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The synthesis of hydrocarbons from CO and Hz was studied on a silica-supported Ru catalyst, 
and the species present on the catalyst surface were characterized by infrared spectroscopy. 
Initial rates of methane formation were correlated by the expression Ncnp = 5.6 X lo6 
exp (-24,000/RT)P~,‘,~/Pc0~.~. Th e synthesis of ethane, propylene, and propane, the principle 
products observed in addition to methane, was favored at high CO partial pressures, low 
H&O ratios, and low temperatures. The primary feature observed in the infrared spectra was 
a band at 2030 cm-Is associated with chemisorbed CO. Neither the position nor intensity of 
this band was affected by the CO partial pressure or the H,/CO ratio. The CO band intensity 
did decrease with increasing temperature due to a decrease in CO surface coverage. Bands were 
also observed at 2950, 2910, and 2845 cm-1 and were assigned to hydrocarbon structures 
surrounded by chemisorbed CO. These structures could be removed from the catalyst surface 
by hydrogenation, but do not appear to be intermediates in the synthesis of stable products. 
Reduction of the catalyst following steady-state reaction revealed that the working catalyst 
maintains a reservoir of carbon several Ru monolayers in magnitude. Carbon deposition 
mechanisms and the role of carbon in the synthesis of hydrocarbons are discussed. 

INTRODUCTION 

The characteristics of ruthenium cata- 
lysts for the synthesis of methane and 
higher molecular weight hydrocarbon from 
CO and HZ have been discussed in a number 
of recent publications (1-11). Prime moti- 
vations for t,he interest in ruthenium have 
been its very high specific activity for 
methane synthesis and its high selrctivit,y 
for the formation of straight-chained hydro- 
carbons. Concurrent with studies of overall 
catalyst performance efforts have been 
undertaken to define the elementary pro- 
cesses involved in the conversion of CO and 
Hz to hydrocarbons. In this context, 
attention has focused on two principle 
questions. The first is whether synt,hesis is 

initiat,ed by t’he direct hydrogenation of 
adsorbed CO t’o form an oxygenated intcr- 
mediate or by the dissociation of adsorbed 
CO to form carbon, which is subsequently 
hydrogenated. The second major qu&ion 
is whet)her propagation of carbon chains 
occurs by CO insertion into adsorbed alkyl- 
type intermediates or by polymerization of 
CH, fragments. Arguments for both sides 
of these questions can be found in t’hc 
literature. 

Support for the direct hydrogenabion of 
chcmisorbed CO has come mainly from the 
interpretation of kinetic data. Vannicc (6) 
and Ollis and Vannice (8) have proposed 
that mcthanation over Ru and other group 
VIII metals is initiated by the reversible 
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hydrogenation of chemisorbed CO to form 
an enol intermediate. The rate-determining 
step is taken to be the further hydrogena- 
tion of the initial intermediate. Based upon 
this hypothesis, rate expressions were 
developed which could be made consistent 
with those observed experimentally. Direct 
hydrogenation of chemisorbed CO to form 
an oxygenated intermediate has also been 
proposed as the first stage in Fischer- 
Tropsch synthesis by Dautzenberg et al. 
(9). Chain growth is envisioned to occur by 
repeated CO insert.ion into the primary 
intermediate followed by hydrogenation. 
Using this mechanism the authors devel- 
oped a kinetic model to correlate product 
dist’ribution data obtained from transient 
response experiments. 

Experimental evidence support,ing the 
idea that CO dissociation t’o form carbon is 
an essential initial step in t’he synthesis of 
methane has recently been presented by 
Rabo et al. (1%‘). In studies wit,h silica- 
supported Ru these auth.ors observed that 
at 300°C passage of CO pulses over the 
catalyst led to the formation of CO2 and 
the deposition of carbon on the catalyst 
surface. The carbon thus deposited could 
be hydrogenated to produce methane at 
room temperature. No methane was ob- 
served under similar condit’ions when only 
chemisorbed CO was present on t#he cata- 
lyst. Similar results have also been obtained 
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 Shelef (4). The 
absence of an Hz/D2 kinetic isotope effect 
on the rate of methane format’ion was taken 
as evidence that CO dissociation might be 
a rate-determining step. 

Several studies have been undertaken to 
observe Fischer-Tropsch intermediates by 
infrared spectroscopy. Dalla Betta and 
Shelef (S) and King (15) have observed 
that the primary species present on an 
alumina-supported Ru catalyst is chemi- 
sorbed CO. Hydrocarbon and formate 

species were also evident, but isotopic 
substitution experiments (3) led to the 
conclusion that these structures were in- 
active reaction products adsorbed on the 
alumina support. Infrared investigations 
have also been carried out on silica- 
supported Ru catalysts by Ekerdt and Bell 
(Ifi) and King (15). Here again adsorbed 
CO was observed as t,he primary adspecies. 
Hydrocarbon species were also detected 
but there was no evidence of the formate 
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 
bot,h the initiation and propagation of 
hydrocarbon synt’hesis. 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 
t’he catalyst surface could be recorded 
under reaction conditions. The rectangular 
inner chamber of the reactor is made of 
stainless steel and is aluminum coated on 
the inner surfaces to reduce the catalytic 
activity of the walls. The infrared beam 
passages through t’his chamber are covered 
by ZnSe windows sealed to knife-edge 
flanges by Vat-Seal. Strip heaters placed 
on the top and bottom of the chamber allow 
it to be heated to 3OO”C, an upper limit set 
by the use of ZnSe windows. The outer 
chamber is also made of stainless steel, but 
the beam passages through this chamber 
are covered by KBr windows. To minimize 
heat losses the space between the two 
chambers is cvacuat’ed. 

A catalyst wafer, 28 mm in diameter and 
weighing 180 mg, is supported on the 
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FIG. 1. Reactor cross-sectional view. 

sample side of the inner chamber of the 
reactor. A second wafer, made of the cata- 
lyst support alone, is supported on the 
reference side of the inner chamber. The 
wafer temperatures are monitored by 
stainless-steel-sheat,hed thermocouples posi- 
tioned adjacent to each wafer. By using 
two wafers, t*hc superposition of the catalyst 
support spectrum on the recorded spectrum 
is minimized. Furthermore, due t,o t)he 
identical pat)h lengths through the sample 
and reference sides of the inner chamber the 
gas-phase spectrum is also suppressed. 

The reactor is connected to a gas flow 
system. To insure a nearly uniform gas 
composition within the reactor, gas is 
recirculated from t,he inlet to t,he outlet of 
the reactor by a 40-litcr/min stainless-st,erl 
bellows pump. Reactants arc introduced 
into the recirculating gases, and a com- 
parable flow of products is removed con- 
tinuously. During the measurement of 
reaction kinetics t,he rccyclc ratio is main- 
tained at 200 to 1 to assure differential 
conversion per pass through the reactor. To 
avoid flowing hot reactanm and products 
through the pump, the gas leaving the 

reactor is cooled in a length of aluminum 
tubing prior t,o entering the pump and 
heated in a second length of aluminum 
tubing upon leaving t)he pump and rrturn- 
ing to the reactor. The effluent from the 
gas recirculation loop is passed througha 
dry ice trap to remove wat,cr and then 
analyzed by gas chromatography. A 124-cm 
column packed with Porapak Q is used to 
scparatc all of t,hr: reaction products. 

Materials. A 5% Ru/SiOz catalyst, was 
prepared by impregnating Cab-0-Sil HS-5 
with a solution of RuC13.3HzO. The slurry 
was freeze-dried and t,hen reduced for 2 hr 
in flowing hydrogen at 400°C. The surface 
area of the reduced catalyst was determined 
by Hs chcmisorption. Prior to measuring 
the H2 uptake the catalyst was reduced in 
Hz at 400°C for 2 hr and t)hen evacuated 
at 400°C for 2 hr. Chemisorption was then 
carried out at 100°C in 400 Torr of H, (17). 
The equilibrium uptake was drtcrmincd to 
bc 22 prnol of Hz/g of catalyst. Rates re- 
ported here as turnover numbers were 
determined using H% uptake as a measure 
of Ru surface area. 

The gases HZ (99.999Y,), Dz (99.7yG)J 
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FIG. 2. Effect H&O ratio at fixed CO partial pressure at a constant HZ/CO ratio. 

pressure on the rate of methane formation and The dependence of the rate of methane 
catalyst deactivation. formation on the partial pressures of Hz 

and CO was determined by a nonlinear 

and He (99.998%) were used without least square fit of the accumulated rate 

further purification. Carbon monoxide data to the following empirical expression: 

(99.8%) was purified by passage through 
a trap of dry ice prior to entering t,he 

NCH~ = Ae-EIRTPHzXP coy, (1) 

reactor. where Nom is the rate of methane produc- 
tion per surface Ru site. A is the pre- 

RESULTS exponential factor, E is t’he apparent 

Kinetic Measurements 
activation energy, and X and Y are ex- 
ponents on the partial pressures of HZ and 

Preceding each measurement of reaction 
kinetics the cat’alyst was reduced overnight 
in flowing Hz at the intended reaction tem- 
perature. Following the introduction of t,he 
reaction mixture the gas composition was 
analyzed as a function of time. Figure 2 
illustrates an example of the data. The 
points show that the rate of methane 
formation, relative to the initial rate mea- 
sured at 10 min, declines as a funct)ion of 
time, indicating a loss in catalyst activity. 
The rate of deactivation is seen to increase 
as the ratio of Hz to CO over t,he catalyst 
is decreased. For a fixed HZ/CO ratio the 
deactivation rate is also observed to in- 
crease with CO partial pressure as shown in 
Fig. 3. The catalyst deactivation is revcr- 
sible, however, and the original activity can 
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0.64 t PH2’PC0 = 3.0 :/ 
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be restored by heating the catalyst over- 
night in flowing Hz at temperatures between 

FIG. 3. Effect of CO partial pressure at fixed 
Hz/CO ratio on the rate of methane formation and 

190 and 275°C. catalyst deactivation. 
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FIG. 4. 
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Comparison of calculated and experimental rates of methane synthesis. 

CO, respectively. The qualitJy of the fit 
between bhc data and Ey. (1) is shown in 
Fig. 4. Over three orders of magnitude in 
NonI, the average absolute relative dcvia- 
tion between the calculated and observed 
turnover numbers is =t 15%. 

In addition to methane, the products 
were found to contain ethanc, propylcnc, 
and propane. Ethylene, when detected, was 
present only in tract yuantSitics, and its 
concent’rat,ion could not bc dctcrminod 
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FIG. 5. Dependence of product selectivit,y on FIG. 6. Dependence of product selectivity on CO 

accurately. The yields of higher molecular 
wright product,s were independent of cata- 
lyst deactivation, indicating that overall 
activity as well as mcthanation activit,y 
decays with time. The dependence of prod- 
uct distribut,ion on react,ion conditions is 
shown in Figs. 5-7. It is apparent that the 
formation of high relative yields of Cz and 
Ca products is favored as the temperature 
and the Hz/CO ratio decrease and as the 
partial pressure of CO increases. A partic- 
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FIG. 7. Dependence of product selectivity on 
Hz/CO ratio. 

ularly interesting product composition was 
obtained when t#he temperature was set to 
191”C, the CO partial pressure to 195 Torr, 
and the Hz/CO ratio to 2. Under these 
conditions only propylene was observed in 
addition to methane, and the propylene to 
methane ratio was essentially 1 to 1. 

The only nonhydrocarbon product ob- 
served in significant concentrations was 
water. Carbon dioxide was detected, but 
its concentrat’ion was negligible compared 
to that of water. These result’s indicate that 

the reaction products are far from equi- 
librium with respect to the water gas shift 
reaction. 

In Xitu Infrared Xpectroscopy 

Figure 8 shows typical infrared spectra 
recorded under reaction conditions at 191, 
225, and 275°C. At all three temperatures 
the most prominant feature is a strong band 
at 2030 cm-l, characteristic of CO linearly 
adsorbed on a fully reduced silica-supported 
Ru cat’alyst (18, 19). The position of the 
CO band remained constant to within f5 
cm-’ for all of the reaction conditions used 
in this work and did not change as the 
catalyst deactivated. The dependence of 
the CO band absorbance on reaction condi- 
tions is shown in Fig. 9. 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. Whatever variations arc observed are 
well within the scatter of the data. While 
not noted in Fig. 9, it was found that the 
band intensity was also independent of the 
catalyst deactivation. To further test 
whether the presence of Hz affects the in- 
tensity of the CO band, the catalyst was 
contacted with CO/He mixtures in which 
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FIG. 8. Infrared spectra taken under reaction conditions : (a) background at T = 275°C ; (b) 
during reaction of T = 275"C, P co = 99 Torr, PH,/Pco = 3; (c) during reaction at T = 225"C, 
PCO = 102 Torr, PH,/Pco = 3; (d) during reaction at T = 191”C, Pco = 197 Torr, PH,/Pco = 2. 
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the CO partial pressures were similar to 
those used under reaction conditions. The 
result)ing spectra showed a CO band ccn- 
t,ered at 2030 cm-l, identical in shape to 
that shown in Fig. 8. At each temperature, 
t,he CO band absorbance was essentially the 
same as that given by the horizontal lines 
shown in Fig. 9. The only variable found to 
influence the CO band intensity was tem- 
perature. Both in the absence and presence 
of Hi t,hr, band intensity was obscrvcd t,o 
decrcase with increasing tcmperat.urc. 

Spect,rum d in Fig. 8 shows t,hree bands 
at 2950, 2910, and 2845 cm-l in addition to 
t,he CO band at 2030 en-l. These new 
features are observed at 191°C when the 
CO partial pressure is above 180 Torr and 
the HZ/CO rat,io is below 2. The bands 
increase in intensity very slowly and bc- 
come prominant only after 20 min. Based 
upon the positions of the bands, the weak 
shoulder appearing at 2950 cm-l can be 
assigned to C-H stretching vibrations in 
methyl groups while the t,wo more intense 
peaks at 2910 and 2845 cm-’ can bc 
assigned t,o symmct,ric and asymmetric 
C-H vibrations in mcthylrnc groups (20). 

To determine whether the obscrvcd C-H 
stretching frcyuencies might bc due to the 
adsorpt,ion of hydrocarbon products on 
either the Ru or the support, a gas mixture 
containing CO, CH,, CzH.1, &HE, CaH6, 
C3Hs, and CO2 was passed over the catalyst 
at 191°C. No absorption bands were ob- 
scrvcd. This indicates that the hydrocarbon 
adspecics giving rise to the bands in the 
vicinit,y of 2900 cm-’ arc not reaction 
products adsorbed from the gas phase, but 
rather adspccies formed during the course 
of the reaction. 

A number of expcrimcnts wcrc performed 
to dctcrminc the st,ability and reactivit,y of 
the adsorbed hydrocarbon species and thrir 
possible role in the formation of reaction 
products. In the first, experiment a mixture 
of CO and Hz was fed to the reactor, main- 
tained at 191”C, for 1 hr. The feed was thchn 
switched to a CO and D, mixture for 1 hr 
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FIG. 9. CO band absorbance as a function of CO 
partial pressure, Hz/CO ratio, and temperature. 

and then finally back to the original feed. 
It was observed t,hat the bands at 2950, 
2910, and 2845 cm-l remained unchanged 
upon substitution of Dz for H2, but that a 
new set of bands were formed at 2210, 
2180, and 2090 cm-l corresponding t’o the 
fully deuteratcd forms of the hydrocarbon 
adspccics. Upon return to the feed con- 
taining Hs, the bands associated with t)hc 
dcuterated structures stopped growing, and 
the bands corresponding to the hydrogen 
containing struct.ures 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 Hz was stopped, and the flow of 
CO and NC continued until Hz had been 
clutcd from t’he reactor. The CO flow was 
then terminated, and CO was elutcd from 
the reactor by a flow of He. Spectra of the 
surface taken after the elution of Hz and 
CO arc shown in Fig. 10. Spectrum b is 
idcntical t’o that recorded under reaction 
conditions. No change in the spectrum is 
observed following the elution of Hz 
(spectrum c). Spectrum d taken after the 
clution of CO shows t’hat the CO band has 
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FIG. 10. Infrared spectra showing reactivity of hydrocarbon adspecies : (a) background; (b) 
during reaction at T = 191°C PCO = 195 T err, and PH,/Pco = 2; (c) following elution of Hz; 
(d) following elution of H.r and CO; (e) 2.5 min following admission of Hz/He mixture; (f) 4.5 min 
following admission of Hz/He mixture; (g) 7.5 min following admission of HJHe mixture. 

shifted to 1940 cm-l and diminished some- 
what in intensity. The shift in the CO band 
frequency from 2030 to 1940 cm-l suggests 
that a fraction of t’he CO monolayer has 
desorbed and that the remaining adsorbed 
CO is strongly bonded, possibly in a bridged 
fashion (al). It is import’ant to notme, how- 
ever, that the adspecies responsible for the 
hydrocarbon bands are stable even in the 
absence of gas-phase Hz and CO. 

Following t’he elution of CO in the experi- 
ment just described, a flow of Hz in He was 
introduced into the reactor. Spect’ra taken 
subsequently show that the bands associ- 
ated wit,h the hydrocarbon species and the 
CO band are rapidly attenuated and within 
6 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 once CO is removed from the 
catalyst surface, 

Reduction of Carbonaceous Residues 
Following each steady-state experiment 

the flow of CO to the reactor was stopped, 
but the flow of Hz and He was continued. 
The purpose of this procedure was to flush 
the react’or of CO and to remove any 
carbonaceous residues from the catalyst by 
reaction with Hz. Reactor effluent composi- 
tions and infrared spect’ra taken during this 
period provided import’ant information 
regarding the identity and reactivity of the 
species present on the catalyst surface at 
the end of a run. 

Figures 11 and 13 show the relative 
absorbance of the CO band, appearing at 
2030 cm-l, as a funct#ion of the time since 
termination of the CO flow. The curves 
for all four runs are qualitatively similar. 
Initially the relative absorbance remains 
constant’ at unit.y and then at a well-defined 
moment falls rapidly to zero. Similar pat- 
t,erns were also observed at 225 and 275°C. 
As the temperature is increased the time at 
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which the CO band disappears bccomcs 
shorter. 

To interpret the curves of CO absorbance 
versus time it is necessary to know t’he time 
dependence of the CO partial prcssurc in 
the gas phase. Unfortunately, over the time 
span shown in Figs. 11 and 13 only one gas 
sample could be analyzed. The CO partial 
pressures determined from these analyses 
divided by the steady-state CO parGal 
pressures are indicated by the isolated data 
points. Since t)herc is so little composition 
data, an upper bound on t,ho CO partial 
prcssurc is shown as well. The straight lines 
appearing in Figs. 11 and 13 are given by 

PCO (~)/Pco (0) = e-l”, (2) 

which rcprcscnts the time dependence of a 
nonrcacting component elutcd from a will- 
stirred vessel (22). The parameter 7 in 
Eq. (2) represents the reactor space time 
(typically 1.6 min). The location of the 
measured values of PCO (t)/P~o (0) show 
that the CO partial pressure falls off more 
rapidly than predicted by Eq. (a), thereby 
indicating that a fraction of the CO reacts 
as it is eluted. 

The curves of relative CO absorbance 
can now bc understood by recognizing that 
as long as the CO partial pressure is suffi- 
ciently high, the Ru surface remains 
essentially saturated with CO, and the 
relative absorbance is unity. Once the CO 
partial pressure becomes significant,ly less 
than 1 Torr the readsorption rate can no 
longer keep up wit’h t,hc rate of CO removal 
from the surface and the relativeabsorbance 
falls. Consistent with this picture we ob- 
serve that the time at which the decay in 
absorbance begins depends upon the CO 
parGal pressure used at steady state but is 
independent of the steady-state Hz/CO 
ratio. The slight displacement in curves for 
the two runs shown in Fig. 13 is totally due 
t,o differences in the flow rat,c>s of the HZ/Ho 
streams used in these runs. 

The drcay in CO absorbance which 
occurs at low CO pressures could either be 

At Steady State 

IO0 

6 

4 

t (min) 

FIG. 11. Response of CO band absorbance and CO 
partial pressure during catalyst reduction following 
steady-state reaction : Pco = IS Torr. 

due to dcsorpt,ion or rraction with HZ. The 
first of t’hcsc possibilities can be excluded 
based upon experiments in which He alone 
was used to clutc the CO. During these 
experiments the CO absorbance remained 
at near saturation levels even t,hough the 
CO partial pressure was reduced to the 
order of 10Y3 Torr. On the other hand, 
when HZ was present in the eluting gas, 
t’he chemisorbed CO could be removed from 
the surface at CO partial prcssurcs of t’he 
order of 1 Torr. 

Figurc>s 12 and 14 show the relative rates 
of methane and cthanc production during 
reduction. For each run the curves for both 
components pass through a maximum at 
about’ the same time that the CO absorb- 
ancc goes to zero (as indicated by the 
vertical arrows). Beyond the maximum, t,he 
relative rate of methane formation falls off 
gradually, but the relative rate of cthane 
formation declines rapidly t,o zero. While 
tha curves for methane shown in Figs. 12 
and 14 tclrminatjc: at 35 min, data were 
usually coll(tctrd for 125 min. The magni- 
tudc of the maxima in the methane and 
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FIG. 12. Relative rates of methane and ethane 
production during catalyst reduction following 
steady-state reaction: Pco = 16 Torr (Arrows 
indicate the time at which the CO band absorbance 
goes to zero.) 

ethane curves and the level of t’he slowly 
decaying portion of the methane curve 
increase as either the steady-state partial 
pressure of CO or the Ht/CO ratio is 
decreased. It should be noted, however, 
that the absolute rate of methane produc- 
tion measured at 35 min increases wit’h both 
CO partial pressure and H2/C0 ratio. 

The observation of hydrocarbon forma- 
tion long after CO has been elut’ed from 
the gas phase and removed from the cata- 
lyst surface is enhanced by increasing the 
steady-state partial pressure of CO and 
decreasing the ratio of Hz/CO. Figure 15 
illustrates the rates at which methane and 
ethane are formed during reduction follow- 
ing a run at 191°C in which the feed partial 
pressure of CO was 195 Torr and the HJCO 
ratio was 2.0. In contrast to the results 
shown in Figs. 12 and 14, et#hane formation 
conGnues 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 shown in Fig. 15, small amounts 
of propane were also observed during the 
reduction period. It is interesting to note 
that when the catalyst was operated at 
steady state neither ethane nor propane 
was observed and only methane and 
propylene were detected. 

The shape of the curves appearing in 
Figs. 12, 14 and 15 can be interpreted in 
the following fashion. Upon cessation of 
the CO flow, the Hz partial pressure in the 
Hz/He feed stream is set to about 290 Torr. 
This causes the CO partial pressure to 
steadily decline while the Hz partial pres- 
sure changes from the value held during 
st’eady stat’e to that in the Hz/He feed 
stream. The net result is a very rapid in- 
crease in the Hz/CO ratio of the gas within 
t(he reactor. In response to this change the 
rate of hydrocarbon production increases. 
For the case of methane the response to the 
decrease in CO partial pressure is predicted 
by Eq. (1). Consistent with the proposed 
interpretation we observe that the extent 
to which the steady-state rate of hydro- 
carbon formation is surpassed depends upon 
the CO partial pressure and the HJCO 
ratio maintained during the steady-state 
period. The lower the CO partial pressure or 

T = 19t’C 

pH2 
= zmtor, 

1 ( , 3’oyk , , , ,1:, 
0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 

t (min) 

FIG. 13. Response of CO band absorbance and CO 
partial pressure during catalyst reduction following 
steady-state reaction: PCQ = 100 Torr. 
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the Hz/CO ratio, the grcatcr is the net’ rise 
over the steady-state reaction rate. 

The appearance of a maximum in the 
curves of rclat,ive rate of hydrocarbon 
formation closely coincides with the com- 
plcte elution of CO from the reactor gas 
space and t)he elimination of CO from the 
catalyst surface. This fcaturc suggests t,hat 
at very low CO partial pressures the rat,c 
of hydrocarbon formation becomes positive 
order in CO, in response to CO adsorption 
becoming a rate-limiting step. 

The continued format,ion of hydrocarbon 
products long after CO has been excluded 
from t,he reactor and the catalyst surface 
is the most interesting characteristic of the 
data shown in Figs. 12, 14, and 15. In addi- 
tion, it is seen that the rate of mcthanc 
formation is comparable to the steady-state 
rates for cxt,ended periods of time. Thcsc 
observations suggest’ that the hydrocarbon 
products observed arc formed by hydro- 
genation of a carbonaceous species on the 
catalyst surface and t,hat these same species 
may be responsible for product format)ion 
under steady-state reaction conditions. 

To further confirm the idea that hydro- 
genation of carbonaceous residues prcscnt 
on the cat,alyst surface could produce 
methane and cthanc, the following cxpcri- 
mcnt w-as carried out). Upon completion of 
a steady-state run at 191”C, first’ H, and 
then CO was elut’ed from the reactor. A 
flow of H:! in Hc was then introduced. In- 
frared spcct,ra taken after the addition of 
Hz showed that within 4 min all of the 
adsorbed CO had been rcmovcd from the 
surface. The subscqucnt, rates of mcthanc 
and cthane formation were obscrwd as 
funct)ions of time and arc shown by t,he 
triangular data points in Fig. 15. It is 
apparent that the initial rate of methane 
production is nearly a loo-fold higher than 
that observed at steady stattx and that, even 
after 125 min of rcact,ion the rate is a factor 
of 2 grcatcr than the steady-state rate. 
While no cthane was produwd during the 
steady-state period it is seen that a signifi- 

t (min) 

Frc,. 14. Relative rates of methane and ethane 
production during catalyst reduction following 
steady-state reaction: Pco = 100 Torr. (Arrows 
indicate the time at which the CO band absorbance 
goes to zero.) 

cant amount of cthane appears during the 
hydrogenation of the carbonaceous residue. 
Adsorption of bhe product gases, formed 
during the first 5 min of reduction, on 
activated carbon and subsequent mass 
spcctromctric analysts of the desorbed gases 
revealed that’ small amounts of propane 
wcrc also produced during the early stages 
of reduction. 

The total amounts of carbon removed 
from the catalyst as methane and ethane 
are shown in Table 1. These figures wcrc 
obtained by int,cgrating the production of 
each component,. Int,egration was started 
at a point 2.3 space times (approximately 
4 min) beyond the time at which the CO 
band disappeared from the spectrum and 
was terminated at, the time when the rate 
of product format,ion became negligibly 
small. The tot,al number of moles of carbon 
rcmovcld from the catalyst is in most 
instances greater t’han the number of Ru 
surface sites (7.9 X 10TG mol) and is clearly 
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TABLE 1 

Integrated Product Yields Obtained during Reduction of Carbonaceous Residues 

Steady-state conditions Reduction conditions 

T (“C) PCO (Tom) PH,/Pco t (min) T (“C) PHI (Tom) 

275 100 3 70 275 301 34.7 - 
225 101 3 70 225 299 16.0 - 

191 100 3 70 191 281 16.2 - 

191 97 6 70 191 292 33.3 - 

191 16 6 70 191 244 2.6 - 

191 17 3 70 191 220 1.4 - 

191 186 2 70 191 204 48.6 5.4 
191 195 2 120 191 276 49.2 4.4 
191 195 2 90 191 251 43.9 - 

191 201 1 90 191 232 15.7 
191 223 0 70 191 222 2.5 

Integrated product yield 

CH, C& 
o*mol) (ctmol) 

dependent upon the reaction conditions 
under which the carbon is deposited. The 
t’able shows that for a const’ant inlet partial 
pressure of CO and H2/C0 ratio the amount 
of carbon deposited increases with t,he 
reaction temperature. In addition, at a 
constant temperature the carbon deposited 
increases with both the inlet part’ial pressure 
of CO and the Hz/CO ratio. It is also 
evident that the amount of carbon de- 
posited is independent of the duration of a 
steady-state run 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 con- 
taining Hz in He was introduced into the 
reactor. Table 1 shows t’hat the amount of 
carbon removed as met’hane is considerably 
smaller than that observed after a react,ion 
run. 

DISCUSSION 

The kinetics of methane formation re- 
ported here are correlated by Eq. (l), using 
the values of X, Y, A, and E given in 
Table 2. Similar rate expressions have been 
reported by Dalla Betta et al. (1) and 
Vannice (6, 7), and the rate parameters 
found in those studies are also shown in 
Table 2. There is general agreement among 
all three invest,igations concerning t’he order 

TABLE 2 

Rate Parameters Appearing in Eq. (1) 

This study 

5y0 Ru/SiOza 

Vannice (5, 6) 

5y0 Ru/A1~03~ 

Dalla Betta et al. (1) 

1.5% Ru/A~*O~~ 

A (set-1 Torrv-2) 5.6 X lo6 7.4 x 105 3.1 x 105 
E (kcal/mol) 24.1 24.2 f 1.2 24 
X 1.5 1.6 zk 0.1 1.79* 
Y -0.6 -0.6 + 0.1 -1.147J 

a Catalyst. 
b For T = 240°C. 
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6 1 ’ 1 ‘1’1 1 I ‘I 

4 
At Steady State Reactivation 

Run 
2 ltorr) - pH,‘pco Pcobrr) PH2 

. 40 2. I 195 276 

t (min) 

FIG. 15. Absolute rates of methane and ethane production during catalyst reduction following 
steady-state reaction: Pco = 195 Torr. l , CO eluted by Hz/He stream; A, CO eluted by He 
prior to introduction of Hz/He stream. 

with respect to Hz partial pressure, but the 
order with respect to CO shows a wider 
spread. The result’s of this investigation 
and that of Vannicc indicate a nearly 
inverse half-order dependence while t,hat of 
Dalla Betta et al. favors a roughly inverse 
first-order CO dependence. The agreement 
with regard to the apparent act’ivation 
energy is very good, all three groups report- 
ing a value of about 24 kcal/mol. There is 
greater disagreement,, however, concerning 
the magnit’ude of the pre-exponential, A. 
Differences in this parameter are not’ hard 

to reconcile since t,hc specific activity of Ru 
cat,alysts can depend upon the dispersion 
(10) and the accuracy of the measured Ru 
surface area (17). 

The infrared spectra taken under reaction 
condit’ions show that at a fixed temperature 
neither the CO partial pressure nor t,he 
Hz/CO ratio affects the frequency or in- 
tensity of t,he CO band appearing at 2030 
cm-i. In addition the band posit,ion and 
intensity arc identical to those obscrvcd 
when CO is adsorbed in the absence of Hz. 
These observations differ from those of 

Oo 
I I I I 1 I I I I I 

40 SO 120 160 200 
PC0 (torrl 

FIG. 16. CO adsorption isotherms (24). 
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Dalla Betta and Shelef (3). In their 
investigation with an alumina-supported 
Ru catalyst it was found that the CO band 
which appeared at 2043 cm-l in the absence 
of Hz shifted to 1996 cm-’ when Hz was 
present in 3 to 1 ratio with CO. The occur- 
rence of a frequency shift was used to argue 
that adsorbed Hz contributed to a weaken- 
ing of the C-O bond. The absence of a shift 
in the CO band position when CO and Hz 
are coadsorbed on a silica-supported Ru 
catalyst might be regarded as an indication 
of the differences between alumina and 
silica-supported Ru. However, the nature 
of these differences cannot be explained at 
this time. 

The results presented in Fig. 9 show that 
the intensity of the CO band decreases as 
the temperature increases but that the 
band intensity is essent’ially independent of 
CO partial pressure and Hz/CO ratio at 
each temperature. These observations can 
be interpreted by comparison of t’he data 
in Fig. 9 with CO adsorption isotherms. 
Figure 16 illustrates a series of isotherms 
measured gravimetrically on a silica- 
supported Ru catalyst very similar to that 
used in the present st’udies (24). For a fixed 
CO pressure t#he coverage by adsorbed CO 
is seen to be a strong function of tempera- 
ture. By contrast, CO coverage changes 
more slowly as the CO pressure is increased 
at a fixed temperature. The decrease in CO 
absorbance with increasing temperature, 
seen in Fig. 9, can, thus, be ascribed to a 
decrease in the coverage by adsorbed CO. 
The absence of a dependence on CO band 
intensity on HJCO for a fixed CO partial 
pressure suggests that Hz adsorption does 
not interfere wit’h CO adsorption and that 
the reaction of chemisorbed CO is slow by 
comparison with desorption. As a result, 
the presence of Hz does not influence the 
chemisorption equilibrium for CO. The 
failure to observe an increase in CO band 
intensity with CO partial pressure is sur- 
prising in view of the adsorption data 
shown in Fig. 16. A possible explanation 

may lie in the decision to use maximum 
absorbance as a measure of CO coverage 
rather than int#cgrated band absorbance. 

The hydrocarbon bands in the vicinity 
of 2900 cm-’ which have been observed in 
this work are very similar to those seen by 
King (15) on silica-supported Ru. In view 
of the stability and reactivit’y patterns 
exhibited by the species responsible for the 
observed bands it seems reasonable to 
conclude that these species are present on 
the Ru rat’her than on the support. While 
it> is not possible to establish the structure 
of the hydrocarbon species, it is of interest 
to note that Eady et al. (25) have recently 
reported the formation of various Ru 
clusters containing methylene, ethylidene, 
et,hylidyne, and ethylenic structures. These 
products were formed by reaction of 
RG(CO)~~ with NaBH4. It is conceivable 
t’hat, the species formed in the present work 
are similar to those observed by Eady et al. 
The occurrence of hydrocarbon species 
surrounded by adsorbed CO might explain 
the stability of these species to hydrogena- 
tion under reaction conditions and the ease 
with which they can be hydrogenated once 
the adsorbed CO is removed from the Ru 
surface. 

The results presented in Table 1 show 
t’hat under reaction conditions the catalyst 
maintains a carbon reservoir in excess of a 
monolayer. Furt’hermore, as seen in Figs. 
12, 14, and 15 this carbon is very reactive 
and in the absence of CO on the surface can 
be hydrogenated to produce methane, 
ethane, and propane. The rate of methane 
production is equivalent to or greatly in 
excess of that measured under steady-state 
conditions. These observations lead to the 
consideration of carbon as an important 
intermediate not only in methane formation 
but also in the synthesis of higher molecular 
weight products. Hence, it is important to 
discuss the origin of the carbon deposit, the 
influence of reaction conditions on the 
magnitude of the deposit, and the mecha- 
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nisms by which carbon is convcrt,ed to 
methane and ot,her hydrocarbon products. 

Rabo et al. (Id), McCarty et al. (13), and 
Low and Bell (14) have observed that 
carbon deposition can occur on the surface 
of Ru during CO adsorpt,ion at tcmpcra- 
tures above about 150°C (14). This process 
is accompanied by the formation of CO2 
and is believed to occur by t’he following 
steps (16) : 

1. co + s F? co,, 
2. co, + s e c, + OS, 
3. 0, + co --+ cos. 

McCarty et al. (13) have cstimat,ed t,hat the 
equilibrium constant for reaction 2 is un- 
favorable due to the high endothermicity 
of the reaction (-21 kcal/mol) and that, 
as a result, reaction 3 plays an essential 
role in shifting the equilibrium toward the 
formation of carbon. When Hz is present 
in addition to CO, t,he removal of surface 
oxygen is further cnhanccd by reaction 4 

4. 0, + H, + HzO. 

Both reactions 3 and 4 have been ob- 
served experimentally to proceed prefcr- 
entially via Rideal-Elcy-type processes 
over Pt when CO or Hz is present, at 
modcrate partial pressures [e.g., (85-31)]. 
While similar observations have not been 
made for Ru, WC have assumed t’hat oxygen 
removal occurs by a Rideal-Eley process 
for this catalyst as well. BEBO &mates 
of the activat#ion energies for reactions 3 
and 4 occurring over Ru give 17 and 0 
kcal/mol, respectively (36, 33). As a result’, 
it is anticipated that’ for identical fluxes of 
reducing agent reaction 4 will bc much 
more rapid than reaction 3 in effect’ing the 
removal of adsorbed oxygen at)oms. Sup- 
porting this expectation is the observation 
that Hz0 rather than CO2 is observed as 
the major oxygen containing product’ under 
all synthesis conditions studied in this work. 
It is also seen in Table 1 that the amount 
of carbon deposited on the catalyst’ is 
significantly great,er when CO and Hz arc 

present togcthrr than when CO is present 
alone. 

The observation of grratcr than mono- 
layer accumulations of carbon taken 
t)ogether with the observation that the 
surface coverage by chemisorbed CO is 
unaffected by the accumulation of carbon 
suggest that only a small fraction of the 
tot’al carbon is present on the Ru surface. 
Since Ru does not form bulk carbides (34) 
and has only a small solubilit’y for carbon 
(35), one cannot rationalize the storage of 
large quant,ities of carbon within the Ru 
crystallitcs. This leaves the possibility that 
the carbon may be present on the silica 
support, or in filaments extending from the 
Ru surface. Unfortunately, presently avail- 
able information is insufficient to determine 
the exact nature of the carbon deposit’. 

A plausible mechanism for the hydro- 
genation of surface carbon to form methane 
is shown below. This reaction sequence 

5. Hz + 2s ~22H,, 
6. Cs + Hs ti CHs + S, 
7. CH, + H, art CHzs + S, 
8. CHZ, + H, F’t CHZ, + S, 
9. CHS, + H, --+ CHI + 2S, 

is nearly identical to that proposed by 
Wagner (36) to explain t,hc formation of 
methane from carbon dissolved in y-iron. 
If it is assumed that reaction 9 is rate 
limit,ing for t,he synthesis of methane; that 
reactions 1, 2, and 5 t)hrough 8 are at 
equilibrium; and that the catalyst surface 
is nearly saturatrd with chemisorbcd CO, 
then t,hc following cxprrssion is obtained 
for bhe rat)c of m&ham formation: 

NCH( = k(PHZ1'5/PCO) (3) 

k = (K5/K1) (k4uGK6K7KR) 4, (4) 

where ki is the rate coefficient and Ki the 
equilibrium constant for t’he ith elementary 
reaction. Equation (3) has t,he same form 
as Eq. (l), and the exponent on the hydro- 
gen partial pressure is nearly identical to 
that found cxpcrimentally. The inverse 
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first-order dependence on CO partial pres- 
sure given by Eq. (3) is greater, however, 
than the nearly inverse square root de- 
pendence observed experimentally. Selec- 
tion of other rate-limiting steps within the 
proposed sequence not only fails to reduce 
the dependence on CO partial pressure but 
also causes the hydrogen partial pressure 
dependence to deviate from that observed 
experimentally. 

A rate expression more represent’ative of 
the experimental results can be obtained if 
it is postulated that the rate limiting step 
is reaction 8’ shown below. 

8’. CHzs + Hz G CH4 + S. 

Maintaining all of the previous assump- 
tions, but substituting reaction 8’ for 
reactions 8 and 9, the rate expression 
derived for methane formation becomes 

Ncnl = lc’(P~~~.~/Pcc?.~) (5) 

k’ = (kvkqKgKaK,/K~)f. (6) 

While Eq. (5) is in closer agreement with 
t,he observed rate expression than Eq. (3), 
there has been no experimental evidence to 
suggest that’ reaction 8’ proceeds as written. 

The processes by which Cz and C3 hydro- 
carbons are formed are not revealed by 
these studies, but it has been established 
that these products can be formed in the 
absence of adsorbed CO. One possibility 
is that adsorbed methylene groups, formed 
via reaction 7, polymerize and react accord- 
ing to the following scheme: 

‘ZH4 
CH3 

C3% 

CH3 t 
xc/H - CH2s 

‘CH2 t 
2CH2s- x/H - C”25 

LY F L et-2 

1 2% 1 2% 
C2H6 C3He 

Methylene and ethylidenc have been ob- 
served as ligands in OS and Ru cluster 
complexes (23, 37) and in a mononuclear 
Fe complex (38), and an ethylidene struc- 
ture has recently been reported on the 
surface of Pt (39). Thus, it is not unreason- 

able t’o postulate alkylidenes as surface 
intermediates. Furthermore, given the 
known reactivity of gas-phase carbenes and 
their organometallic analogs it would 
appear likely that the chain propagation 
sequence proposed is possible. 

The formation of olefins could occur by 
intramolecular hydrogen transfer within 
the appropriate alkylidene intermediate, 
followed by desorption. Some evidence sup- 
porting such a process can be derived from 
the reported chemistry of alkylidenes pre- 
pared from organometallic precursors (40). 
The observed preferential formation of 
propylene over ethylene could possibly 
result from the greater ease with which a 
hydrogen atom is transferred from the 
methylene group of propylidene compared 
to the transfer of hydrogen from the 
methyl group of ethylidene. As an alter- 
native one might propose that gas-phase 
ethylene very rapidly reacts with surface 
carbene groups to form propylene, in 
analogy to known gas-phase chemistry 
(40). 

CONCLUSIONS 

The results of the present investigation 
have clearly shown that carbon produced 
by the dissociat’ion of chemisorbed CO 
plays an essential role in Fischer-Tropsch 
synthesis over Ru. Under steady-state 
operation the catalyst maintains a carbon 
reservoir equivalent to one to six Ru 
monolayers, the magnitude of which is 
dictated by temperature, CO partial pres- 
sure, and Hz/CO ratio. A major part of 
t’he carbon may be present on the support 
or attached to Ru cryst,allites in the form 
of filaments, since carbon accumulation 
does not influence CO chemisorption. 

Hydrogenation of carbon accumulated 
on the catalyst readily, produces methane, 
ethane, and propane. In the absence of 
chemisorbed CO, the rates at which these 
products are formed may greatly exceed 
the rates observed under steady-state 
synthesis conditions, leading to the con- 
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elusion that chemisorbed CO inhibits the 
adsorption of Hz. This conclusion is con- 
sisbent, wit,h observation of an inverse-order 
dependence of the st’eady-state methane 
formation rate on CO partial pressure, as 
well as infrared observat,ions which indicate 
a near saturation coverage of the surface 
by chemisorbed CO. A mechanism for 
methane synthesis based on the hydrogena- 
tion of surface carbon provides a raOe 
expression in good agreement with experi- 
mentally observed kinetics. 
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