensity on H2/CO for
a fixed Cco parﬁial pressure suggests that H2 adsorption
does not interfere with CO adsorption and that the reaction
of chemisorbed CO is slow by comparison with desorption.

As a result, the presence of H2 does nét influence the
'chemisorption equilibrium.for CO. The failure to observe

an increase in CO band intensity with CO partial pressure is
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surprising iﬁ vie§ 6f the adsorption data shown in Fig. 16.
A posSible explanétion may lie in the decision to use
imaximum absorbanée as a measure of COICOVQrage rather than
‘integrated band absorbance.

o The hydrocarbon bands in the vicinity of 2900 em™ 1
which have.been observed in this work are very similar to
those seen by King (14) on silica-supported Ru and by Dalla
Betta and Shelef (3) and King (15) on alumina-supported Ru.
In view of the stability and reaétivity patterns exhibited
by the Species fesponsible for the observed Bands'it seems
reasonable to conclude that these species are present on
the Ru rather than on.the suppoft. While it is not
possible to establish the structure of the hydrocarboﬁ
species, it is of interest to note that Eady et al.'(23)
have recently reéorted the formation of‘various Ru clusters
containing’carbene, ethylidene, ethylidyne, and
ethylenic structures. These products wére formed by ‘
reaction of Ru3(CO)lz with Na[BH4]. It is-conceivabie that
the'épecies formed in the present work are similar to
those observed by Eady et al. - The occurrence of hydrof
carbon species surrounded by adsorbed CO might explain -
the stability of these species‘to hydrogenation under
reaction conditiohs and the ease with whiéh they can be
hydrogenatéd once the adsorbed CO is removed from the‘Ru

surface.



The results presentéd in Table 2 show that under
reaction conditions the catalyst maintains a carbon reservoir
in eXcess of a monolayer. Furthermore, as seen in Figs. 12,
14 and 15 this carbon is very reaqtive and in the absence of
CO on the surface cén be hydrogenated to produce methane,
ethane, and propane. -The rate of methane production is
equivalent to_or’gréatly in excess of that measured under
- steady state conditions. These_observationé leéd to the
consideration of carboh as an'importantrintermediafeAnot'
only for methane formation but also for the synthesis of
higher molecular weight products. In this context it is
important to discuss the origin of the carbon deposit, the
-influence of reaction conditibns on the magnitude of the
deposit, and the mechanisms by which carbon is converted to
methane and other hydrocarbon products.

- Rabo et al. (12), McCart? et al. (135,'and Low and
Bell (14) have observea that carbon deposition can occur
on. the surface of Ru dﬁfing CO adsorption at temperatures
above about 150°C (14). This process is accompanied by the
formation of'CO2 and is‘believed tq occur by the foiloWing
steps (12):

1. CoO+S =z €O

2. Cos+'s 'Z_c + 0

3. o, +CO - co,

McCarty et a1.(l3)}mwe estimaféd that»the'equilibrium

constant for reaction 2:is unfavorable due to the high



22,

. endothermicity‘of the réactibh‘(~21 Kcal/mole) and that, as
a result, reaction 3 plays an impoftant role in shifting the
equilibrium towards the fdrmationvof carbon. When H2 is
present in»addition to CO, the removal of surfaée oxygen

is further enhanced by reaction 4

Bbth reactions 3 and 4 have been,obser&edAexperi—‘
mentally to bfoceed preferentially via Rideél—Eley type
,v prdcesSes over Pt when CO or H2 is present at moderate partial
pressures [e.g.(25~31)]q While similar observations have not
been made for Ru, we‘have assumed that oxygen'remoVal‘
occurs by a Rideal-Eley process for this catalyst as well.
BEBO estimateé of the activation energies fdr reactions
3 and 4 occurring over Ru give 0 and 17 Kcal/mole respectively
(32,33). As a result, it is anticipated that fof
identical fluxes of reducing agent reaction 4 will:be much
more rapid than reaction 3 in effecting the removal of
adéorbed oxygen atoms. Supporting this expectation is the

observation that HZO rather than CO., is observed as the‘

2
major oxygen containing pxoduct under all synthesis
conditions_studied in this work. Itvis also seen in

Table 2 £hat the émount of carbon deposited on the catélyst
is significantly greater when CO and H, are present

together than when CO is present alone.

The observation of greater than monolayer accumulations

of carbon on the éétalet suggest that a part of the carbon

« rrtepras ¥

(28
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- may dissolve into the bulk of the Ru. This idea is further
‘supported by the observation that thé inténsity of the CO
band associated with chemisorbed is not influenced by either
the CO partial pressﬁre of the HZ/CO ratio, while the amount
of carbon present on the catélyst does depend upon these
variables is shown in Table 2. Since Ru does not form stabie
carbides the dissolution of carbon in Ru crystallites could
‘provide a rétional interpretaﬁion for the'observaﬁion.

A pléﬁsible mechénism for the Hydrogenation of surface

carbon to form methane is shown below. This reaction sequence

5.  H, + 25 3 2H_

6. cs'+ H, 2 CHS + 8
7. CHg + H, 2z CH, +S
8. VCH?S +H, 2 CHy + S
9. CHy  + H_ 3 CH, + S

is nearly identical to:that.proposed by. Wagner (34) to ekplain the
formation of methane from carbon dissplved in Y—irén. If it

is assumed that reaction 9 is rate limiting for the synthesis

of methane; that reactions 1, 2 and 5 through 8 are at
equilibrium;.and that the catalyst surface is nearly

saturated with chemisorbed Cb, then the following expression

is obtained for the rate of methane formation:

Pl.5
H, |
N., = k z—— : (3)
CH, B _
| k'v* s (k K.K.K K.K.)L/? (4)
TR, F4fo"2%e"7"s
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where ki‘ié the rate coeffiéient and K, fhe‘equilibrium
constant for the ith elementary réaction. Equation 3 has
the same form as egqn. 1 and the expcnent on the hydrogén
partial pressure is nearly identical to that found
experiﬁentally. The inverse first orden_depehdénce on CO

partial‘presstre‘given by egqn. 3 is greater, however, than

R

£he nearly inverse sqgquare root'dependence‘observed experi-
mentally. Sélection of other rate limiting steps within the
proposed sequence not only fails to reduce the aependencé
on CO partial pressure buf also causes the hydrogen partiél
pressure dependence to deviate from that obServed»experi-
mentally.> | |

A raté expression more representative of'the
experimental results can be obtained if it is postulated
that the rate limiting step is reaction 8' shown below.

& cm,_ + H, 2 CH, + S

2s 4

Maintaining all of the previous assumptions, but substituting
reaction 8' for reactions 8 and 9, the rate expression

derived for methane formation becomes

Pl.s
v Hy _ _ : o
NCH4 =k 50:5 o (5) .
Co '
v 1/2 : v . L
k' = (kg,k4K5K6K7(Kl) . (6) : : _

While egn. 5 is in closer agreement with the observed rate
expression than egn..3, there has been no experimental

evidence to suggest that reaction 8' proceeds as written.
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The processes by which two- and three-carbon Hydrocarbons
are formed are not revealed by these studies, but it has been
established that these.products can be formed in the'absencé
of adsorbed Co. LOne possibility is that adsorbed carbene

groups, formed via reaction 7, polymerize and react

- according to the following scheme:

C,H, C.H
ca, 3t
. “
| 3 CH,g CH2\ H CHog
2CH25———9 C’ : v é& —_— etc.
l 2H l 2H
S
C,Hg | CsHg

Carbenes have been observed as ligands in OS and Ru cluster

complexes (23 35) - and-in a’ mononuclear Fe complex (36) and

~an-ethylidenerstructure has recently been reported on the

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

these species as surface intermediates. Furthermore, given

the known reactivity of gas phase carbenes and their

: metalorganic ahalogs it would appear likely thét the chain

propagation sequence proposed is possible.

The formation'of olefins could occur by intramolecular
hydrogen‘transfér within the appropriate carbene intermediate,
followed.by'desorption. Some evidence suoporting such a
process can be defived from the reportéd.chemistry of alkyl

carbenes prepared from organometallic precursors (38). The
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obse:ved preférential formation of propylenevoVervethy1ene'
Coula possibly result from the greater ease with4Which a
'hydrqéen atom is tranéferred from the methylene group of
pfopylidene'compared to the trénsfer of hydrogen from the

methyl group of ethylidene. As an alternative one might

-t

propose that gas phase ethylene very rapidly reacts with
surface carbene groups to form propylene, in analogy to known
gas phase‘chemistry (38).

Fiﬁally,'we note  that the proposed propagatibn scheme
can be used to predict a Schulz-Flory-type distribution of
pfoduct méleculai weights (39). To.obtain'such a
distribution it is only hecessary to postulate that steady

state concentrations exist for HS and CH, , and that the réte

2g
coefficients associated with propagation, desorption to form
olefins, and hydrogenation to form alkanes.are independent

of carbon numberf Thus, for example, the experimental resﬁlts
on product distribution recently reported by Dautzenberg

et al. (9) could be interpreted by the mechanism_proposed here.
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Table '1
Rate Parameters Appearing in Eqn..l

: " "Dalla Betta
- This Study Vannice(5,6) et al. (1)

Catalyst 5% Ru/Si02 5% Ru/A1203 1.5% Ru/Al,0,
A(sec™! torr¥™¥) 5.6 x 105 7.4 x 105 3.1 x 10°
E(Kcal/mole)v 24.1 24.2 + 1.2 24
y | 1.5 1.6 + 0.1 1.é

Y -0.6  -0.6 + 0.1 -1.1



Table 2
Integrated Product Yields Obtained

During Reduction of Carbonaceous Residues

Steady-State Conditions Reduction Conditions Integrated Product Yield

T(°C)., PCO(torr) ' PHz/PCO t(min) ?Hz(torr) QHz(cm3/min) CH4('famoles) C2H6(.u§oles)
275 100 3 70 301 237 34,7 | -
225 ‘lor 3 70 299 233 16.0 _ -
191 100 3 70 281 193 - 16.2 N -
191 97 6 70 292 232 33.3 -

191 16 6 70 244 194 2.6 -
191 17 3 70 220 197 - 1.4 -
191 186 2 70 304 140 48.6 5.4
191 195 2 120 276 196 49.2 3.4
191 195 2 90- 251 '._ 227 43.9 | -
191 201 1 90 232 212 15,7 -
191 223 : 0 70 222 , 211 2.5 | -

‘TE
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Figure Captions

Reactor cross-sectional view.

“Efféct-Hz/CO ratio at fixed CO partial‘preséure

on the rate of methane formation and catalyst

deactivation.

Effect of CO partial pressure at fixed Hz/co

ration on the rate of methane formation and

catalyst deactivation.

Comparison
0of methane

Dependence

- Dependence

pressure.

Dependence

of calculated and experimental rates
syhthesis.
of product selectivity on temperature.

of product selectivity on CO partial

of product selectivity'on.Hz/CO ratio.

" Infrared Spectra taken under reaction. conditions:

a) background at T=275°C; b) during reaction of

T=275°C, PC

O=99 torr, PHz/PCO = 3; c) durlng

: -0 o y =73
reactlon at T=225°C, PCO 102 torr, PHZ/PCO 3;

d) during reaction at T=191°C,vPCO=197 torr,

_ PH /PCO=2.

2

CO band absorbance as a function of CO partial

pressure.

HZ/CO ratio, and temperature.
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Fig. 10

Fig. 11
Fig. 12
Fig. 13
rig. 14
Fig. 15
Fig. 16 .

Infrared spectra showing r

adspecies: a) background;

eactivity of hydrocarbon

b) during reaction at

Mm=1070 - . =7 ;
T=191°C, Pco—l95 torr, and PH /PCO—Z, c) following

2

elution of H2; d) following elution of H2 and CO;

e) 2.5 min following admis
f) 4.5 min following admis
g)77.5 min following admis

Responsé'of CO band absorb

sion of H2/He mixture;
sion of H2/He mixture;
sion of Hz/He mixture.

ance and CO partial

pressure during catalyst reduction following'

steady state reaction: P

during catalyst reduction

, co
- Relative rates of methane

= 16 torr.
and ethane production

following Steady state

reaction: P = 16 torr (Arrows indicate the

co |
time at which the CO band

Response of CO band absorb
pressure during catalyst r
steady state reaction: PCO
Relative:ratés of methane
during catalyst reduction

CO
time at which the CC band

reaction: P = 100 torr.

Relative rates of methane
during catalystrreduction
reactlon{ PCO = 195 torr. -
H2/He stream; -A- CO elute

introduction of H,/He stre

CO adsorption isotherms (2

absorbance goes to zero.)
ance‘and co partial
eduction following

= 100 torr.
and ethane production
following steady state
(Arrows indicate the
absorbance goes to zero.)
and ethane production
following steady state
(-~ CO eluted by
d by'He prior to
am) | |
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