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A study of the kinetics of methanol and methane synthesis over Pd/SiO, and Pd/La,0; has been
carried out. The activation energy and the orders with respect to H, and CO partial pressures are
found to be essentially the same for methanol synthesis over both catalysts. This suggests that the
methanol reaction mechanism is unaffected by support composition. The higher specific activity of
Pd/La,0; relative to Pd/SiO, for methanol synthesis is believed to be due to small differences in the
relative strengths of H, and CO adsorption. The rate expressions for methane synthesis over Pd/
La,0; and Pd/SiO, differ significantly. This strongly suggests that the methanol reaction mechanism
for the two catalysts is different, or alternatively that the mechanism is the same but the rate-

limiting step is different.

INTRODUCTION

The performance of supported Pd cata-
lysts for the synthesis of CH;OH has been
discussed recently by a number of authors
(1-9). Of particular interest has been the
observation that support composition has a
strong influence on both the activity and
selectivity of Pd. It has been reported that
the specific activity and selectivity is partic-
ularly high when Pd is supported on La;0O;
(2, 3). Hicks and Bell (10-12) have re-
cently undertaken a series of investigations
of LayO;- and SiO,-supported Pd, aimed at
understanding how support composition in-
fluences the catalytic properties of Pd. For
Pd/SiO,, X-ray photoelectron spectra (10),
infrared spectra of adsorbed CO (11), and
measurements of the adsorption stoi-
chiometries of H, and CO (/) indicated the
complete absence of any metal-support in-
teraction. By contrast, similar techniques
applied to Pd/La,Os; clearly revealed the
presence of metal-support interactions.
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The influence of the support was expressed
through an increase in the electronic charge
density at the metal surface and a reduction
in both the capacity and strength of CO
chemisorption. These effects were ascribed
to a partial coverage of the Pd crystallites
by small patches of partially reduced sup-
port material.

The effects of Pd dispersion and crystal-
lite morphology on the catalytic properties
of a series of Pd/La,O; and Pd/SiO, cata-
lysts have also been investigated by Hicks
and Bell (12). Metal dispersion was mea-
sured by H,—O; titration. Crystallite mor-
phology was characterized by the distribu-
tion of Pd(100) and Pd(111) surfaces, as
identified from in situ infrared spectra of
bridge-bonded CO. For a fixed crystallite
morphology, the turnover frequency for
CH,;0H formation was found to be indepen-
dent of Pd dispersion for both SiO,- and
Lay0s-supported Pd. With La,0;-supported
Pd, the crystallite morphology changed in a
systematic manner as the Pd weight loading
increased. Examination of these catalysts
revealed that the CH;OH turnover fre-
quency was a factor of 2.5 higher for a low-
weight loading catalyst exhibiting primarily
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TABLE 1
Activation Energies and Preexponential Factors for Pd/SiO, and Pd/La;0,
Catalysts
Catalyst Dyt Acuyon® Ecnyon Acut Ecy,
(%) (s7) (kcal/mol) (s (kcal/mol)
0.75% Pd/SiO, 17 5.6 x 10° 20.3 7.3 x 10° 33.9
2.00% Pd/SiO, 21 5.9 x 10¢ 17.8 3.5 x 108 24.4
5.10% Pd/SiO, 16 8.5 x 10¢ 18.2 3.8 x 1¢/ 26.8
0.20% Pd/La,05¢ 5 5.5 x 106 19.7 7.8 x 1012 37.6
0.70% Pd/La,0s 18 4.9 x 108 20.3 3.1 x 101 35.5
1.90% Pd/La,0; 16 6.7 x 108 20.8 1.2 x 1012 36.7
5.00% Pd/La,0; 9 5.4 x 106 20.7 1.1 x 1012 35.6

« Dispersion of used catalysts.

¢ Calculated for Py, = 7.0 atm and P¢o = 3.0 atm.
¢ Prepared from Pd(«-C;Hs), as reported in (3).

Pd(100) surfaces than for a high-weight
loading catalyst exhibiting primarily
Pd(111) surfaces. It was also noted that the
CH;0H turnover frequency increased lin-
early with the proportion of Pd(100) sur-
faces. From a comparison of a Pd/SiO, and
a Pd/La,0; catalyst with nearly equivalent
morphologies, it was established that the
CH;0H turnover frequency for Pd/La,0; is
7.5 times greater than that for Pd/SiO,. The
effects of Pd dispersion and morphology on
the turnover frequency for CH, formation
were also examined. It was found that dis-
persion had no effect for Pd/SiO, catalysts.
For the Pd/La,0, catalysts, the CH, turn-
over frequency decreased with increasing
Pd dispersion.

The aim of the present investigation is to
identify the effects of Pd dispersion, Pd
morphology, and support composition on
the kinetics of methanol and methane syn-
thesis. These studies were carried out with
the same Pd/SiO, and Pd/La,0; catalysts
used previously (10-12). The results re-
ported here are discussed in the light of pre-
vious studies of CO hydrogenation over Pd,
and a possible mechanism for the synthesis
of methanol is proposed.

EXPERIMENTAL

The preparation procedures for the cata-

lysts used in this study are given in Refs.
(10, 11). The Pd/SiO, samples were pre-
pared by incipient wetness impregnation of
Cab-0-Sil HSS silica (BET surface area =
300 m¥g) with H,PdCl,. The Pd/La;0; sam-
ples were prepared by ion exchange of fully
hydrated La,0; (BET surface area = 11 m¥
g) with H,PdCl,. All samples were dried in
a vacuum oven at 338 K, calcined in a 21%
O,/He mixture for 2 hr at 623 K, and re-
duced in H, for 3 hr at 523 K. After reduc-
tion, the samples were stored in a desicca-
tor.

The concentration of exposed Pd atoms
was determined by H,-O, titration, using
the pulsed-flow technique (71). The Pd
weight loading was determined by X-ray
fluorescence and quantitative analysis. In
Table 1 are listed the Pd weight loading and
Pd dispersion, Dp, for each of the samples
used in this study. The Pd dispersions were
measured after the catalysts had been ex-
posed to methanol synthesis conditions.

Rate data were taken with 0.1 g of cata-
lyst contained in a tubular microreactor
which was made of copper. The reactor
was heated in a fluidized sand bath.
Reaction products were analyzed by gas
chromatography using a Varian 3700 gas
chromatograph equipped with a 3-m
stainless-steel column packed with Chro-
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mosorb 107. Fresh catalyst samples were
reduced in H, at 573 K for 3 hr and then
conditioned in a mixture of 70% H, and
30% CO at 523 K and 10 atm for 10 hr.
During the first few hours of the condition-
ing period, the activity of both Pd/SiO, and
Pd/La;0; decreased rapidly. At the end of
10 hr, the activity of the Pd/La,0; catalyst
reached a stable level, whereas the activity
of Pd/SiO, continued to decrease slowly.
To compensate for the further loss of activ-
ity of Pd/SiO,, the rates of reaction were
measured periodically for a standard set of
reaction conditions. Throughout the range
of conditions for which rate data were
taken, the synthesis gas flow rate to the re-
actor was adjusted to maintain differential
conversion. It should be noted that the
methanol concentration in the effluent
stream rarely exceeded 1% of the equilib-
rium value.

Methanol and methane were the only
products observed using the Pd/La,0; cata-
lysts. With the Pd/SiO, catalysts, small
amounts of dimethyl ether were observed
in addition to methanol and methane. The
rate of dimethyl ether formation varied in-
versely with the synthesis gas flow rate in-
dicating that this product is formed via the
dehydration of methanol (5). The intrinsic
rate of methanol synthesis was determined
by summing the observed rate of methanol
formation and twice the rate of dimethyl
ether formation. This sum was found to be
independent of synthesis gas flow rate.

Infrared spectra of species adsorbed on
the catalyst surface under reaction condi-
tions were obtained using a specially de-
signed cell. Details concerning the cell con-
struction and the procedures used to
acquire spectra may be found in references
(12, 13).

RESULTS

Listed in Table 1 are the preexponential
factors and the apparent activation energies
for methanol and methane synthesis deter-
mined for Pd/SiO, and Pd/La,0; catalysts
of different Pd loadings. All of the rate mea-
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surements on which these activation ener-
gies are based were made at temperatures
between 498 and 548 K. It is evident that
the support composition has a small effect
on the apparent activation energy for meth-
anol synthesis. Moreover, for a given sup-
port composition, the values obtained for
the different Pd weight loadings are in good
agreement with one another. The average
activation energy for CH;0H formation is
18.8 = 1.3 kcal/mol for Pd/SiO, and 20.4 +
0.5 kcal/mol for Pd/La;O;. The results in
Table 1 indicate, however, that support
composition does affect the apparent acti-
vation energy for CH, synthesis. The Pd/
La,O; samples show little variation with
metal loading, and can be characterized by
an average value of 36.4 = 1.0 kcal/mol. By
contrast, the Pd/SiO, samples exhibit two
values of the activation energy for CH, for-
mation: 25.6 = 1.7 kcal/mol for the 2.0 and
5.1% Pd/SiO, samples; and 33.9 kcal/mol
for the 0.75% Pd/SiO, sample.

The dependence of the turnover frequen-
cies for CH;OH and CH, synthesis, Ncuyon
and Ncg,, on the partial pressures of H; and
CO are shown in Figs. 1 and 2 for 2.0% Pd/
Si0,, and in Figs. 3 and 4 for 1.9% Pd/
La,0;. The data in these figures were used
to determine power-law rate expressions
for NCH30H and NCH4- For 2.0% Pd/SlOz,
the rates are given by

Ncnson = ki Py PES (1
Ncu, = ke PYPcE® 2

and for 1.9% Pd/La,0;, the rates are given
by

Neusou = ki Pliy PES 1"
Ncu, = ky PP 2"

Comparison of Egs. (1) and (1’) indicates
that the H, and CO pressure dependencies
of the rate of methanol synthesis are virtu-
ally the same for 2.0% Pd/SiO, and 1.9%
Pd/La,0;. This fact combined with the
close agreement of the activation energies
for CH;0H formation over Pd/Si0; and Pd/
La,0;, suggests that the mechanism of
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Fi1G. 2. The dependence of the methane turnover
frequency for 2.0% Pd/SiO, on (a) the CO pressure and
(b) the H, pressure. T = 523 K.
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F1G. 5. The dependence of the methanol and meth-
ane turnover frequencies on total pressure, for 2.0%
Pd/Si0,.

methanol formation is the same for both
catalysts. Conversely, comparison of Eqs.
(2) and (2’') shows that the composition of
the support has a strong influence on the H,
and CO pressure dependence of the rate of
methane formation and, as was noted ear-
lier, the activation energies for methane
formation are quite different on the two
supports. These resuits suggest that the
mechanism of methane formation on Pd/
SiO; and Pd/La;0; may not be the same.

The dependence of Ncyyon and Ncy, on
the total pressure was determined and is
shown in Figs. 5 and 6 for 2.0% Pd/SiO, and
1.9% Pd/La,0;, respectively. These data
were obtained at total pressures of 1 to 25
atm, for a fixed H,/CO ratio of 2.5. Power-
law rate expressions determined from these
data are given by

Ncuyon = k3P (3)
Ncu, = kaPO3 )
for 2% Pd/SiO, and by
Ncnzon = kyP0% (39
Ncuy = ko P70 ")
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for 1.9% Pd/La,0;. Comparison of Eqs. (3)
and (4) with Eqs. (1) and (2), and compari-
son of Eqgs. (3') and (4’) with Egs. (1') and
(2), shows that the dependence of Ncu,ou
and Ncy, on total pressure is virtually the
same, regardless of whether it is deter-
mined from experiments in which the total
pressure is varied or from experiments in
which the partial pressures of H, and CO
are varied separately.

Infrared spectra of adsorbed species
were recorded over the same range of reac-
tion conditions used to establish the kinet-
ics of methanol and methane synthesis. The
features observed were identical to those
reported previously (12). For both SiO,-
and La,O;-supported Pd, the only bands at-
tributable to species adsorbed on Pd were
those associated with CO. The positions of
the bands for CO adsorbed on Pd/SiO, were
2075 and 1965 cm~!, and for Pd/La,0;,
2060, 1955, and 1900 cm~!. Neither the
positions nor intensities of these bands
changed with reaction temperature or reac-
tant partial pressures. From these observa-
tions it was concluded that the catalyst sur-
face is saturated by adsorbed CO for all of
the reaction conditions used in the experi-
ments reported here.
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F16. 6. The dependence of the methanol and meth-
ane turnover frequencies on total pressure, for 1.9%
Pd/La0;.
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TABLE 2

Comparison of the Rate Laws Reported in the Literature for CO Hydrogenation over Supported Pd

Reference Catalyst E, (kcal/mol) Order w.r.t. H, Order w.r.t. CO
CH,OH CH, CH,OH CH, CH,OH CH,
Ryndin et al. (3) 1.5% Pd/SiO, 17.2 24.1 — — — —
Wang et al. (14) 4.8% Pd/Si0O, — 27.0 — 0.7 — 0.15
Fajula et al. (5) 4.6% Pd/Si0O, —_— — 2.2 — —0.4 —
-1.1
This work 2.0% Pd/SiO, 17.8 26.8 0.75 0.7 0.15 -0.4
Ichikawa (2) 2.9% Pd/La,0, 13.0 29.0 1.0 1.0 0.4 —-0.4
Ryndin e al. (3) 0.2% Pd/La,04 14.0 24.9 — — — —
This work 1.9% Pd/La,0, 20.8 36.7 0.75 0.15 0.1 -0.005

DISCUSSION

A comparison of the rate parameters de-
termined in this work with those reported in
the literature is given in Table 2. For Pd/
Si0,, there is a fair degree of agreement
between different authors concerning the
activation energies for CH;OH and CH,
synthesis. However, the agreement with re-
gard to the orders in H, and CO partial
pressures is not good. Fajula et al. (5) have
reported that the rate of CH;OH synthesis
is 2.2 order in H, and either —0.4 or —1.1
order in CO, depending on whether the to-
tal pressure was above or below 15 atm. In
the present studies, no change in the CO
order was observed for total pressures
ranging from 1 to 25 atm (see Figs. 5 and 6).
Comparison of the rate law for methane
synthesis over Pd/SiO, reported here with
that given by Wang et al. (14) shows close
agreement in the order with respect to H,,
but a large difference in the order with re-
spect to CO.

The spread in reported activation ener-
gies for methanol and methane synthesis
over Pd/Lay0, is greater than that for Pd/
SiO;. On the other hand, the dependence of
the rate of methanol synthesis on H, and
CO partial pressures determined by Ichi-
kawa (2) and those presented here are rea-
sonably close. The level of agreement is, in
fact, surprising when one recalls that all of

Ichikawa’s measurements were performed
with reactant partial pressures below 1 atm.
The dependencies of the rate of methane
synthesis on H, and CO partial pressures
reported by Ichikawa (2) show little agree-
ment with those determined in the present
study.

Many factors may contribute to the dif-
ferences in rate laws shown in Table 2.
These include the technique for catalyst
preparation, the nature of the Pd precursor,
the Pd loading and/or dispersion, the source
of the support, and the manner of catalyst
pretreatment. In this regard, it should be
noted that two grades of silica were used to
prepare the Pd/SiO, catalysts listed in Table
2. In the work of Ryndin et al. (3) and in the
present work, Cab-O-Sil HSS silica was
used, whereas Davison grade 57 silica was
used in the studies reported by Fajula et al.
(5) and Wang et al. (I14). It has been re-
ported by Fajula er al. (5) that large differ-
ences in the activity and selectivity of Pd
for methanol synthesis occur depending on
the grade of silica used. In the present
work, catalysts of varying Pd loadings and
dispersion were prepared from a single
source of silica, employing a common prep-
aration technique. Thus, the effects of sup-
port composition, metal loading, and dis-
persion could be studied in a systematic
fashion.

Hicks and Bell (I2) have recently re-
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ported that the turnover frequency for
methanol synthesis over SiO,- and La,0;s-
supported Pd is independent of Pd disper-
sion, for dispersions between 10 and 20%.
However, the turnover frequency does de-
pend on the Pd morphology. At 523 K, 10
atm pressure, and H,/CO ratio of 2.5, the
methanol turnover frequency of Pd/La,0;
increases from 7.5 X 1073 t0 16.0 x 1073 s~!
as the proportion of Pd(100) surfaces in-
creases from 10 to 85%. It is to be noted
that the shift in Pd morphology is affected
by increasing the Pd weight loading. Thus,
0.7% Pd/La,0; contains 85% Pd(100) and
15% Pd(111) surfaces, while 8.8% Pd/L.a,0;
contains 10% Pd(100) and 90% Pd(111) sur-
faces. Inspection of Table 1 indicates that
as the metal loading is changed, and hence,
the Pd morphology is changed, the appar-
ent activation energy for methanol synthe-
sis remains constant. These data suggest,
therefore, that the mechanism of methanol
synthesis does not depend on the structure
of the crystallite planes exposed.

Hicks and Bell (12) also noted that for a
fixed Pd morphology, the rate of methanol
synthesis over Pd/La,;0s is 7.5 times higher
than over Pd/Si0,. This difference is attrib-
utable totally to the influence of metal-sup-
port interactions (/2) on the properties of
Pd/La;0;. The results presented here show
that the higher activity of Pd/La,0; cannot
be ascribed to differences in either the acti-
vation energy or the orders in H, and CO
partial pressures. This observation, com-
bined with the similar behaviors of the two
catalysts with regard to variations in Pd dis-
persion, strongly suggests that the mecha-
nism of methanol synthesis is the same for
Pd supported on SiO, and La;0;. Assuming
that this is so, the observed differences in
methanol synthesis activity are quite possi-
bly due to factors such as the proportion of
total Pd surface sites active for methanol
synthesis, or to the magnitude of the rate
and equilibrium parameters associated with
the elementary steps in the reaction mecha-
nism.

The idea that only a fraction of all surface
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Pd sites are active for methanol synthesis
has been proposed by Ponec and co-work-
ers (4, 7-9). In studies with MgO-promoted
Pd/SiO,, it was observed that the increase
in methanol activity with increasing MgO
promotion was paralleled very closely by
an increase in the amount of Pd"* ions ex-
tractable by acetylacetonate. Based on this
evidence, Ponec proposed that Pd** cen-
ters are essential for the synthesis of metha-
nol and play a role similar to that of Cu*
ions in Cw/ZnO catalysts (5, 16).

While the results reported by Ponec and
co-workers (4, 7-9) are significant and
highly suggestive, we do not believe that
they provide a satisfactory basis for ex-
plaining the differences in methanol synthe-
sis activity with Pd crystallite morphology
and support composition, reported by us.
Several reasons can be given for this opin-
ion. First, if it is assumed that ionic centers
are required for methanol synthesis, and
that such centers occur on the surface of Pd
crystallites, then it would be necessary for
the proportion of ionic sites to be indepen-
dent of changes in Pd dispersion. Otherwise
the methanol turnover frequency would not
be independent of the Pd dispersion over
both Pd/SiO, and Pd/L.a,0;. The requisite
constraint is quite demanding, and it seems
unlikely that the proportion of ionic sites
would remain fixed as the weight loading of
Pd on both supports is varied from 0.25 to
9.0%, and the dispersion is varied from 10
to 20% (12). The dependence of methanol
turnover frequency on Pd morphology is
also difficult to reconcile with the idea that
synthesis occurs at ionic sites, since this
would necessitate that the proportion of
such sites be higher on Pd(100) than on
Pd(111) surfaces. Finally, XPS spectra of
the reduced Pd/SiO, and Pd/La,0; catalysts
used in the present studies showed no evi-
dence for positively charged Pd (10). Quite
to the contrary, Pd supported on SiO; ex-
hibited bulk-like electronic properties,
while Pd supported on La,O; was more
electronegative than bulk Pd. The latter
characteristic is ascribed to charge transfer
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from patches of partially reduced support
residing on the surface of the Pd crystal-
lites.

Our investigations of Pd/SiO, and Pd/
Lay0O; suggest that other factors may be re-
sponsible for the changes in methanol turn-
over frequency with Pd morphology and
support composition. The Pd morphology
might affect the rate by changing the geom-
etry of the active site, or by changing the
strengths of H; and CO adsorption. Regard-
ing this latter effect, infrared studies clearly
show the CO adsorption strength is sensi-
tive to the type of crystallite plane exposed.
At high coverages of CO, the frequency of
the infrared band for CO adsorbed on
Pd(100) is about 50 cm~! higher than that
for CO adsorbed on Pd(111) (11, 12). This
indicates that the Pd-CO m-bond is
stronger for CO adsorbed on (111) surfaces.
Desorption experiments further reveal that
at high CO coverages, CO desorbs more
rapidly from Pd(100) than from Pd(111)
(11, 17).

The support composition might also be
expected to alter the strengths of H, and
CO adsorption. Investigations of Pd/La,0;
have provided convincing evidence that
patches of partially reduced support reside
on the Pd crystallites of this catalyst (10-
12). Infrared observations of CO desorp-
tion have found that these patches weaken
the Pd—CO bond, most likely by delocal-
ized charge transfer to the Pd surface (11).
Moreover, this effect on the Pd surface ap-
pears to be retained during methanol syn-
thesis. Carbon monoxide desorption exper-
iments conducted after the cessation of
methanol synthesis show that CO desorbs
much faster from Pd/La,0; than from Pd/
SiO, (17). Preliminary results of H, thermal
desorption experiments indicate that H; is
more strongly bound on Pd/La,0; than Pd/
SiO, (18). Finally, it has recently been ob-
served that CO will not displace H, pread-
sorbed on Pd/La,0; but will completely
displace H, preadsorbed on Pd/SiO,. As
will be shown below, in the context of a
discussion of the mechanism of methanol
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synthesis, small changes in the strengths of
H, and CO adsorption as a consequence of
changes in crystallite morphology or sup-
port composition could very easily account
for differences in the methanol turnover
frequency.

Identification of the factors that influence
methane synthesis is even more difficult
than identification of the factors influencing
methanol synthesis. The data presented
here clearly show that the kinetics of meth-
ane synthesis are quite different for Pd/SiO,
and Pd/La,0;. Of particular note is that the
activation energy is about 10 kcal/mol
greater on the latter catalyst. It was also
shown in an earlier study (12) that while the
turnover frequency for methane synthesis
is independent of Pd dispersion for Pd/
Si0,, the turnover frequency decreases sig-
nificantly with increasing dispersion for Pd/
LayO;. All of these observations suggest
that either the mechanism of methane for-
mation, or the rate-controlling step in the
mechanism is different. Further work is re-
quired to establish which of these two inter-
pretations is more nearly correct.

Mechanism

The mechanism by which methanol is
formed over Pd has been discussed by sev-
eral authors. Rabo and co-workers (I, 19)
have proposed that molecularly adsorbed
CO reacts with H atoms directly to produce
CH,O species which then undergo addi-
tional hydrogenation to produce methanol.
The suggestion that CO reacts without rup-
ture of the C—-O bond is supported by the
observation that CO does not readily disso-
ciate on Pd (19). Fajula et al. (5) have also
described a mechanism in which CO reacts
associatively and have proposed that the
rate-limiting step is the simultaneous addi-
tion of four H atoms. This step was chosen
to explain the observation of a second-or-
der dependence of the CH30H synthesis
rate on H, partial pressure. A somewhat
different mechanism has been proposed by
Kikuzono et al. (6), to rationalize the syn-
thesis of methanol over alkali metal-pro-
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moted Pd/SiO,. It was suggested that CO
first reacts with an OH group to form a for-
mate ion which is stabilized by the basic
metal oxide promoter. Methanol is then as-
sumed to be formed by the reduction of the
formate ion. A mechanism involving for-
mate was postulated based on infrared ob-
servation of formate ions and other ad-
sorbed species during methanol synthesis.

The assumption that CH;OH synthesis
proceeds via associatively adsorbed CO is
supported by the isotopic tracer studies of
Takeuchi and Katzer (20). It was observed
that when a 50-50 mixture of 3C'O and
12C180 is passed over a RWTiO, catalyst,
the principal products formed are
BCH;'%0OH and 2CH;830H. While similar
experiments have not been reported for Pd,
it seems reasonable to expect that the
results would be identical.

It appears unlikely that formate ions are
primary intermediates in the synthesis of
methanol over Pd/SiO, and Pd/La,0;. As
noted earlier, the close similarity in the ki-
netics of methanol synthesis over Pd/SiO,
and Pd/La,O; suggests that the synthesis
mechanisms on both catalysts are identical.
While in situ infrared studies (/7) have re-
vealed the presence of formate species on
Pd/La,0;, none were observed on Pd/SiO,.
These studies also showed that formate
ions could be formed by passing CO and H,
over La,0; in the absence of Pd. However,
in this case, no CH;OH is formed.

The synthesis of methanol over Pd most
likely proceeds via stepwise hydrogenation
of adsorbed CO. A mechanism which gives
rise to kinetics consistent with those ob-
served for Pd/SiO, and Pd/La,0; is shown
in Fig. 7. Carbon monoxide is assumed to
adsorb in a bridging fashion between adja-
cent Pd atoms. Hydrogen adsorbs on sites
different from those that adsorb CO (desig-
nated M, in the figure). Initially H; adsorbs
in the molecular state, but then rapidly dis-
sociates to form adsorbed H atoms. It is
proposed that the rate-determining step is
the reaction of adsorbed CO with molecu-
larly adsorbed H, to form a hydroxy-
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H_ ,OH
N+
M M My,
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H H OH CH
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+¥st

2M + CHzOH

F1G. 7. Proposed scheme for the conversion of CO
and H, to methanol.

methylene intermediate. This intermediate
is then rapidly hydrogenated to a CH;0 in-
termediate and finally methanol. Atomi-
cally adsorbed hydrogen is assumed to par-
ticipate in these last two steps.

In writing the scheme shown in Fig. 7, it
is assumed that bridge-bonded CO is the
reactive form of adsorbed CO. Studies by
Bradshaw and Hoffmann (21-23) of CO ad-
sorption on Pd single crystals have shown
that CO adsorbs in the bridge-bonded form
on Pd(100) and Pd(111) surfaces at high
coverages. Comparison of the infrared
spectra of CO adsorbed on Pd(100) and
Pd(111) surfaces with those of CO adsorbed
on supported Pd reveals that the same sites
exist on the surface of the supported Pd
crystallites (24). Since the specific activity
for methanol synthesis is found to correlate
with the distribution of bridge-bonded CO
adsorbed on Pd(100) and Pd(111) surfaces
(12), it is concluded that the reactive spe-
cies is bridge-bonded CO.

Infrared studies of CO adsorption on Pd/
SiO, and Pd/LayO; have revealed that at
saturation coverage the stoichiometry for
bridge-bonded CO is one CO molecule per
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a. Pd(100)

FiG. 8. A schematic representation of H, and CO
adsorption on Pd(100) and Pd(111).

surface Pd atom (I7). Illustrations of CO
adsorption at this level on both Pd(100) and
Pd(111) surfaces are shown in Fig. 8. Ex-
amination of this figure suggests that while
the spacing between the nearest neighbor
CO molecules is small, there is sufficient
room to accommodate adsorbed hydrogen.
The most likely positions for H, adsorption
are the surface hollows. These sites possess
fourfold symmetry on the (100) surface and
threefold symmetry on the (111) surface.
The selection of such sites is consistent
with the results of Ertl and co-workers (25,
26) for H, adsorption on Pd(100) and
Pd(111) surfaces. The conclusion that CO
and H, adsorption occur on distinctly dif-
ferent types of sites is further indicated by
recent isotopic displacement studies (27)
which show that in the presence of gas-
phase CO and H,;, the surface of Pd black is
covered by a monolayer of CO and nearly a
monolayer of H atoms.

There is only indirect evidence for the
existence of molecularly adsorbed H, on
the surface of Pd. Behm et al. (26) have
found that the kinetics of H, adsorption and
desorption from a Pd(100) surface is best
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interpreted by a precursor-state model. In
such a model, it is assumed that H, adsorbs
initially as a molecule and then translates
over the surface until it dissociates. The
coverage by molecularly adsorbed H,
would be expected to be small if there are
many pairs of vacant sites at which dissoci-
ation could take place. Saturation of the Pd
surface with adsorbed CO might be ex-
pected to increase the coverage by ad-
sorbed H, by inhibiting the translation of
the H; molecules to sites required for disso-
ciation.

The scheme proposed in Fig. 7 is also
consistent with what is known about the
adsorption and decomposition of CH;0H
on Pd single-crystal surfaces (28, 29). The
adsorption of CH;OH on Pd(100) and
Pd(111) at 300 K leads to the formation of
CO and H;. When the adsorption tempera-
ture is reduced to 77 K, Christmann and
Demuth (28) report that part of the ad-
sorbed CH;0H is converted to a methoxide
group. As the temperature is raised, most
of the methoxide desorbs as CH;0H. How-
ever, a small amount remains on the sur-
face and at higher temperatures is con-
verted via a sequence of reactions to CO
and H,. It is therefore apparent that the for-
mation of methanol from a methoxide
group is a rapid reaction, as is indicated in
Fig. 7.

An expression for the kinetics of CH;0H
synthesis can readily be developed on the
basis of the mechanism shown in Fig. 7.
The turnover frequency for methanol syn-
thesis is given by

Ncuyon = kOcoby,, )
where k is the rate coefficient for the rate-
limiting step, and 6co and 6y, are the sur-
face coverages of CO and H,. Based on the
infrared spectra discussed earlier, 8co is
taken to be unity. Since H; molecules and
H atoms adsorb on the same sites, while
CO molecules adsorb on different sites, the
coverage of molecularly adsorbed H, is
given by
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o Kir, Py,
% = T+ KuPry + RaPr) ¢

6)

where Ky, and Ky are the equilibrium con-
stants for the molecular and dissociative
adsorption of hydrogen. Since the dissocia-
tion of H, is strongly favored on Pd (25,
26), it is assumed that Ky, Py, < (KuPuy)'?.
Substitution of Eq. (6) into Eq. (5), and in-
troduction of the assumption concerning
the relative significance of molecularly and
atomically adsorbed hydrogen gives

kK, Py,

Nchso8 = T+ KePy)” (7)

Equation (7) predicts that the rate of
CH,;0H synthesis is zero order in CO and
between one and one-half order in H,. This
agrees reasonably well with the kinetics for
both Pd/SiO, and Pd/La,0; reported here.

An alternative mechanism to that shown
in Fig. 7 can be proposed in which H atoms
add sequentially to CO. In this case, the
concerted addition of the first two H atoms
to CO could be viewed as a rate-limiting
step. Such a mechanism yields a kinetic ex-
pression for methanol synthesis which var-
ies from zero to first order with respect to
H,, depending on whether the coverage of
atomic hydrogen is high or low. Although
this mechanism cannot be ruled out, there
is some evidence to suggest that it may not
be operative on Pd. As discussed above,
isotopic tracer studies have found that the
Pd surface is covered by nearly a mono-
layer of hydrogen in the presence of gas-
phase H, and CO (27). A high coverage of
H atoms implies that the order with respect
to H, should be near zero, instead of 0.75 as
is observed.

The form of Eq. (7) suggests that differ-
ences in Ncn;on, occurring with changes in
crystallite morphology and support compo-
sition, could be attributed to changes in the
magnitude of k, Ky,, and/or Ky. The
changes in these parameters would not
need to be particularly large. Thus, for ex-
ample, if the energetics of the system were
altered such that the apparent activation
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energy changed by 2 kcal/mol, the metha-
nol turnover frequency would change by a
factor of 7.5 at 523 K. This is exactly the
ratio of the methanol turnover frequencies
for Pd/La,0; relative to Pd/SiO, when both
catalysts have the same average crystallite
morphology. To establish the validity of
this interpretation would require measure-
ments of the activation energies for metha-
nol synthesis with much more accuracy
than those made in the present study.

CONCLUSIONS

The activation energy and the orders
with respect to H; and CO partial pressures
are essentially the same for methanol syn-
thesis over Pd/SiO, and Pd/La,0;, suggest-
ing that the reaction mechanism is not af-
fected by support composition. The
observed higher specific activity of Pd/
La;0; relative to Pd/SiO, is ascribed to
small differences in the relative strengths of
H, and CO adsorption. The rate expres-
sions for methane synthesis over Pd/SiO,
and Pd/La,0; differ significantly. This dif-
ference is taken as an indication that the
reaction mechanisms for the two catalysts
are different or that the mechanism is the
same but the rate-limiting step is different.

A mechanism for methanol synthesis
over Pd has been proposed which suggests
that the rate-limiting step is the reaction of
adsorbed H, with adsorbed CO to form a
hydroxymethylene intermediate. Rate ex-
pressions for methanol synthesis derived
on the basis of this mechanism are consis-
tent with those observed experimentally for
both Pd/SiO, and Pd/La,0s.
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