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Carbon Dioxide Adsorption and Methanation on Ruthenium
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The adsorption and methanation of carbon dioxide on a ruthenium-silica catalyst were studied
using temperature-programmed desorption (TPD) and temperature-programmed reaction (TPR).
Carbon dioxide adsorption was found to be activated; CO; adsorption increased significantly as the
temperature increased from 298 to 435 K. During adsorption, some of the CO, dissociated to
carbon monoxide and oxygen; upon hydrogen exposure at room temperature, the oxygen reacted
to water. Methanation of adsorbed CO and of adsorbed CO,, using TPR in flowing hydrogen,
yielded a CH, peak with a peak temperature of 459 K for both adsorbates, indicating that both
reactions follow the same mechanism after adsorption. This peak temperature did not change with
initial surface coverage of CO, indicating that methanation is first order in CO coverage. The
desorption and reaction spectra for Ru/SiO, were similar to those previously obtained for Ni/SiO,,
but both CO, formation and CH, formation proceeded faster on Ru. Also, the details of CO
desorption and the changes in CO, and CO desorptions with initial coverage were different on the

two metals.

INTRODUCTION

Temperature-programmed  desorption
(TPD) and temperature-programmed reac-
tion (TPR) were used to investigate the
adsorption and methanation of carbon diox-
ide on a ruthenium//silica catalyst. The syn-
thesis of methane and higher hydrocarbons
from CO and H, (/-I16) and the adsorption
of CO (17, 18) on ruthenium catalysts have
been studied previously, but carbon diox-
ide adsorption and methanation have not
been studied in detail.

A recent study showed that CO, adsorp-
tion on nickel is activated (/9); since nickel
and ruthenium are widely used for metha-
nation, this study was carried out to com-
pare CO, adsorption and methanation on
these two Group VIII metals. For compari-
son, carbon monoxide adsorption and
methanation on Ru/SiQ, are also pre-
sented. A silica support was used because
alumina adsorbed significant amounts of
CO, at room temperature (20).

EXPERIMENTAL
The experimental apparatus and proce-

dure were described previously (/9, 2/). A
0.1-g crushed catalyst sample (60-80 mesh)
was pretreated in H, flow at 773 K for 2 h
and then cooled to room temperature in
helium. Pulses (approximately 0.45 cm?®) of
10% CO in helium were injected to obtain
saturation coverage at room temperature.
The catalyst temperature was then in-
creased linearly at 1.5 + 0.1 K/s to a final
temperature of 773 K in a He flow rate of
200 cm®/min. For TPR experiments a H,
flow rate of 250 cm®/min was used. The
desorption and reaction products were ana-
lyzed downstream continuously with a
time-of-flight mass spectrometer. Quanti-
ties adsorbed and desorbed were reproduc-
ible to =0.4 umole/g and the peak tempera-
tures were reproducible to =3 K.

For TPD and TPR experiments, the ad-
sorption of CO, was carried out at elevated
temperatures. Following the same pretreat-
ment, the catalyst was heated to the desired
temperature in He, and CO, was pulsed
over the catalyst until no additional CQO,
uptake was observed. The catalyst was
then cooled to room temperature in He, and
subsequently heated in He (for TPD) or in
H, (for TPR).
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Catalyst

The procedure described by King (9) was
used for the preparation of a Ru/SiQ, cata-
lyst. Following impregnation of RuCl, hy-
drate on silica (Davidson Grade 57), the
sample was dried under vacuum at 373 K.
The dried catalyst sample was reduced in
H, flow at 373 K for 1 h, then at 523 K for 1
h, and finally at 623 K for 1 h. This sample
was then cooled to room temperature and
slowly passivated with oxygen.

A pulse flow apparatus with a thermal
conductivity detector was used to measure
hydrogen adsorption. At 298K, 6.3
pmole/g of H, adsorbed and as the temper-
ature was raised above room temperature,
more hydrogen adsorbed. Thus, by 363 K
an additional 6.8 umole/g of H, adsorbed
and by 438 K an additional 1.4 umole/g of
H, adsorbed. At higher temperatures de-
sorption started to become significant. For
the 0.8% weight loading of ruthenium, the
total amount of hydrogen adsorbed at 438 K
corresponds to a dispersion of 0.37. This
hydrogen adsorption corresponds to a
H/CO ratio of approximately unity.

RESULTS

At room temperature 27.9 umole carbon
monoxide adsorbed per gram of Ru/SiO,
catalyst, and during heating this CO de-
sorbed as CO (16.1 pmole/g) and CO, (5.9
umole/g). As indicated in Fig. 1, CO, de-
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Fi16. 1. Desorption spectra for carbon monoxide
adsorption at room temperature.

sorbed in a single peak with a peak temper-
ature of 515 K, while CO desorbed in two
peaks. The amount of desorbed CO was
obtained by extending the high-temperature
tail to the baseline. The silica support did
not adsorb significant amounts of CO or
CO, at room temperature or at elevated
temperatures.

Only 1.7 pmole of CO, adsorbed at room
temperature on this catalyst, and this ad-
sorbed CO, desorbed as both CO, and CO.
Carbon dioxide desorbed in two peaks with
peak temperatures of 335 and 690 K; car-
bon monoxide desorbed in a very broad
peak with a peak temperature of 750 K.
Carbon dioxide adsorption increased
significantly when CO, was adsorbed at
elevated temperatures using the procedure
described under the Experimental section.
The maximum CO, adsorption was ob-
tained at 435 K; above this temperature
desorption became comparable to adsorp-
tion. As indicated in Table 1, for adsorption
temperatures between 353 and 486 K, about
50% of the adsorbed carbon dioxide de-
sorbed as CO; the rest desorbed as CO,.
Carbon dioxide desorbed in a broad peak,
and the peak temperature increased from
475 to 550 K with decreasing surface cover-
age of CO,;, as seen in Fig. 2. Carbon
monoxide also desorbed in a broad series of
peaks as shown in Fig. 3. In a separate
experiment following CO, adsorption at 435
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F1G. 2. Carbon dioxide spectra for carbon dioxide
adsorption at (2) 298 K, (b) 353 K, (c) 388 X, (d) 408 K,
(e) 438 K, () 453 K, and (g) 486 K.
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TABLE 1

CO, Adsorption on Ru/SiO,

Adsorbed Adsorption CO, adsorbed CO desorbed CO, desorbed
gas temperature (umole/g) (nmole/g) (nmole/g)
(K)
CO, 298 1.7 0.9 0.8
CO, 353 7.0 33 3.7
CO, 388 13.8 6.9 6.8
CO, 408 14.4 7.2 7.2
CO, 443 14.1 7.1 7.0
CO. 453 11.8 5.8 6.0
CO. 486 9.4 4.8 4.6
co 298 27.9 16.1 5.9

K, the catalyst was cooled to 298 K and CO
was adsorbed to saturation coverage. At
435 K the catalyst adsorbed 16.5 umole/g
CO, and an additional 11.2 umole/g of CO
adsorbed at 298 K. The resulting desorption
spectrum was similar to that seen for CO
adsorption (Fig. 1).

Methanation of carbon dioxide on
Ru/Si0, was investigated by adsorbing
CO; in He flow at elevated temperatures,
cooling the sample to room temperature,
and then switching to hydrogen carrier gas
before heating. Significant amounts of H,0O
were formed at room temperature when
hydrogen contacted the catalyst following
the adsorption of CO, (see Table 2). Be-
cause of the disturbance created by switch-
ing the carrier gas from He to H,, an
accurate calibration of this H,O formed at
room temperture was impossible. How-
ever, it was significantly less than the H,0
formed during subsequent heating of the
catalyst in H, flow. Heating in hydrogen
flow (TPR) following CO, adsorption pro-
duced both CH, and H,O. Methane formed
in a single peak with a peak temperature of
459 K, as shown in Fig. 4 for six adsorption
temperatures. Water formed with a higher
peak temperature than CH,, and in a broad
peak with a high-temperature tail. Water
desorption following H,O adsorption to sat-
uration coverage at room temperature is
also presented for comparison in Fig. 5. In
these methanation experiments, all the ad-

sorbed carbon dioxide reacted to CH, and
H,0, i.e., no CO or unreacted CO, was
detected.

Figures 4 and S also present the methana-
tion results for CO adsorbed at room tem-
perature on the Ru/SiO, catalyst. Both CH,
and H,O had the same peak temperatures
and peak shapes as far CO, methanation.
About 88% of the adsorbed CO reacted to
CH,; the rest desorbed as CO with a peak
temperature of 400 K; no CO, desorption
was detected.

When the CO, adsorption temperature
was increased to 523 K, 0.5 umole/g CH,
was formed at room temperature when He
flow was switched to H, flow; no H,0O
desorption was detected. Upon heating, 3.5
umole/g CH, and 11.1 umole/g H,O
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Fi1G. 3. Carbon monoxide spectra for carbon dioxide
adsorption at (a) 298 K, (b) 353 K, () 388 K, (d) 408 K,
(e) 438 K, (f) 453 K, and (g) 486 K.
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TABLE 2

CO, Reaction Studies on Ru/SiO,

Adsorbed Adsorption Amount CH, formed H,O0 formed
gas temperature adsorbed (umole/g) (umole/g)
(K) (umole/g)

(@) (b)*
CO, 298 1.9 1.9 0.0 3.5
CO, 358 7.1 7.0 2.5 7.7
CO, 383 10.8 10.6 3.1 17
CO, 408 14.4 14.6 2.6 19
CO, 435 16.5 16.4 6.0 20
CO, 448 13.8 13.7 5.4 16
CO 298 25.4 22.4 0.0 16

¢ (a) Water formed at room temperature when the carrier gas was switched from He to H, following CO.

adsorption. (b) Water formed during TPR.

formed in two very broad peaks with peak
temperatures of 360 and 540 K. Very simi-
lar CH, results were also obtained follow-
ing CO adsorption at 523 K; but in the final
heating 5.0 umole/g H,O desorbed.
Interrupted desorption experiments were
also carried out following CO saturation at
298 K. The catalyst was heated above 298
K to desorb CO; at sufficiently high tem-
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F1G. 4. Methane spectra for (a) CO adsorption at
room temperature, and for CO, adsorption at (b) 298
K, (c)358K, (d) 383 K, (e) 408 K, (f) 435 K, and (g) 448
K.

peratures some CO, also desorbed. The
catalyst was then cooled to 298 K and a
normal programmed heating to 773 K was
done. The CO, peak temperature (515 K)
did not change as the CO coverage was
changed by the initial heating, but the CO
peak temperature increased from 486 to 602
K as the fractional CO surface coverage
decreased from 1.0 to 0.46. As some CO
was desorbed in the initial heating, the
amount of CO desorbed during the subse-
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F1G. 5. Water spectra from TPR experiments for (a)
CO adsorption at room temperature, and for CO,
adsorption at (b) 298 K, (c) 358 K, (d) 383 K, (e) 408 K,
(f) 435K, (g) 448 K, and from a TPD experiment for (h)
H.O adsorption at room temperature.
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quent heating decreased, but the amount of
CO, actually increased. Detailed results are
presented in Table 3. The initial heating for
interrupted desorptions never exceeded 460
K.

Interrupted desorption and reaction ex-
periments were also carried out for metha-
nation. Following CO adsorption to satura-
tion on ruthenium/silica, some CO was
desorbed by heating in helium; the catalyst
sample was cooled to room temperature
and then heated in hydrogen. Methane
formed in a single peak with a peak temper-
ature of 459 K. That is, the results were the
same as the lower-coverage results ob-
tained by CO, adsorption. The initial heat-
ing in these experiments was also carried
out in H, and the same results were ob-
tained.

DISCUSSION

The increase in carbon dioxide adsorp-
tion with increasing temperature indicates
that CO, adsorption on supported ruthe-
nium is activated. Since silica does not
adsorb significant amounts of CO,, it is
reasonable to conclude that this activated
adsorption occurs on ruthenium metal, not
on the support. Unlike nickel (/9), ruthe-
nium did not adsorb more CO, at room
temperature when exposed to oxygen.
Thus, CO, adsorption apparently is not
sensitive to surface oxygen on Ru/SiO,.

The similar desorption spectra obtained

TABLE 3

Interrupted-Desorption Results on Ru/SiO,

Amount of Amount of Amount of
CO remaining CO desorption CO,, desorption
after initial in the final in the final
desorption desorption desorption
(pmole/g) (umole/g) (pmole/g)
27.9 16.1 5.9
26.8 13.9 6.0
26.0 12.6 6.2
25.7 11.8 7.2
23.7 8.2 7.1
12.8 5.0 38

for CO adsorption at room temperature and
CO, adsorption at elevated temperatures
indicate that CO, dissociates to carbon
monoxide and oxygen upon adsorption.
The formation of water upon exposure to
hydrogen at room temperature confirms the
presence of oxygen atoms or oxygen mole-
cules on the surface of the catalyst follow-
ing CO, adsorption at elevated tempera-
tures. However, the water formed at room
temperature was significantly less than one
H,O for every adsorbed CO, (see Table 2),
though the amount of water formed could
not be accurately measured.

The reaction between oxygen and hydro-
gen on ruthenium has been reported to have
a significant rate at 373 K (22) and at 298 K
(23), so it is unlikely that the smaller forma-
tion of water at room temperature is due to
a slow reaction rate of hydrogen with oxy-
gen. The water may readsorb on the cata-
lyst, causing only some water to be ob-
served at 298 K. The similar spectra for
water from TPR experiments and water
from water adsorption suggests this possi-
bility. However, King (9) reported that in
the temperature range 273-500 K the rate of
water desorption from Ru/SiOQ, was fast
relative to the rate of water production
from reaction. It is also possible that not all
the adsorbed CO, is dissociated at room
temperature, thus resulting in fewer oxygen
atoms available for reaction.

Similar TPR results were obtained for
both CO and CO, methanation (see Figs. 4
and 5) indicating that both reactions follow
the same reaction path. This strongly indi-
cates that, upon adsorption, carbon dioxide
is reduced to carbon monoxide before re-
acting to methane. However, CO, is not
reduced to carbon and two oxygen atoms
(or one oxygen molecule) upon adsorption
at temperatures up to 448 K.

Low and Bell (/2) reported that carbon
formed through dissociation of CO when
CO was adsorbed at 523 K and above on
Ru/Al,O; and this carbon reacted to yield
CH, at room temperature. For the data
reported in Table 2, no methane was ob-
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served at room temperature. However,
when we increased the CO, adsorption tem-
perature to 523 K, methane was formed at
room temperature; the same result was
observed for CO adsorption at 523 K. Thus,
at sufficiently high temperatures CO, disso-
ciates completely on Ru/SiO,, and the re-
sulting carbon rapidly reacts to methane.
This agrees very well with Low and Bell’s
results (/2) on Ru/Al,O,.

The activated adsorption of CO, on
Ru/SiO, catalyst enabled us essentially to
carry out an initial surface-coverage varia-
tion experiment for carbon monoxide. The
CO coverage varied by a factor of 12 in
these experiments. The constant peak tem-
perature obtained for CH,4 (see Fig. 4) for
various initial CO coverages shows metha-
nation is first order in CO coverage. The
interrupted-desorption and interrupted-re-
action experiments for CO adsorption also
yielded the same methane peaks with no
change in peak temperatures, further
confirming the first-order dependence of
methanation on CO coverage under our
experimental conditions of low CO pres-
sures and excess hydrogen.

Also, the methane peaks observed all
have the same half-width—another require-
ment for a first-order curve. The applica-
tion of the method of desorption rate iso-
therms (25) to the curves in Fig. 4 yielded a
reaction order of 0.97 and an activation
energy of 82.7 + 5 kJ/mole. This corre-
sponds to a preexponential factor of 3.6 x
10® s~'. Vannice reported activation ener-
gies of 90.4 and 91.7 kJ/mole on 1 and 5%
Ru/SiO, (7).

The first-order dependence of methana-
tion on CO coverage is consistent with CO
bond breaking as the rate-limiting step for
methanation in excess hydrogen. For a
large H,-to-CO ratio Randhava et al. (24)
reported steady-state methanation was
first-order in CO. For a Hy-to-CO ratio of 3
to 1, negative orders of reaction for CO
have been observed (2, 6).

However, unlike the results on Ni/SiO,
(19), the water peaks were not identical to

the methane peaks, but were delayed to
higher temperatures. If water formation
was limited by water desorption from
Ru/Si0,, as indicated by Fig. 5, then our
results would still be consistent with water
and methane being formed at the same
time, as observed on Ni/SiO,.

Karn et al. (26) reported that on a 0.5%
Ru/Al, O, catalyst, the methanation of CO,
yielded higher selectivity toward CH,4 than
CO methanation. As suggested for nickel
catalysts (19, 27, 28), the activated adsorp-
tion of CO, can cause a high H,-to-CO ratio
on the surface; such a high ratio favors CH,
over higher hydrocarbons.

Both CO and CO; peak temperatures
increased with decreasing CO coverage
(see Figs. 2 and 3); this was observed for
CO, adsorption at elevated temperatures
and also for CO-interrupted desorption ex-
periments. This shift in peak temperatures
can be caused by (1) a first-order reaction
with a coverage-dependent activation en-
ergy, (2) a higher-order reaction, or (3) a
nonhomogeneous surface. In a TPD study
of CO on clean Ru(110), Goodman er al.
(29) found that the CO binding energy
decreased with increasing CO surface cov-
erage; repulsive interactions in the adlayer
at higher CO coverage or a second, unre-
solved binding mode were suggested for
decreasing CO binding energy. Identical
results were also obtained for Ru(001) (30)
and Ru(101) (31).

On Ni/SiO,, no such shift in peak tem-
perature was observed for CO, or CO that
resulted from CO, adsorption (/9). There
seems to be a substantial difference in the
detailed interactions of Ni and Ru catalysts
with adsorbed CO and CO,.

It is also interesting to note that following
CO adsorption on Ni/SiO,, significant CO
desorption was observed at 800 K and
above, while following CO adsorption on
Ru/Si0, almost all the CO was desorbed by
800 K. In spite of this large difference in the
amount of CO desorbing at high tempera-
tures, the peak temperatures for CH, for-
mation on these two catalysts differ by only
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14 K and the peak shapes are almost identi-
cal.

For carbon monoxide adsorption at room
temperature, the carbon dioxide peak tem-
perature of 515 K on ruthenium was lower
than the value of 556 K found on nickel
(19). This indicates that one of the follow-
ing reactions or a combination of them
proceeds faster on Ru than on Ni:

COu — Cu + Oq),
COq) + O@ — COgg,
CO36) — COy).

Low and Bell (/2) reported that for CO
adsorption on Ru/Al,O; at room tempera-
ture, CO, desorbed in two broad peaks
with peak temperatures of 530 and 670 K,
as opposed to the one sharp peak at 515 K
we observed on Ru/SiO, (see Fig. 1). For
the same experiment, CO desorbed in two
peaks with peak temperatures of 480 and
620 K on Ru/Al,O; catalyst (/2). We ob-
served similar CO peak temperatures of 450
and 640 K on Ru/SiO,.

Also, a comparison of methane peaks
from Ru/SiO, and Ni/SiO, (459 K on Ru;
473 K on Ni) (/9) shows that methane
forms at a faster rate on Ru than on Ni. This
is in agreement with Vannice’s steady-state
experiments (6). The values of 400 K (72)
and 470 K (/8) were reported for CH, peaks
for CO adsorption at room temperature on
5% Ru/Al,0j catalyst in two previous TPR
studies. A heating rate of 1 K/s was used in
both of these studies. Fujimoto et al. (32),
using very slow heating, reported a CH,
peak temperature of 470 K for Ru/SiO, and
420 K for Ru/AlL,O;. Both these catalysts
had dispersions of 25%. Also, they ob-
served CH,4 up to 700 K in Ru/SiO,, while
all the CH, was formed by 525 K in our
experiments.

We observed the opposite trend with a
change in support, with a peak temperature
of 487 K for CH, from CO hydrogenation
on 1% Ru/Al, O, (20). This indicates meth-
anation proceeds faster on our silica-sup-
ported ruthenium than on alumina-sup-

ported ruthenium. These different results
obtained for methanation on ruthenium cat-
alysts might be caused by structure sensi-
tivity, as observed earlier by King (9).

A comparison of the CO, peaks from CO
adsorption on Ni/SiO, and Ru/SiO; also
indicates that CO, forms at a faster rate on
the Ru/SiO, than on the Ni/Si0Q, (515 K for
Ru/Si0, vs 556 K for Ni/Si0Q,), the same
trend seen for CH,. Also, in both cases the
CH, peak is at a lower temperature than the
CO, peak.

If CO bond breaking is the slow step for
methanation under our experimental condi-
tions, then once the bond breaks, methane
should immediately form. However, for
both Ru/SiO, and for Ni/SiO, the peak
temperature for CH, is significantly lower
than the peak temperature for CO, forma-
tion from CO. For CO, to form following
CO adsorption, the CO bond must first
break. If CO, formation is limited by CO,,
and Og,) recombination or by CO, desorp-
tion, then this is reasonable. It is also
possible that during TPR experiments, the
rate of CO bond breaking is increased
significantly by the presence of H,.

CONCLUSIONS

The TPD and TPR experiments on
Ru/SiO, indicate:

(1) Carbon dioxide adsorption on ruthe-
nium is activated.

(2) Some CO;, upon adsorption, dissoci-
ates into CO and O.

(3) Carbon dioxide methanation on Ru
proceeds by reduction of CO, to CO.

(4) Methanation is first order in CO sur-
face coverage under our conditions of low
CO partial pressure and excess H,.

(5) Carbon dioxide formation (in TPD)
and methane formation (in TPR) proceed
faster on Ru than on Ni.

(6) CO, adsorption on Ru/SiOQ, is not
sensitive to O, exposure.

(7) Nickel and ruthenium exhibit similar
behavior for CO, adsorption and reaction.
The details of adsorption, however, are
different on the two metals.
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