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The hydrogenation of CO and CO; over Rh/SiO; have been inves-
tigated for the purpose of identifying the similarities and differences
between these two reaction systems. In situ infrared spectroscopy
was used to characterize the surface of the catalyst. Exposure of
the catalyst to CO or CO; produced very similar infrared spectra
in which the principal features are those for linearly and bridge-
bonded CO. In the case of CO, adsorption, a band for weakly ad-
sorbed CO; could also be observed. For identical reaction conditions
the rate of CO, hydrogenation to methane is higher than that for
CO hydrogenation. The activation energy for CO hydrogenation is
23.2 kcal/mol and that for CO; hydrogenation is 16.6 kcal/mol. The
partial pressure dependances on H, and CO, (z = 1,2) are 0.67 and
—0.80, respectively, for CO hydrogenation, and 0.53 and —0.46,
respectively, for CO; hydrogenation. Infrared spectroscopy reveals
that under reaction conditions the catalyst surface is nearly satu-
rated by adsorbed CO. The spectra observed during CO and CO;
hydrogenation are similar, the principal difference being that the
CO coverage during CO hydrogenation is somewhat higher than
that during CO, hydrogenation. The CO coverage is insensitive to
H; partial pressure, but increases slightly with increasing CO, par-
tial pressure. Transient-response experiments demonstrate that the
adsorbed CO is a critical intermediate in both reaction systems. It is
proposed that the rate determining step in the formation of methane
is the dissociation of H,CO, produced by the stepwise hydrogena-
tion of adsorbed CO. A rate expression derived from the proposed
mechanism properly describes the experimentally observed reaction
kinetics both under steady-state and transient-response conditions.
(© 1996 Academic Press, Inc.

INTRODUCTION

The hydrogenation of CO and CO; to form hydrocarbon
and oxygenated products over supported and unsupported
Rh has been the subject of extensive research. Numerous
investigations have been reported for CO hydrogenation
on polycrystalline Rh (1-6), and Rh supported on various
oxide supports (7-34). CO, hydrogenation has also been
investigated on polycrystalline Rh (1, 3-5, 35, 36) and sup-
ported Rh (26-28, 37—48). Comparison of the reported re-
sults for CO and CO;, hydrogenation over polycrystalline
Rh and SiO,- or Al,O3-supported Rh reveals several sig-
nificant differences: (1) The methane selectivity for CO,
hydrogenation is near 100%, while that for CO hydrogena-
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tion is lower (~90%). (2) The rate of methane formation
is higher for CO, than for CO hydrogenation at similar re-
action conditions [i.e., temperature and partial pressures of
H; and CO; (z =1, 2)]. (3) The apparent activation energy
for CO, methanation is lower than that for CO methanation
under similar reaction conditions. While the mechanisms of
CO and CO;, methanation are thought to be similar, both in-
volving the cleavage of the C-O bond in either adsorbed CO
or a H,CO species as the rate determining step, no attempt
has been made to fully explain the differences noted above.

The present investigation was undertaken for the pur-
pose of developing a deeper understanding of the similari-
ties and differences between the synthesis of methane from
CO and CO;. To this end, we have investigated the inter-
action of CO and CO; with Rh/SiO, by in situ Fourier-
transform infrared spectroscopy (FTIR). Both steady-state
and transient response studies of CO and CO; hydrogena-
tion were performed to determine the reaction kinetics and
the effect of surface species concentrations on the catalytic
rate of methane formation. These studies have led to new
insights regarding the role of adsorbed CO on the rate of
methane formation, and suggest that in both CO and CO,
methanation the C-O bond cleavage occurs during the dis-
sociation of adsorbed H,CO, rather than during the direct
dissociation of adsorbed CO.

EXPERIMENTAL

The Rh/SiO, catalyst was prepared by incipient wet-
ness impregnation of amorphous silica (Cab-O-Sil M-5,
200 m%/g) with an aqueous solution of Rh(NO;3); (Alfa
Products, 99.9%). The material was dried in a vacuum oven
at 393 K for 4 h. Calcination was performed at 723 K for
3 hin 100 cm?/min atmospheric pressure air. Prior to all ex-
periments the catalyst was reduced at 548 K in 20 cm*/min
atmospheric pressure hydrogen for more than 5 h. The Rh
content of the catalyst was found to be 3.4 + 2.0 wt% Rh
by X-ray fluorescence analysis. The average Rh particle size
as determined by transmission electron microscopy (TEM)
is 22 A, corresponding to a Rh dispersion of 45%.

Matheson UHP H,, CO, and Ar and Coleman instru-
ment purity CO; were purified prior to use. Hydrogen was
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passed through a Deoxo unit (Engelhard) to remove O, im-
purities by forming water which is subsequently removed
by a molecular sieve trap (3A Davidson grade 564). CO
was passed through a bed of glass beads at 573 K to de-
compose iron carbonyls, followed by passage through an
ascarite trap to remove CO; and a molecular sieve trap to
remove water. Ar was passed through an oxysorb (CrOs)
trap to remove O; and then a molecular sieve trap to re-
move water. CO, was passed through a hopcalite trap (80%
MnO;+20% CuO) to remove CO and a molecular sieve
trap to remove water.

In situ transmission infrared spectroscopy was performed
with a 2 cm diameter catalyst disk of 0.2 mm thickness
weighing 70 mg (22.3 mg/cm?). The disk was contained
in a low dead-volume (0.4 cm?®) infrared cell which has
an optical path length of 2.4 mm (49). The cell tempera-
ture was measured by a chromel alumel thermocouple
(Omega) and maintained by an electrical resistance heater
connected to an Omega series CN-2010 programmable
temperature controller. Purified gases were delivered to
the infrared cell via Tylan model FC-280 mass flow con-
trollers and analysis of the effluent gas compositions was
accomplished with a quadrupole mass spectrometer (EAI
model 250B). Infrared spectra were acquired with a Bio-
Rad model FTS-15/80 Fourier transform infrared spectrom-
eter using a narrow-band MCT detector. Typically, 64 spec-
tra were collected at a resolution of 4 cm™! to obtain a good
signal-to-noise ratio.

RESULTS

Studies of CO and CO; Adsorption

The interactions CO and CO, with Rh/SiO, were inves-
tigated at temperatures between 303 and 573 K. Each ex-
periment was initiated by maintaining the reduced catalyst
at 548 K for 15 min a 40 cm?/min flow of He, after which
the catalyst was cooled to room temperature in flowing He.
The purpose of this pretreatment is to remove adsorbed
hydrogen remaining after the reduction of the catalyst (12,
50). The catalyst was then exposed to either flowing CO or
CO; for 0.5 h and the temperature was increased linearly at
2 K/min. Infrared spectra were collected every 5 min. Spec-
tra were collected, as well, for a 67-mg disk of SiO, exposed
to CO or CO; under conditions identical to those used for
the Rh/SiO; catalyst. Subtraction of the spectra recorded
for SiO; from those recorded for Rh/SiO; results was per-
formed in the elimination of both the gas-phase spectrum of
the adsorbate and the spectrum of the SiO; support. Conse-
quently, only the features associated with species adsorbed
on the surface of the Rh particles are visible in the spectra
presented below.

Figure 1 shows infrared spectra taken as a function of
temperature during the exposure of the catalyst to 250 Torr
of CO and 510 Torr of He flowing at a total flow rate of
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FIG. 1. Infrared spectra for exposure of Rh/SiO, to 250 Torr CO and
510 Torr He flowing at a total rate of 35 cm*min. Spectra for identical
exposure to SiO, have been subtracted.

35 cm®/min. Two principal features are observed at all tem-
peratures. The band centered at 2067-2039 cm ™! is assigned
to linearly bonded CO on Rh (Rh-CO) and the broad
feature centered at 1895-1856 cm ™! to bridge-bonded CO
on Rh (Rhy-CO) (15, 24, 29, 31, 51-54). The spectrum
recorded at 323 K exhibits a shoulder at 1949 cm™! which
becomes less apparent as the temperature is increased. This
feature may be assigned to Rh,—(CO)3; which has the struc-
ture shown below (52, 55, 56).

The CO surface coverages of Rh—CO (6co,) and Rh,—CO
(fcop) can be determined by using the integrated Beer—
Lambert relation in the form.

n; A A

Ocoi=— = , 1
1 NRh NRrpEIM ]

where

n; surface concentration of species i [= umol/g]

Nrn surface concentration of Rh [= umol/g]

A, integrated absorption intensity for species i [= cm™!]
A. cross sectional area of catalyst wafer [= cm?]

& integrated adsorption coefficient [= cm/umol]

m  mass of the catalyst wafer [= g].

The integrated absorption coefficients for linear and bridge
bonded CO on Rh used were 13 cm/umol and 42 cm/pmol,
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respectively (52). These values have been shown to be vir-
tually independent of Rh particle size and temperature in
the range of 13-58 A and 323-473 K, respectively. The in-
tegrated absorption intensity for Rh,—(CO); was added to
that of the bridge bonded species in quantifying 6 cop [52].

Figure 2 shows the variation of 6coj, Ocop, and Oco ot
(Bcotot=0co1+ Ocop) as a function of temperature. Ocop
remains essentially constant while 6co; decreases linearly
from 0.82 to 0.71 as the temperature is increased. The small
change in 6o ot from 1.19 to 1.08 observed is primarily due
to the decrease in 6¢co; between 303 and 573 K.

Figure 3 shows infrared spectra taken at several differ-
ent temperatures during the exposure of the catalyst to
250 Torr of CO; and 510 Torr of He flowing at a total flow
rate of 35 cm*min. The band at 2349 cm™' corresponds
to weakly adsorbed CO; on Rh and is present only in the
spectra recorded at temperatures below 523 K. The posi-
tion of this feature does not vary with temperature. The
band appears primarily as a doublet, indicating that the
weakly adsorbed CO, retains rotational freedom. A sim-
ilar band at 2350 cm™! has been reported previously for
weakly adsorbed CO, on Ag/SiO; (57), at 23402344 cm ™!
for Cu/SiO; (58), and at 2340 cm~! for Rh/SiO; (44). The
remaining bands are similar to those seen for adsorbed CO
and are assumed to arise from the dissociative adsorption
of CO,. The band at 2033-2025 cm ™! is assigned to Rh—-CO
and the broad band at 1822-1800 cm™! to Rh,—CO. The
band at 1901 cm~! is evident at all temperatures and its po-
sition is invariant with temperature. This feature is again
assigned to Rhy—(CO)s.

Figure 4 shows the variation of 6co,, 8coy, fcop, and
0 co.ot for CO; adsorption as a function of temperature. To
determine 6co,, an integrated absorption coefficient of
13 cm/pmol reported for CO; adsorption on Cu/SiO, was
used (58), since data for Rh are unavailable. Since the
heat of CO; adsorption on Cu/SiO; (~7 kcal/mol) (58) is

1.2 ---lll"llhlu'-lnl..l...lll' ' '
g .,

= Total CO "e
I & RrCO

i s Rh-CO b
0.8

—......‘.
................. ..
o0

Coverage

0.6 b

0.4,

asAbsdbAdadbLa 00000024, aaa 1
A

0.2 . :
300 350 400 450 500 550 600
T(K)

FIG. 2. Temperature dependence of Rh—CO, Rh,-CO, and total CO
surface coverages. Conditions are as in Fig. 1.
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FIG. 3. Infrared spectra for exposure of Rh/SiO; to 250 Torr CO, and

510 Torr He flowing at a total rate of 35 cm®min. Spectra for identical
exposure to SiO, have been subtracted.

comparable to that determined for Rh/SiO; in this study
(~6 kcal/mol), the structure of adsorbed CO, should be
similar, and hence so should the integrated absorption co-
efficients. co, decreases monotonically from 0.11 at 314 K
to zero at near 500 K. 8oy increases slightly at low temper-
atures and then remains relatively constant, as in the case
of CO adsorption. The magnitude of 6 cop is very similar for
both CO and CO; adsorption. The value of 6¢o; increases
from 0.22 at 303 K to a maximum of 0.58 at 500 K and then
decreases at higher temperatures to 0.51. As was the case
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FIG. 4. Temperature dependence of (@) Rh—CO, (A) Rh—-CO, (M)
total CO, and ({J) physisorbed CO, surface coverages. Conditions are as
in Fig. 3.
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band peak vibrational frequencies resulting from CO (conditions as in
Fig. 1) and CO; (conditions as in Fig. 3) exposures respectively.

for CO adsorption, the changes in 6co ot With temperature
are primarily due to changes in 0co; with temperature.
Figure 5 shows that the vibrational frequencies for both
linearly and bridge-bonded CO increase with increasing
CO coverage independent of whether the adsorbed CO is
derived from the adsorption of CO, or CO. The observed
change in vibrational frequency with coverage is larger in
magnitude for the bridge-bonded species than for the linear
species. Atlow 6 co o1, Vcojand veop are relatively constant,
whereas at higher 6¢o ot both vco; and veoy increase sig-
nificantly. The upscale shift in the vibrational frequency of
adsorbed CO with increasing CO coverage is attributable
to increased CO dipole-dipole coupling (59), as well as the
relative decrease (per CO molecule) in d-electron donation
from Rh to the 7* antibonding orbital of CO (60). As the
total CO surface coverages vary from 0.6 to 1.2, the cor-
responding frequency shifts are +42 cm~! and +95 cm™!
for the linear and bridge-bonded species, respectively. For
CO adsorption on Rh(100), de Jong et al. (61) have re-
ported frequency shifts of +74 cm~! and +50 cm™! for lin-
ear and bridge-bonded species, respectively, when increas-
ing the CO coverage from near zero to saturation. They also
observed nonlinear frequency shifts with increasing cover-
ages, particularly for the bridged species. On Rh/SiO; a fre-
quency shift for linear carbonyls from low to high coverage
of +55-60 cm~! has been observed for CO adsorption (54).

Reaction Studies

The kinetics of methane formation were investigated in
the infrared cell, so that observations of the surface concen-
trations of adsorbed species could be made concurrently
with measurements of the reaction rate. For the range of
conditions investigated, the conversion of CO, never ex-
ceeded 2.6%, so that the cell could be considered to be a
well-stirred differential reactor. Internal and external heat
and mass transfer effects on the overall rate of methane for-

mation were determined to be negligible under the reaction
conditions investigated (62).

Figure 6 shows that for fixed partial pressures of H, and
CO, the rate of methane formation from CO or CO,, ex-
pressed as a turnover frequency (TOF), obeys an Arrhenius
relation. The TOF for methane formation is consistently
higher of CO; than CO hydrogenation at all temperatures
investigated. The apparent activation energies determined
from Fig. 6 are 23.3 kcal/mol for CO hydrogenation and
16.6 kcal/mol for CO; hydrogenation.

To determine the apparent reaction orders for H, and
CO,, experiments were performed at 548 K and 1 atm to-
tal pressure with varying partial pressures of H, and CO,.
When necessary, helium was used to maintain the total flow
rate and total pressure constant. The results of these experi-
ments are shown in Fig. 7. For CO hydrogenation the partial
pressure dependences on H; and CO are 0.67 and —0.8, re-
spectively, whereas for CO; hydrogenation the partial pres-
sure dependences on H; and CO; are 0.53 and —0.46, re-
spectively.

Figure 8 shows in situ infrared spectra taken during
the hydrogenation of CO and CO; at 473 K and 578 K.
Table 1 lists the coverages by different forms of CO, as
well as the TOF for methane formation at each tempera-
ture. The spectra observed under reaction conditions are
qualitatively similar to those recorded when the catalyst is
exposed to CO or CO; at the same temperature (see Figs. 1
and 3). The only features observed are those for linearly
and bridge-bonded CO, in close agreement with what has
been reported previously for Rh/SiO; (11, 15). As in the
case of CO and CO, adsorption, the principal difference in
the spectra for CO and CO; hydrogenation at both temper-
atures is that 8co ot 1s larger for CO than for CO; hydro-
genation. fcop is again comparable in both reactions and
both temperatures, while 6 co, is larger for CO than for CO,
hydrogenation. Table 1 shows that under similar reaction
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FIG. 6. Arrhenius plots for CO, hydrogenation. Py, =608 Torr,
Pco, =152 Torr, and total feed rate=40 cm’/min. (W) CO,, E,=
16.6 kcal/mol; (@) CO, E,=23.2 kcal/mol.
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FIG. 7. Reactant partial pressure dependence on the methanation
rate for CO, hydrogenation at 548 K, a total pressure of 760 Torr, and
a total feed rate of 40 cm®min. x = H, partial pressure dependence and
y = CO, partial pressure dependence. Py, =380 Torr, (®) Pco,, (O) Pco;
Pco, =152 Torr, (W) Py, (z=2), ([O) Py, (z=1).

conditions, the rate of CO, hydrogenation is higher than
the rate of CO hydrogenation, whereas the values of 6 co (ot
exhibit the opposite relationship.

In situ infrared spectra for CO and CO; hydrogenation
at 548 K and varying reactant partial pressures are shown in
Figs. 9 and 10, respectively. Variation of the reactant partial
pressures in this range has little effect on the concentrations
or vibrational frequencies of the linearly and bridge bonded
Rh carbonyls. A slight increase in the CO coverages are
observed when the CO, partial pressure is increased, but
increasing the hydrogen partial pressure has no effect on
the observed spectra.

Infrared spectra taken under reaction conditions are
qualitatively similar to those observed during exposure of
the catalyst to CO or CO; alone. Quantitative differences
are shown in Table 2, which gives a comparison of the spec-
tral features for CO; hydrogenation and CO, adsorption
at 548 K. Table 2 again shows that at the same feed condi-
tions, 6o ot 1 higher for CO hydrogenation than for CO,
hydrogenation, and the resulting methane formation rate
is lower for CO than CO; hydrogenation. The higher 6 o (ot
is primarily due to the higher 6o, in the case of CO hydro-
genation. Table 2 shows that the presence of H, decreases
0 cojwhile 0 copincreases for both CO and CO; hydrogena-
tion as compared to CO and CO, adsorption. Although
the comparison is made at different CO, partial pressures,
it has been shown that the concentration of adsorbed CO
is essentially independent of the CO, partial pressure (see
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FIG. 8. Infrared spectra taken during CO, hydrogenation at 473 and

578 K: (a) CO and (b) CO,. Conditions are as in Fig. 6.

Figs. 9 and 10). There is a slight increase in 6 co ot for both
CO and CO;in the presence of hydrogen. Table 2 also shows
that the positions of all bands are shifted to lower vibra-
tional frequencies during CO, hydrogenation as compared
to CO; adsorption, even though 0co o is higher for CO,
hydrogenation than for CO, adsorption. This trend can be
ascribed to electron donation from surface hydrogen, which
increases the electron donation from Rh to the 7* anti-
bonding orbital of CO and thereby decreases the C-O bond
vibrational frequency (42). The presence of surface hydro-
gen may also disrupt dipole—dipole coupling of surface CO.
The low-frequency shift observed in the presence of hydro-
gen has been observed previously and has been attributed
to the formation of Rh carbonyl hydrides (38, 40-44, 63).
The range of 6 co ot accessible to steady-state reaction ex-
periments is limited, since 6 co ot is essentially the same for

TABLE 1

Comparison of the Observed Spectral Features and Methane
Formation Rates for CO, Hydrogenation at 473 and 578 K¢

T Vol VCob TOF
(K) Reactant Ocowt  Bcor Ocop (ecm™l)  (em™h )
473 CO(z=1) 1.17 0.70 047 2045 1834  0.0039
473 CO;(z=2) 1.03 054 049 2035 1809  0.018
578 CO(z=1) 1.04 059 045 2035 1817  0.32
578 CO,(z=2) 0.89 042 047 2024 1797 047

¢ Py, =608 Torr, Pco, =152 Torr, Py =760 Torr, total feed rate =
40 cm®/min.
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FIG.9. Infrared spectra taken during CO hydrogenation. Conditions

are as in Fig. 7. Top 4 spectra, Py, =380 Torr and Pco =95, 127, 190, and
380 Torr. Bottom 4 spectra, Pco =152 Torr and Py, =152, 304, 456, and
608 Torr.

the range of CO, partial pressures investigated in this study.
To determine how 0co ot affects the rates of CO and CO,
hydrogenation, transient experiments were performed in
which the entire range of CO surface concentrations could
be accessed. These experiments were initiated by exposing
the reduced catalyst to 1 atm of CO, flowing at 40 cm*/min.
The infrared spectrum of the surface was monitored until
no further increase in CO surface concentration was ob-
served. The feed was then switched to 1 atm hydrogen flow-
ing at 40 cm®/min and the infrared spectra were collected at
1.5 min intervals while the composition of the reactor efflu-
ent was determined every 6 s. The reactor temperature was
maintained constant at 548 K throughout the experiment.

The resulting infrared spectra for CO hydrogenation are
shown in Fig. 11, and those for CO; hydrogenation are
shown in Fig. 12. Zero time in both figures corresponds
to the moment when the flow was switched from CO, to
hydrogen. Figures 13 and 14 show the variations in 6coj,
Ocop, and Ocoor, and the TOF for methane formation as
functions of time for CO and CO, hydrogenation respec-
tively. For both CO and CO,, the TOF for methane rises
slowly, then accelerates just before reaching a maximum,
after which it decreases monotonically. While the maximum
TOF, 1.6 s~ is the same for both CO and CO, methanation,
the time to reach the maximum is significantly shorter and
the initial TOF is 50% higher when CO,; rather than CO
is the reactant. The transients in CO coverage also show
differences for the two experiments. For CO hydrogena-
tion 6 cop remains nearly constant during the first 13 min of
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FIG. 10. Infrared spectra taken during CO, hydrogenation. Condi-

tions are as in Fig. 7. Top 4 spectra, Py, =380 Torr and Pco, =95, 127,
190, and 380 Torr. Bottom 4 spectra, Pco, =152 Torr and Py, =152, 304,
456, and 608 Torr.

the experiment, whereas 6co; decreases slowly. At 13 min
into the transient, the values of 6 coj and 8 cop become com-
parable and then decline at the same rate as the experiment
progresses further. In the case of CO, methanation, the
values of 8oy and Ocop are identical at the start of the ex-
periment and decrease at nearly comparable rates as the
experiment proceeds, the rate of decrease in 6cop being
somewhat slower than that in 6.

The relationship between the TOF for methane forma-
tion and 0 co 1ot for both reaction systems is brought out very
clearly in Fig. 15 which shows a plot of TOF versus 0 coot.
It is evident that over the whole range of CO coverages, the
TOFs, for methane formation from CO and CO; are very
similar at a given CO coverage. This point is further illus-
trated in Fig. 16 which shows that the spectra for adsorbed
CO and the TOF for methane formation are virtually identi-

TABLE 2

Comparison of the Observed Spectral Features for CO,
Hydrogenation and CO, Adsorption at 548 K

Py, Pco, vcoy vcopb ~ TOF
(Torr) (Torr) Ocowt  Bcor Ocop (cm™h)  (em™h) (57
608 152 (z=1) 1.13 0.67 0.46 2037 1823 0.12
608 152 (z=2) 1.00 0.49 0.51 2025 1803 0.20
— 250 (z=1) 1.08 0.71 0.37 2042 1869 —
— 250 (z=2) 0.99 0.56 0.43 2030 1815 —
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FIG. 11. Infrared spectra taken during the hydrogenation of CO sur-

face species. Catalyst exposed to 760 Torr CO. Feed then switched to
760 Torr H,. Time =0 is the time of the feed switch from CO to H,.

cal when observed at an identical value of 6o or. Figure 15
demonstrates, as well, that the TOF for methane forma-
tion passes through a maximum at a total CO coverage of
about 0.7.

DISCUSSION

Studies of CO and CO, Adsorption

Under the conditions used in this study, CO adsorption
on Rh produces linearly and bridge-bonded carbonyls. The
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FIG. 12. Infrared spectra taken during the hydrogenation of CO sur-
face species. Catalyst exposed to 760 Torr CO,. Feed was then switched to
760 Torr Hy. Time =0 is the time of the feed switch from CO, to H.
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FIG. 13. Transient response of CO species coverage and the methane

formation rate for the hydrogenation of adsorbed CO resulting from
CO exposure. Conditions are as in Fig. 11. (l) Total CO, (®) Rh—CO,
(A) Rh-CO, (—) TOF.

results presented in Fig. 2 indicate that Rh—CO is more
weakly bound than the bridge-bonded species, since with
increasing temperature the surface coverage of Rh—CO de-
creases while that of the bridge-bonded species remains
essentially constant. This observation is in agreement with
studies of CO adsorption on Rh/Al,O3, which have also
shown Rh—CO to be less stable than Rho—CO (55, 64). We
observe a maximum total CO coverage of 1.2 (Fig. 2). The
corresponding observed maximum coverage of linear car-
bonyls is 0.8 and that of the bridge-bonded species is 0.4. A
total CO coverage greater than unity results from the con-
tribution of Rh,—(CO); to the overall stoichiometry. CO
coverages in excess of unity are well know and have been
reported to be as high as 2 for highly dispersed Rh cat-
alysts where Rh dicarbonyl (Rh—(CO),) formation domi-
nates (39, 65, 66).

Coverage
(-8) 401

0.0 i 1 5
0 5 10 15 20 25 30

Time (min)

FIG. 14. Transient response of CO species coverage and the methane
formation rate for the hydrogenation of adsorbed CO resulting from
CO; exposure. Conditions are as in Fig. 12. (W) Total CO, (®) Rh-CO,
(A) Rh-CO, (—) TOF.



CO AND CO, HYDROGENATION OVER Rh/SiO, 61

1A8_' LA A BELE LIS BN SELED BN SN B LI BELE B
[ = €O ]
16F o o, o " ]
0. ]
L o i
1.4 b E
L ] ]
L ® ™
L " []
~12Fr ¢ [ ] .
Wt []
= 3 ]
) |
= -. s
3 [)
b u
L [} |
o‘s—j "
oo ]
0.4_ P S SO WY I SN Y N AP ST NI R i
0 0.2 04 0.6 0.8 1 1.2
Total CO Coverage

FIG. 15. Dependence of the methane formation rate on CO surface
coverage for CO, hydrogenation. Conditions are as in Fig. 11 for (l) CO
hydrogenation and Fig. 12 for (@) CO, hydrogenation.

When Rh/SiO; is exposed to CO,, linearly and bridge-
bonded CO are observed together with weakly adsorbed
COa. Figure 4 shows that with increasing temperature the
coverage of CO, decreases monotonically. If it is assumed
that CO; adsorption is at equilibrium, the apparent heat of
adsorption can be estimated from a plot of In 6oy vs 1/T.
The heat of CO; adsorption determined by this means is
6 kcal/mol. This result is in good agreement with an acti-
vation energy of 6.5 kcal/mol for the desorption of physi-
cally adsorbed CO; from a Rh tip (67). Figure 4 also shows
that the coverage of bridge-bonded CO remains nearly in-
dependent of temperature at a value of about 0.4, while
the coverage by linearly adsorbed CO increases and passes
through a maximum. This indicates that, as in CO adsorp-
tion, the bridge-bonded species are thermally more stable
than linear species. The trends observed in Fig. 4 suggest
that adsorbed CO, dissociates to produce adsorbed CO.
Since bridge-bonded CO is more strongly bound than lin-
early adsorbed CO, the sites for bridge-bounded CO are
saturated. With increasing temperature the total amount of
adsorbed CO increases initially due to the more rapid rate
of CO, dissociation. The decrease in CO coverage above
500 K is attributed to the reduced rate of CO, dissociation
associated with the drop in the CO; coverage to nearly zero,
as well as more rapid CO desorption. The overall chemistry
of CO; interacting with the surface of Rh between 303 K
and 573 K can then be summarized as follows:

CO,

CO,,, = CO,s == CO; + Oy

While the data presented here clearly indicate evidence

for CO; dissociation on Rh/SiO,, the question of whether
or not CO;, dissociates on Rh is still a subject of discussion
in the literature. CO, dissociation on Rh foils and on Rh
single crystals has been reported by a number of investiga-
tors (1, 67-73). In a study of the effect of surface structure,
Hendrickx et al. (67, 71) noted that CO; adsorption occurs
more readily on open crystal planes such as (210), (320),
and (531), and that the most active sites for CO; dissocia-
tion are located along the steps between (111) or (100) sur-
faces. By contrast, Solymosi and co-workers have reported
that CO, dissociation does not occur on Rh foils and sin-
gle crystals (74-77) or on Rh supported on Al,O3 or SiO,
(41, 44) and have suggested that the observation of CO,
dissociation may be facilitated by adsorbed hydrogen (41)
and impurities such as boron (78). A low probability of CO,
dissociation on close-packed surfaces is also suggested by
theoretical calculations performed by Weinberg (79). The
presence of adsorbed hydrogen is not likely to be impor-
tant in the work presented here, since a conscious effort
was made to remove any adsorbed hydrogen remaining on
the catalyst surface after reduction.

In the scheme shown above, no provision is made for
the dissociation of adsorbed CO. This step can be excluded
based on the published literature. Thermal dissociation of
CO has been found to negligible on Rh(111) at tempera-
tures as high as 870 K (80), nor could dissociation be ob-
served on a Rh field emission tip in CO pressures up to
107! Torr and temperatures up to 1000 K (81). Similarly, no
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FIG. 16. Comparison of IR spectra at similar CO surface coverages
taken during (a) CO hydrogenation and (b) CO hydrogenation. (a) 6 co =
1.07, TOF =1.36 57! and (b) co = 1.02, TOF = 1.30 s~!. Conditions are as
in Fig. 11 for CO hydrogenation and Fig. 12 for CO, hydrogenation.



62 FISHER AND BELL

TABLE 3

Comparison of the Power Law” Rate Parameters for CO,
Hydrogenation on Rh Catalysts

Catalyst E, (kcal/mol) X y Reference
H, + CO reaction
3.4 wt% Rh/SiO, 232 0.67 —0.80 This work
1 wt% Rh/SiO, 22.6 0.57 —0.20 18
4.6 wt% Rh/SiO, 23 0.6 0.1 88
2.3 wt% Rh/SiO, 28.5 — 0 27
1 wt% Rh/AlL,O3 24.0 0.90 —0.42 18
1 wt% Rh/Al,O3 24.0 1.04 —0.20 7
Rh foil 24 1 -1 6
Rh foil 24 — — 1
H, + CO; reaction
3.4 wt% Rh/SiO, 16.6 0.53 —0.46 This work
5 wt% Rh/SiO, 17.3 0.64 0.27 42
2.3 wt% Rh/SiO, 15.9 — 0.4 27
1.047 wt% Rh/SiO, 23.7 — — 39
5 wt% Rh/AlL,O3 16.2 0.61 0.26 42
5 wt% Rh/Al,O3 16.2 — — 40
Rh foil 17 0.5 0.2 35
Rh foil 16 — — 1

“ TOFcn, = Ae 5/RTRXY P,

evidence of CO dissociation has been reported for Rh/SiO,
at temperatures between 300 and 723 K (12). While a small
amount of CO, formation has been observed at tempera-
tures above 473 K upon exposure of supported Rh catalysts
to CO (19), subsequent work (82) suggests that this product
arises from the reaction of CO with hydroxyl groups on the
support, rather than from CO disproportionation.

Reaction Studies

The power-law rate parameters obtained from the
present experiments are summarized in Table 3 and com-
pared with those reported in the literature. The apparent
activation energies determined for both reactions are gen-
erally in good agreement with other reported values regard-
less of the nature of the catalyst. Among Rh/SiO; catalysts,
the hydrogen partial pressure dependences for both reac-
tions are in good agreement, while the CO, partial pres-
sure dependences are more variable, ranging from —0.80 to
0.1 for CO hydrogenation and from —0.46 to 0.4 for CO,
hydrogenation. The negative dependences on the partial
pressures of CO and CO; observed in this study are fully
consistent with the in situ infrared observations. Figures 9
and 10 show that increasing the CO, partial pressure from
95 Torr to 380 Torr at a constant hydrogen partial pressure
results in only a slight increase in the total CO coverage
but a significant decrease in the TOF for methane forma-
tion (see Fig. 7). Figure 15 also shows that, at high total
CO coverages, an increase in total CO coverage results in a
decrease in the TOF for methane formation. From these re-
sultsitis apparent that at high total CO coverages (>0.7), an

increase in CO, partial pressure results in an increased total
CO coverage and a corresponding decrease in the methane
formation rate, and hence the negative dependence on CO,
partial pressure is observed. It should be noted that at lower
total CO coverages (<0.7), Fig. 15 shows that an increase
in CO, partial pressure resulting in an increased total CO
coverage would correspond to an increase in the methane
formation rate, and a positive dependence on CO, partial
pressure should be observed. Moreover, near the maximum
in Fig. 15 a zero-order dependance on CO, partial pressure
is expected. This may explain the spread in CO, partial
pressure dependances for CO and CO; hydrogenation re-
ported in the literature (see Table 3). The more negative
partial pressure dependance on CO as compared to CO;
observed in the present study is also consistent with the re-
sults in Fig. 15. When CO is hydrogenated at steady-state
the total CO coverage is higher (6cotot ~ 1.13) than when
CO; is hydrogenated at equivalent conditions (6co ot ~ 1;
see Table 2). Figure 15 shows that increases in CO cover-
age around Ocoot = 1.13 cause a more significant decrease
in the TOF for methane formation than similar changes
in CO coverage at cotot =1, and hence a more negative
partial pressure dependance is observed for CO than CO,.

We have observed that, under equivalent reaction con-
ditions, the TOF for methane formation is higher for CO,
hydrogenation than for CO hydrogenation (see Tables 1
and 2, Figs. 6 and 7), in agreement with previous compar-
ative investigations involving Rh catalysts (1, 4, 26, 27, 35,
38,40, 42). Several authors have suggested that this activity
difference is related to the higher CO surface coverage dur-
ing CO hydrogenation as compared to CO; hydrogenation
(26,27,35,38,42). We have provided quantitative evidence
which supports this view. Tables 1 and 2 show that under
equivalent reaction conditions the higher surface coverage
of CO observed during CO hydrogenation correlates with
a lower TOF for methane formation as compared to CO,
hydrogenation. We have also shown that when the CO sur-
face coverage is equivalent, rather than at the gas phase
partial pressures, the TOF for methane formation is equiv-
alent for both CO and CO, hydrogenation (see Figs. 15 and
16). This evidence strongly suggests that the observed ac-
tivity differences for CO and CO; hydrogenation are due
to differences in the CO surface coverage.

Mechanism for CO and CO, Hydrogenation to Methane

It is generally agreed that for Rh the dissociation of the
C-0 bond is the rate-limiting step for CO hydrogenation,
and that the mechanism for CO, hydrogenation is similar
to that for CO hydrogenation. Less generally agreed upon
is whether C-O bond cleavage occurs via the direct disso-
ciation of adsorbed CO or via a hydrogen-assisted process.
Several authors provide evidence supporting hydrogen as-
sisted C-O bond dissociation and these investigations are
briefly summarized below.
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la. CO,+S CO,

1b. CO,+2S CO;+ Oy
2. Hp+28 2H,

3. 2H;+COq H,CO,

4. HCO, — CH,,+0,

5. O,+H,

OH; + S
6. OH;+H; —> H)0,+23

7. CHp+H, === CH,,+S

8.  CHj,+H, CH, +2S

FIG. 17. Proposed mechanism for CO and CO; hydrogenation (35, 85).

Vannice (7) has proposed that the dissociation of ad-
sorbed enol species, CHOH, is the rate-limiting step in CO
hydrogenation on various group VIII metals. This species
was assumed to be formed from the reaction of adsorbed
CO and adsorbed hydrogen. Rate expressions derived from
this rate limiting step were shown to be consistent with
those observed experimentally. More recently, Mori et al.
(20,21, 83) have suggested that the rate limiting step for CO
hydrogenation is the dissociation of H,,CO, where n=1, 2,
or 3. This proposal was made based on the observation of
an inverse isotope effect during the reaction of CO with
hydrogen as compared to deuterium. Further support for
the hydrogen-assisted dissociation of CO comes from the
observations of methane formation at temperatures lower
than those required for CO dissociation in the absence of
hydrogen (24). Also, several works have suggested that CO
dissociation is assisted by hydrogen through the formation
of a carbonyl hydride which weakens the C-O bond rela-
tive to the carbonyl (18,38, 42). BOC-MP calculations have
also shown that the dissociation of H,CO, where n=1, 2,
or 3, is energetically more favorable than the direct dissoci-
ation of CO on Pd and Pt (84). Although there is significant
evidence to support the idea that C-O bond cleavage is
hydrogen assisted, no direct evidence for the existence of
H,,CO surface species during the hydrogenation of CO or
CO; has been reported.

Williams et al. (35, 85) have proposed a mechanism for
CO and CO; hydrogenation to methane over Rh based on
the observations reported above. As shown in Fig. 17, the
sequence begins with the adsorption of CO in the case of
CO hydrogenation, of the dissociative adsorption of CO;
in the case of CO; hydrogenation. Adsorbed CO is then
hydrogenated to produce surface formaldehyde, which sub-
sequently dissociates to form CH,; and O,. The dissocia-
tion of adsorbed formaldehyde is assumed to be the rate-

determining step. CHa; species produced in step 4 undergo
hydrogenation to form methane, whereas O; undergoes hy-
drogenation to form water. Although adsorbed formalde-
hyde has not been observed under reaction conditions, the
reverse of reaction 3 has been observed at 295 K upon ex-
posure of Rh/Al,O3 to H,CO (86).

An expression for the rate of methane formation from
either CO or CO; can be determined from the mechanism
in Fig. 17. In so doing, it is assumed that adsorbed hydrogen
and CO are the most abundant surface species, and that the
steps prior to the rate-determining step are equilibrated.
The resulting rate expression is given by

kyKoK
TOFcy, = % P, [0co.tot (Omax — Oco.o)], 2]
1+ K, Py,

where Omay is the maximum surface occupancy by all ad-
sorbed species. In deriving Eq. [2], it is assumed that H,
and CO compete for adsorption sites, but no distinction
is made between different forms of adsorbed CO. This is
clearly a simplification, since the transient response data
presented in Figs. 13 and 14 suggest that linearly adsorbed
CO reacts preferentially to bridge-bonded CO.

Equation [2] suggests that the partial pressure depen-
dence on H; should lie between 1 and 1/2, if it is assumed
that 6 co ot 1sindependent of Hj partial pressure, an assump-
tion that is well supported by the infrared results presented
in Figs. 9 and 10. Experiments conducted with unsupported
Rh black (87) have shown that during CO hydrogenation
under conditions similar to those used in the present study, a
large fraction of the sites available for H, chemisorption are
occupied. This would suggest that (K, Py,)"? > 1 and, hence,
that the apparent order in H, should be closer to 0.5 than 1,
consistent with what is found experimentally (see Table 3).

At constant hydrogen partial pressure and temperature,
Eq. [2] predicts that a maximum in the methane formation
rate should be observed at intermediate CO coverages and
that the rate should fall to zero as the CO surface concen-
tration approaches either 0 or 6max. Moreover, the rate ex-
pression predicts that at the same hydrogen partial pressure,
temperature, and CO surface concentration, the methane
formation rate should be the same for both CO and CO,
hydrogenation. The results shown in Figs. 15 and 16 closely
agree with these predictions. The asymmetry in the plot of
TOF versus O oo Seen in Fig. 15 may be attributable to the
coverage dependance of the rate constant and equilibrium
constants in Eq. [2].

Equation [2] also helps to explain the dependence of the
steady-state rates of methane formation on the partial pres-
sures of CO and CO», as well as the differences in apparent
activation energies for CO and CO; hydrogenation. For CO
or CO; partial pressures between 95 and 380 Torr Figs. 9 and
10 show that the CO coverage is near the maximum and in-
creases only slightly as the partial pressure of either CO
or CO; is increased. Equation [2] shows that under these
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circumstances, the rate of methane formation will decrease
with increasing CO, partial pressure due to the behavior of
the factor in brackets, consistent with the negative partial
dependances observed for both CO and CO; hydrogena-
tion (see Table 3). The data in Fig. 6 indicate that the appar-
ent activation energy is 6.6 kcal/mol larger for CO than for
CO, methanation. Inspection of Eq. [2] indicates that this
difference must arise from the temperature dependence of
the factor 0o tot(Omax—0 coytot), Since the remaining factors
are the same for CO and CO; hydrogenation. If . is taken
to be 1.4, the difference in the apparent activation energies
determined by plotting In[0co tot(fmax—0 coot)] Versus 1/T
is 6.5 kcal/mol. A value of 1.4 for 6y,x is reasonably ob-
tained upon extrapolation of the data in Fig. 15 to zero TOF.
Thus, Eq. [2] provides a satisfactory basis for describing the
rates of methane formation from CO and CO; under both
steady-state and transient-response conditions.

CONCLUSIONS

For equivalent reactant partial pressures and reaction
temperature, the rate of methane formation over Rh/SiO,
is higher for CO, than for CO hydrogenation. The activa-
tion energy for CO; hydrogenation is smaller than that for
CO hydrogenation by 6.6 kcal/mol. Both reactions exhibit a
roughly half-order dependence on H; partial pressure and
aninverse order dependence on the partial pressure of CO,
(z=1,2). In situ infrared spectroscopy reveals that the sur-
face is covered practically to saturation by a combination of
linearly and bridge-bonded CO. The total CO coverage is
higher during CO hydrogenation than CO; hydrogenation.
Over the range of conditions examined, the CO coverage
during reaction is independent of the H; partial pressure
and increases only slightly with increasing CO, partial pres-
sure.

Transient-response experiments combined with in situ
infrared spectroscopy demonstrate that adsorbed CO, de-
rived from the adsorption of CO or the dissociative ad-
sorption of CO,, reacts with hydrogen to form methane
and that the rate of methane formation passes through a
maximum as the CO coverage decreases from saturation
to zero. The mechanisms by which CO and CO, undergo
hydrogenation are envisioned to be very similar. In both
cases hydrogenation of adsorbed CO to form H,CO is fol-
lowed by the dissociation of this product to release CH;
species which then undergo further hydrogenation to form
methane. The only difference between CO and CO; hydro-
genation is that in the latter case CO, must first dissociate.
Confirmation of the dissociative adsorption of CO, was ob-
tained from examination of the interactions of CO, with
Rh. The rate expression derived from the mechanism cor-
rectly describes most of the features of the reaction kinetics
observed experimentally under both steady-state and tran-
sient conditions.
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