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The interactions of CO and H, with Pd/SiO, promoted with Li, Na, K, Rb, and Cs have been
investigated using temperature-programmed desorption and temperature-programmed surface re-
action. Introduction of the promoter following the preparation of the Pd/SiO, catalyst causes a
small increase (=7%) in the dispersion of the Pd particles. Reduction of the promoted catalysts
removes a significant quantity of oxygen from the promoter, but only a small portion of the
promoter appears to cover the Pd particles. Alkali promotion of Pd/SiO, does not significantly
influence the amounts of H, and CO that can be adsorbed on the metal. The alkali promoters have a
slight influence on the distribution of H, adstates but cause a significant change in the distribution of
CO adstates. For low reduction temperatues, alkali promotion of Pd/SiO, decreases the activity of
Pd for the dissociation of CO. However, increasing the reduction temperature increases the CO
dissociation activity of the promoted samples due to the increased degree of reduction of the
promoter. This enhanced dissociation activity is reversed by the reoxidation of the promoter by the
H;0 or CO, formed under reaction conditions. The nascent carbon formed by CO dissociation on
alkali-promoted Pd/SiO, is less reactive than that on unpromoted Pd/SiO,, and the promoted
catalysts have a lower activity for CH, synthesis relative to that for unpromoted Pd/SiO, decreasing

in the order: unpromoted > Li > Na > K > Rb > Cs.

INTRODUCTION

The activity and selectivity of SiO,- and
Al O;-supported Pd catalysts for CO hydro-
genation can be altered by promoters. High
methanation activity and selectivity is
achieved by promoting Pd with titania (/).
Promoting Pd with rare earth oxides and
MgO increases the specific activity for
methanol synthesis (2-4). Alkali promotion
of Pd also serves to increase its activity and
selectivity for methanol synthesis (5-8).
Studies aimed at understanding the effects
of transition metal oxide promoters on the
catalytic behavior of Pd (/-3, 9-11) have
revealed that these effects appear to be due
in large measure to the decoration of the
supported Pd crystallites by metal oxide
moieties derived from the promoter. The
alteration in the behavior of Group VIII
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metals by alkali promoters has likewise
been attributed to the decoration of the
crystallites by alkali metal or metal oxide
species (12-15). The similarity between
these models and that used to explain
metal-support interactions (I, 9, 10, 16,
17) suggests that the study of alkali promo-
tion of Pd/SiO; may lead to further insights
regarding the mechanism for the alteration
of the catalytic nature of Pd.

In the present paper we report on experi-
ments aimed at understanding the interac-
tions of H, and CO with Pd/SiO, promoted
with Li, Na, K, Rb, and Cs. The promoters
were added to samples taken from a single
batch of Pd/SiO, to prevent variations in
dispersion and in silica composition from
influencing the properties of Pd (18-21).
The principal techniques used in this study
were temperature-programmed desorption
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(TPD), temperature-programmed reduction
(TPR), and temperature-programmed sur-
face reaction (TPSR).

EXPERIMENTAL

Apparatus. The apparatus used for the
present study has been described previ-
ously (22-24). The catalysts were placed in
a quartz microreactor which could be
heated at up to 1 K/s. The desorbing gas
was swept from the microreactor by a con-
tinuous flow of carrier gas. Analysis of the
effluent flow was performed with a quadru-
pole mass spectrometer. The transfer time
from the microreactor to the mass spec-
trometer was less than 1.5 s. A micropro-
cessor-based data acquisition system was
used to direct the mass spectrometer to a
series of preselected masses and to record
the signal intensity at each mass setting.
The catalyst temperature was also recorded
by the data acquisition system.

Materials. The methods of catalyst prep-
aration and characterization employed
have been described previously (3, 25, 26).
The 9% Pd/SiO, was obtained by incipient
wetness impregnation of Cab-O-Sil HS-5
silica with a solution of H,PdCl, dissolved
in 1 N HCI. This catalyst was dried and
calcined in a 21% O,/He mixture at 623 K
for 2 h.

The alkali-promoted Pd/SiO, catalysts
were prepared in a manner similar to that
used previously to prepare lanthana-pro-
moted Pd/SiO; (3). A portion of the cal-
cined 9% Pd/SiO, was impregnated with
a solution of the alkali nitrate in deionized
H,0 and dried. The catalysts were calcined
again and reduced in H; at the desired re-
duction temperature. The loadings of the
promoters were chosen so that for the re-
duced catalysts the ratio of alkali metal at-
oms to surface Pd atoms would be unity.
The promoted and unpromoted catalysts
were characterized using H,-O; titration.

Helium and H; were purified to remove
O, and water, and CO was purified to re-
move metal carbonyls, water, and CO,. De-
tails of the purification procedures are
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given in Ref. (3). The absence of impurities
in these gases was established by mass
spectrometry.

Experimental procedures. The experi-
mental procedures used in this study are
similar to those described in Ref. (3). A
mass of catalyst corresponding to 3.8 X
10~ moles of surface palladium atoms
based on H,-O, titration was placed in the
microreactor. The mass and the particle
size were selected to avoid inter- and intra-
particle mass transfer effects (27). The cat-
alysts were reduced for 4 h in H, at either
573 or 673 K. Following pretreatment, ad-
sorption was performed by pulsing or flow-
ing the desired gases through the catalyst
bed. For temperature-programmed desorp-
tion and temperature-programmed surface
reaction experiments, flow rates of 50 cm?/
min of He and H, were used, respectively.
The heating rate was 1 K/s for these experi-
ments. The relative activities of the cata-
lysts for CO hydrogenation were deter-
mined by ramping the catalyst temperature
at 1 K/s in a flow of 75 cm?min of H, and
25 cm¥min of CO. For temperature-pro-
grammed reduction experiments, the cata-
lyst was calcined, and then the temperature
was ramped at 0.25 K/s in a flow of 200 cm?/
min of 1000 ppm H, in He. Following each
experiment, the mass spectrometer was
calibrated against He mixtures containing
specified concentrations of H, and CO.

The absolute rates of desorption are
based on the number of surface Pd atoms
present calculated from H,-O, titration.
The moles of gas desorbing during an ex-
periment were calculated by first integrat-
ing the spectra to find the peak areas, and
then multiplying by the proper calibration
factor. The initial coverages were found by
dividing the number of moles desorbed by
the moles of surface Pd present based on
H,-0, titration.

RESULTS
H»-0O, Titration

The dispersions of the catalysts based on
H,-0, titration following reduction at 573
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TABLE 1
Pd Dispersion of Pd/SiO, and Alkali-Promoted
Pd/Si0O,
Catalyst Dispersion® (%)
Tea = 573K 673K
9% Pd/Si0, 28 28
0.16% Li/(9% Pd/SiO,) 35 33
0.54% Na/(9% Pd/SiO,) 33 32
0.92% K/(9% Pd/Si0,) 33 32
2.0% Rb/(9% Pd/Si0,) 32 31
3.1% Cs/(9% Pd/Si0,) 34 31

2 Based on H,-0, titration.

and 673 K are given in Table 1. The H»-O,
titration results show that the dispersion of
the alkali-promoted Pd/SiO, catalysts is
somewhat higher than that of Pd/SiO, fol-
lowing reduction at 573 K. The dispersion
of the promoted samples decreases slightly
when the reduction temperature is in-
creased to 673 K.

Temperature-Programmed Reduction

TPR experiments were performed to
characterize the reducibility of 9% Pd/SiO,
and the promoted catalysts. The results of
the initial TPR experiments, performed on
a Pd/SiO, sample promoted with RbNO;,
are presented in Fig l1a. During the TPR of
this sample, following calcination at 623 K,
NO is produced simultaneously with the
consumption of H,. The onset of NO for-
mation during TPR occurs at 425 K. The
quantity of NO produced, 3.40 x 10~® mol,
accounts for 89% of the nitrogen present in
the catalyst as RbNQO;. These results indi-
cate RbNO; undergoes little, if any, decom-
position during calcination, but readily
decomposes in the presence of H,. The
decomposition of RbNOs appears to be cat-
alyzed by the presence of Pd since a sample
of 5% RbNO;/SiO, heated in H, did not
produce NO at temperatures below 500 K.
A similar result has been reported by Aika
et al. 28) who found that Ru promoted the
decomposition of CsNOs.
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In light of the preceding results, the pro-
cedure for the TPR experiments was al-
tered. Each of the catalysts was calcined at
623 K, reduced in pure H, at 573 K, and
calcined again at 623 K prior to conduct-
ing a second TPR. This procedure enabled
the reducibility of the alkali oxide promoter
to be observed without interference from
precursor decomposition. The spectra for
H; consumption during TPR are shown in
Fig. 1b for the promoted catalysts. The
spectrum for the TPR of Pd/SiO, consists of
a single peak at 343 K with a H, consump-
tion of 1.15 x 107° mol. The spectra for the
Li- and K-promoted samples exhibit two
distinct peaks for H, consumption at 328 K
and 403 K, while the spectra for Rb-, Na-,
and Cs-promoted Pd/SiO; each consist of a
single broad peak near 415 K. The inte-
grated H, consumptions for the promoted
samples, given in Table 2, are all greater
than the uptake by the unpromoted sample.

H, and CO TPD

The TPD spectra for H, desorption from
9% Pd/SiO, and the five promoted catalysts
reduced at 573 and 673 K are shown in Figs.
2 and 3, respectively. The initial coverage
by adsorbed H atoms, 6%, is based on the
amount of H, desorbed up to 873 K. For 9%
Pd/SiO,, the saturation coverage is 1.04, in-
dependent of the reduction temperature.
The saturation coverages for the promoted
catalysts reduced at 573 K range between
1.12 and 1.25. Following reduction at 673
K, the saturation coverage decreases to be-
tween 0.73 and 0.88.

Figure 2 shows that alkali promotion of
Pd/Si0; results in subtle changes in the dis-
tribution of adstates for H, chemisorption.
The major peak for H, desorption from 9%
Pd/SiO, is located at 475 K. This peak is
accompanied by an unresolved high-tem-
perature shoulder between 550 and 580 K.
The shape of the spectrum suggests that an-
other peak is present on the low-tempera-
ture side. Figure 2 shows that the major
peak for H, desorption from the alkali-pro-
moted samples reduced at 573 K is located
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Fic. 1. H, consumption during TPR: (a) RbNO;-promoted Pd/SiO,, (b) alkali-promoted Pd/SiO,.

at 445-465 K. The high-temperature peak
at 550-580 K is much smaller in magnitude.
Following promotion with Li and Rb, the
low-temperature shoulder is smaller rela-
tive to the major peak at 465 K. Increasing
the reduction temperature of the promoted
samples to 673 K reverses some of the

changes in the TPD spectra. Figure 3 shows
that the desorption features for the Na-
promoted catalyst reduced at 673 K are
quite similar to those of the original Pd/SiO,
sample. The magnitude of the desorption
peak at 550-580 K for the Na-, K-, and Cs-
promoted catalysts is not significantly dif-

TABLE 2

H, Uptakes Observed during TPR

Catalyst H, consumption Excess Ha Oxygen removed

during TPR consumption over per alkali metal

(mol x 10%) Pd/Si0O, (% 10% mol) atom (mol/mol)
9.0% Pd/SiO, 1.15 — —
0.16% Li/(9% Pd/SiO,) 1.71 6.2 1.61
0.54% Na/(9% Pd/SiO,) 1.52 3.7 0.96
0.92% K/(9% Pd/SiO,) 1.57 4.2 1.10
2.0% Rb/(9% Pd/SiO,) 1.40 2.1 0.55
3.1% Cs/(9% Pd/Si0,) 1.47 35 0.92
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FiG. 2. Effects of alkali promotion on the H, TPD
spectra for 9% Pd/SiO,; T, = 573 K.

ferent from that for Pd/SiO,. However, the
magnitude of the high-temperature peak
remains diminished for the Rb- and Li-
promoted samples. The low-temperature
shoulder is more prominent for all the pro-
moted samples relative to unpromoted Pd/
Si0,. Thus, alkali promotion of Pd/SiO,
results in changes in the distribution of ad-
states with only a modest suppression in
chemisorption capacity.

The CO desorption spectra for 9% Pd/
SiO, and the five alkali-promoted samples
reduced at 573 and 673 K are shown in Figs.
4a and S5a, respectively. The associated
spectra for the CO, evolved during CO de-
sorption are given in Figs. 4b and 5b. Since
no H, was observed during the CO TPD
experiments, the water-gas shift reaction
can be ruled out as a possible source of
CO,. Therefore, the CO, formed can be at-
tributed totally to the disproportionation of
CO: 2 CO,ys — Cygs + CO,. The initial
coverage of CO, 62, given in Figs. 4a and
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5a is taken to be the amount of CO de-
sorbed, 6co, plus twice the amount of CO,
produced. The equivalent coverage of CO
converted to CO; is given by 6co, .

The spectrum for CO TPD from 9% Pd/
SiO, shown in Fig. 4a consists of four peaks
located at 410, 530, 650, and 790 K. The
saturation coverage is 0.88. The satuaration
coverages of the promoted catalysts re-
duced at 573 K, given in Fig. 4a, range be-
tween 0.92 and 1.12. These uptakes are
slightly less than those measured for H,.
Comparison of the spectra in Fig. 4a for the
promoted and unpromoted samples reveals
that alkali promotion causes a redistribu-
tion of the CO adstates. An increase in the
rates of CO desorption is observed for tem-
peratures below 573 K along with a de-
crease at higher temperatures for all of the
promoted samples. Moreover, for the K-
and Rb-promoted Pd/SiO,, the peak at 410
K now appears as two peaks at 370 and
440 K.

Figure 4b shows that all six catalysts pro-
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F1G. 3. Effects of alkali promotion on the H, TPD
spectra for 9% Pd/Si0,; T4 = 673 K.
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F1G. 4. Effects of alkali promotion on the desorption products observed during CO TPD from 9% Pd/

Si0;: (a) CO, (b) CO;; Tieq = 573 K.

duce significant amounts of CO, during CO
TPD following reduction at 573 K. CO, for-
mation is observed over 9% Pd/SiO, at tem-
peratures above 580 K and reaches a maxi-
mum rate at 720 K. The onset of CO,
formation over the promoted catalysts oc-
curs at slightly higher temperatures, be-
tween 600 and 630 K, but the peak locations
for maximum CQ, production are not sig-
nificantly different from that for unpro-
moted Pd/SiO,.

Reduction of unpromoted Pd/SiO, at 673
K had no effect on the TPD spectrum or
6%, ; both were identical to those seen in
Fig. 4a. Figure 5a shows, however, that re-
duction of the promoted samples at 673 K
does cause a small decrease in the initial
coverage of CO, an effect similar to that
observed for H,. Comparison of the CO

spectra presented in Figs. 4a and 5a shows
that the higher reduction temperature sup-
presses the desorption of CO at tempera-
tures below 573 K and increases the de-
sorption of CO at temperatures above 723
K. The rate of desorption in the range of
573 to 723 K decreases when the promoted
samples are reduced at 673 K, relative to
what is observed for reduction at 573 K.

The spectra in Fig. 5b show that the on-
set of CO, formation shifts to lower temper-
atures when the promoted catalysts are re-
duced at 673 K rather than 573 K, and, in
fact, the threshold temperatures in this case
are all lower than that for unpromoted Pd/
SiO;. It is noted, however, that 8¢, and the
maximum rate of CO, formation are both
lower when reduction is carried out at
673 K.
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F1G. 5. Effects of alkali promotion on the desorption products observed during CO TPD from 9% Pd/

Si0,: (a) CO, (b) COy; T = 673 K.

TPSR of H, and CO

TPSR experiments were performed on
the promoted catalysts to gain further infor-
mation regarding the influence of the alkali
promoters on catalyst performance. The
methane features for the TPSR of CO fol-
lowing adsorption at room temperature are
given in Figs. 6a and 7a for 9% Pd/SiO, and
the five promoted catalysts reduced at 573
and 673 K, respectively. The spectra for
CO desorption during the TPSR are given
in Figs. 6b and 7b. The initial coverages by
CO, 620, are in good agreement with those
shown in Figs. 4a and 5a for CO TPD. The
methane spectrum for 9% Pd/SiO, exhibits
a single peak at 625 K. For the samples
reduced at 573 K, alkali promotion results
in a slight upscale shift in the peak tempera-
ture for methane production. The peak lo-
cations increase in the order: unpromoted
(625 K) < Li (630 K) = Na (630 K) = K
(630 K) < Rb (640 K) < Cs (645 K). The

fraction of initially adsorbed CO which re-
acts to give CHy, Xcnyco, is between 0.45
and 0.51 for all six catalysts. Following re-
duction at 673 K, the peak locations in-
crease in the same order: Pd/SiO, (625 K)
< Li (630 K) = Na (630 K) < K (633 K) <
Rb (640 K) < Cs (650 K). The range of
Xcuyco is between 0.32 and 0.42 for the
promoted samples. Thus, alkali promotion
makes Pd/SiO, less active for methanation.

The effects of alkali promotion on the
acitivity of Pd/SiO, for CO dissociation
were investigated by performing the TPSR
experiments following CO adsorption at el-
evated temperatures. Figure 8 shows the
CH, produced by Pd/SiO, and the promoted
catalysts reduced at 573 K during the TPSR
of CO adsorbed for 5 min at 573 K. For 9%
Pd/Si0,, a low-temperature peak is ob-
served at 478 K along with a peak at 630 K.
This low-temperature peak is attributed to
the hydrogenation of surface carbon depos-
ited during the adsorption step (3). The ini-
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tial coverage by adsorbed carbon, as deter-
mined from the quantity of CH4 produced
in the low-temperature peak, is given by 6.
For adsorption at 573 K, 0.10 of a mono-
layer of surface carbon is deposited on Pd/
Si0,. The spectra in Fig. 8 reveal that the
promoted catalysts exhibit much smaller
peaks due to the methanation of surface
carbon. Thus, the promotion of Pd/SiO,
with an alkali lowers its activity for CO dis-
sociation following reduction at 573 K.
Figure 8 also reveals that the carbon de-
posited on the promoted samples during
CO dissociation is less reactive with H,
than that on unpromoted Pd/SiO,, as
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shown by the higher peak temperatures for
the low-temperature CH, peak. Thus, it is
seen from the peak locations that the reac-
tivity of the surface carbon decreases in the
order: unpromoted (478 K) > Li (498 K)
> Na (508 K) > K (520 K) > Rb (530 K)
> Cs (535 K).

Figure 9 shows the CH, spectra obtained
during the TPSR of CO adsorbed for 5 min
at 573 K for the five promoted catalysts re-
duced at 673 K. For this reduction tempera-
ture, more carbon was deposited on each of
the promoted samples than on Pd/SiO,.
The amount of carbon deposited increases
in the order: unpromoted < Rb < K < Na
< Li < Cs. Thus, Fig. 9 shows that the
reduction temperature can influence the ac-
tivity of the promoted samples for CO dis-
sociation. However, comparison of Figs. 8
and 9 reveals that the peak locations for the
hydrogenation of surface carbon do not
vary with reduction temperature.

The influence of H;, on the dissociation of
CO was investigated by adsorbing CO at
573 K in the presence of 10% H, following
reduction at 573 K. Figure 10 shows the

6 T T T T

o o
HCO EC XCN‘/CO
A: 0.16% Li/(9% Pd/Si0y) 0.31 0.17  0.70
5 B: 0.54% Na/{9%Pd/Si0,) 0.30 0.15 0.73 T
C: 0.92% K/(9% Pd/Si0,) 0.36 0.13 076
D: 2.0% Rb/(9%Pd/Si0,) 0.35 0.12 072
E: 3.1% Cs/(9% Pd/Si0,) 0.31 019  0.76

4t CH4/COg .

z (A
de 673 K

Togs = 573K

3, -l
o, 107 (s7)

T (K}

Fi1G. 9. Effects of CO adsorption temperature on
CH, formation during TPSR of CO adsorbed on alkali-
promoted Pd/SiO,; T,.q = 673 K, T.4s = 573 K.
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promoted Pd/Si0O,; adsorption mixture = %% CO,
10% H,; T = 573 K, To4s = 573 K.

CH, formation over the catalysts during
TPSR following such an adsorption step.
Comparison of Fig. 10 with Fig. 8 shows
that all six catalysts exhibit a large increase
in the peak for the hydrogenation of carbon
after the adsorption of CO in the presence
of H2 .

Comparison of Activities for CO
Methanation

The dependence of the methanation ac-
tivity of each catalyst on temperature was
determined by raising the catalyst tempera-
ture at 1 K/s in a flowing mixture of synthe-
sis gas. In all cases, the maximum conver-
sion was kept below 1%. An Arrhenius plot
for CH, production, basing the number of
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active sites on H,-O, titration, is given in
Fig. 11 following reduction at 573 K. The
catalyst activities decrease in the following
order: unpromoted > Li > Na > K > Rb >
Cs. This order did not change throughout
the temperature range studied. The activa-
tion energies for methanation are given in
Fig. 11. The lowest value of E, is 25.7 kcal/
mol, for 9% Pd/Si0,. The activation ener-
gies for the promoted catalysts range be-
tween 26.7 and 28.8 kcal/mol.

The Arrhenius plots of the methanation
activities of the catalysts following reduc-
tion at 673 K are shown in Fig. 12. The
promoted catalysts, in this case, display a
higher activity than Pd/SiO, for tempera-
tures below 550 K and apparent activation
energies in the range of 10 to 12 kcal/mol.
The activities at 473 K increase in the or-
der: unpromoted < K <Na < Li < Cs =
Rb. With increasing reaction temperature,
the apparent activation energies increase,
finally reaching values equivalent to those
reported in Fig. 11. At temperatures above
670 K, the relative activities of all the cata-
lysts also revert to those seen in Fig. 11.

Small quantities of CO, were produced
by the catalysts at temperatures above 580
K; the rate of CO, formation being higher
over the promoted samples than over un-
promoted Pd/SiO,. A small quantity of
CH;0H was formed over the Li- and Na-
promoted catalysts, but none could be de-
tected with any of the other catalysts.

DISCUSSION
Hy-0, Titration

Table 1 shows that promotion of Pd/SiO,
with an alkali metal causes the Pd disper-
sion determined by H,-O, titration to in-
crease by 5 to 7%. A similar effect has been
observed previously for K-promoted Ru/
Si0; (29) and K- and Cs-promoted Ru/
AL O3 (28). On the other hand, studies of
alkali promotion of other Group VIII
metals (30, 31) show either no change or a
decrease in the dispersion. The data in Ta-
ble 1 also demonstrate that while the dis-
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A 9% Pd/Si0, 25.7
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F1G. 11. Comparison of the activities of Pd/SiO,
= 1 atm, H,/CO = 3/1; T,y = 573 K.

persion of Pd/SiO, is the same at 573 and
673 K, the dispersion of the promoted cata-
lysts are 1 to 3% lower at the higher temper-
ature. Thus, the promoter may facilitate
sintering at high reduction temperatures.

TPR and TPO

The consumption of H, during the TPR of
Pd/SiO; is 1.15 x 10~% mol (see Table 2)
which roughly corresponds to the amount

and alkali-promoted Pd/SiO, for CH, production; P

required to reduce PdO to Pd, 1.36 x 10~
mol, if it is assumed that during calcination
the Pd particles are completely oxidized.
Using this assumption, we can then calcu-
late the extent to which the H, consumption
for the alkali-promoted catalysts exceeds
that required to completely reduce the Pd
particles to their metallic state. The excess
amount of H; is given in the second column
of Table 2. If this amount of H; is attributed

-1 T T T T T T
¢ A 9% Pd/5i0,
0. % 8 8 0.16% Li/(9% Pd/Si0,)
I C 0.54% Na/(9% Pd/Si0,)
-2 D 0.92% K/(9% Pd/Si0p) 7]
E 2.0% Rb/A9% Pd/Si0,)
F 3.0% Cs/(9% Pd/Si0,)
o
.3 1
I
h(.)
o
°
-4l .
_5 1 1 1 N R S |
.4 15 16 1.7 1.8 1.9 20 2.1 22
' x10® k™"

Fi1G. 12. Comparison of the activities of Pd/SiO,
= 1 atm, H,/CO = 3/1; T,.q = 673 K.

and alkali-promoted Pd/SiO, for CH, production; P
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to the reduction of the alkali metal oxide,
then the moles of oxygen removed per al-
kali atom can be readily computed, and the
result is given in the third column of Table
2. The values of O/M range from 0.55 to as
high as 1.61, suggesting that the calcined
alkali metal oxide may have a stoichiome-
try much richer in oxygen than the normal
bulk oxide (O/M = 0.5). O/M ratios greater
than 0.5 are certainly unexpected; how-
ever, there is at least one case known in
which the conversion of Cs,0 to Cs; 05 can
occur at the calcination temperature used in
this study (32).

H, TPD

The spectra for H, desorption in Fig. 2
show that the chemisorption of H, is not
supprssed on the alkali-promoted catalysts
following reduction at 573 K. Coverages in
excess of amonolayer are observed over the
promoted catalysts, in agreement with pre-
vious studies of unpromoted Pd/SiO, (18)
and Pd single crystals (33, 34). Only when
the reduction temperature is increased to
673 K is a small suppression of H, chemi-
sorption observed. The absence of a large
suppression in H, chemisorption agrees
with the results of Huang and Richardson
(31) for Na-promoted Ni/SiO,-Al,0;.
These authors observed that for ratios of
Na to surface Ni between 0 and 2.35, the
number of surface sites measured by H,
chemisorption agreed with that calculated
from magnetization measurements. How-
ever, Sun et al. (35) showed that D, chemi-
sorption is suppressed to 0.5 of a mono-
layer on Ni(100) promoted with K to a
coverage of 9x = 0.14 (92 = 0.38). This
suggests that the coverage of the Pd crystal-
lites by alkali promoters is quite small for
reduction at 573 K, but is greater for reduc-
tion at 673 K.

The spectra in Figs. 2 and 3 show that the
energetics of H, desorption are slightly al-
tered by alkali promotion. For all of the
promoted catalysts, the magnitude of the
two low-temperature peaks increases rela-
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tive to that of the peak at 540--570 K follow-
ing reduction at 573 K. However, following
reduction at 673 K, these low-temperature
peaks decrease in magnitude and the spec-
tra are quite similar to that of the original
Pd/SiO, sample. The results presented here
agree well with those for rare earth oxide-
and titania-promoted Pd/SiO, for which it
was also observed that the energetics of H,
desorption are not significantly different
from those for Pd/SiO, (I-3).

CO TPD

The saturation coverages of the alkali-
promoted catalysts by CO are similar to
those for H,. Following reduction at 573 K,
the coverages are close to a monolayer, and
reduction at 673 K results in only a small
suppression in chemisorption capacity. The
interpretation of these results in the light
of single crystal studies is more difficult
than in the case of H, adsorption since
such studies give contradictory results.
Kiskinova (13) observed that saturation of
Ni(100) with Na, K, and Cs (65 = 0.50,
63t = 0.38, 62 = 0.20) suppressed CO
chemisorption to 60% of the saturation
value for the clean surface. Crowell et al.
(36) observed that Rh(111), after promotion
with K to a coverage of 0.33 (6§t = 0.36),
adsorbed 25% of the saturation value of CO
for a clean surface. In contrast to these
results, studies of K-promoted Pt(111) have
shown that the CO uptake is not affected by
promotion. Garfunkel and Somorjai (14)
found for Pt(111) that a K coverage of 0k
= 0.13 (6§* = 0.33) did not decrease the
saturation uptake of CO. Kiskinova et al.
(37) further observed that, although the
sticking coefficient for CO was greatly de-
creased by alkali promotion, the saturation
coverage by CO of a Pt(111) surface con-
taining 0.33 of a monolayer of K did not
change. Based on these observations, it is
difficult to project what might be the antici-
pated influence of alkali promoters on CO
chemisorption on Pd.

The TPD spectrum for CO desorption
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from 9% Pd/SiO, is comprised of four peaks
centered at 410, 530, 650, and 790 K. By
comparing the CO TPD spectra with the in-
frared observations of Hicks et al. (25),
Rieck and Bell (3) were able to assign the
peaks at 638 and 773 K to CO bridge
bonded on Pd(100) and Pd(111) planes, re-
spectively, and the two low-temperature
peaks to linearly adsorbed CO. Promotion
of Pd/SiO; with an alkali results in a signifi-
cant redistribution of CO adstates. As
shown in Fig. 4, the peaks at 638 and 773 K
decrease while the low-temperature peaks
increase in magnitude following reduction
at 573 K. These changes can be attributed
to an increase in the proportion of CO de-
sorbing from linear sites relative to bridge
sites. It is interesting to note that the redis-
tribution of CO adstates observed upon al-
kali promotion bears very strong resem-
blance to the observations of Somanoto and
Sachtler (38) for CO adsorption on Pd-Ag
alloys. These authors noted that the pres-
ence of Ag on Pd surfaces results in an in-
crease in the magnitude of the IR bands for
linearly adsorbed CO coupled with a de-
crease in the bands for bridge adsorbed CO.
This change in the distribution of adstates
was attributed to an ensemble effect in
which surface Ag atoms block bridge sites
for CO adsorption without affecting the lin-
ear sites. It seems reasonable to propose
that a similar interpretation can be given to
explain the effects of alkali promotion.
The effects of alkali promotion on the
disproportionation of CO to form CO, and
carbon can be characterized by the temper-
ature at which CO; first appears during the
TPD of adsorbed CO and the equivalent
coverage of CO converted to CO;, 0co,. Of
these two measures, the first is considered
to be a more reliable indicator of the extent
to which the promoter influences CO
disproportionation. The reasons why the
quantity of CO, released may not be a good
measure are twofold. First, not all the oxy-
gen released during CO dissociation may be
converted to CO,, since part of it may react
strongly with the partially reduced pro-
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moter. Second, a part of the CO, formed
may react with the promoter to form a sur-
face carbonate.

Further justification for using the temper-
ature of the onset of CO, formation as the
measure for the influence of promoters on
the dissociation of CO comes from the fol-
lowing observations. Figure 4b shows that
after reduction at 573 K, the onset tempera-
ture for CO, formation is consistently
higher for the alkali-promoted samples, rel-
ative to unpromoted Pd/SiO,, indicating a
lower activity for CO dissociation. In
agreement with this, the table in Fig. 8 indi-
cates that the amount of carbon formed
during CO adsorption at 573 K is lower for
the promoted samples. When the promoted
catalysts are reduced at 673 K, the onset
temperature for CO, formation decreases
to a level below that for unpromoted Pd/
SiO,, leading to the expectation that reduc-
tion of the promoted catalysts at 673 K
makes them more effective for CO dissocia-
tion. The table in Fig. 9 bears out this pre-
diction in that it shows the coverage of car-
bon on the promoted catalyst, following CO
adsorption at 573 K, to be higher than that
on the unpromoted catalyst. The net con-
clusion then is that the influence of alkali
promoters on the dissociation of CO is a
function of the temperature at which the
catalyst has been reduced: reduction at 573
K results in lower CO dissociation activity
for the promoted catalysts, relative to un-
promoted Pd/SiO,, but reduction at 673 K
reverses this relationship.

The lower effectiveness for CO dissocia-
tion on alkali-promoted Pd/SiO, reduced at
573 K, relative to unpromoted Pd/SiO,,
may be due to the influence of the promoter
in shifting the adsorption of CO toward lin-
ear states. Recent calculations by Baetzold
(39) have shown that the activation energy
for CO dissociation from bridge sites is con-
siderably lower than that for dissociation
from linear sites on fcc(111) surfaces. Con-
sistent with this, Rieck and Bell (I8) have
noted that the increase in CO dissociation
activity with decreasing Pd dispersion for
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Pd/SiO; can be ascribed to the higher pro-
portion of bridge sites on planar surfaces on
the larger metal particles.

The higher effectiveness for CO dissocia-
tion on alkali-promoted Pd/SiO; reduced at
673 K, relative to unpromoted Pd/SiO,,
may be due to two effects. The first is the
restabilization of CO adsorption in bridge
sites. This is the effect predicted by Ander-
son and Awad (40) for Pd promoted with
alkali metal atoms. The second is an inter-
action of the oxygen end of an adsorbed CO
molecule with an atom of alkali metal
present on the Pd surface as shown below.

/O st

S M =Li, Na,K,Rb,Cs
Pd

The consequence of such an interaction
would be to weaken the C—O bond,
thereby facilitating CO dissociation. Weak-
ening of the C—O bond by enhanced back-
donation of d-electrons from the metal to
the 2#* orbital of CO, such as has been
reported for alkali promotion of Rh(111)
(36), Ni(100) (13, 15), Fe(100) (4/), and
Fe(110) (42) surfaces, is not expected. Ro-
gozik et al. (43) have established that the
27* orbital of CO adsorbed on a Pd(100)
surface lies too far above the Fermi level to
permit back-donation from the d-orbitals of
the metal. As a consequence, even if the
density of states at the Fermi level were
increased due to charge transfer from ad-
sorbed alkali to the metal, it is unlikely that
the extent of back-donation to the 27* or-
bital of CO would be increased.

TPSR of Adsorbed CO

Studies of Pd/SiO,, TiO,-promoted Pd/
SiO,, and rare earth oxide-promoted Pd/
SiO, (I-3) have shown that the carbon
formed by the predissociation of CO is
much more easily hydrogenated than mo-
lecular CO, indicating that CO dissociation
is the rate-limiting step in the formation
of methane. A similar conclusion can be
drawn for the alkali-promoted catalysts,
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since, as shown in Figs. 8-10, the reactivity
of surface carbon is always greater than
that of molecular CO. The differences in
the rates of methanation of adsorbed CO
over unpromoted Pd/SiO, and Pd/SiO,; pro-
moted with different alkali metals observed
in Figs. 6a, 8, and 10 must, therefore, be
due to the influence of the promoter on the
rate of CO dissociation. Consistent with
this interpretation, we see from Fig. 4b that
the onset temperature for the appearance of
CO, (which as noted previously is a good
index of catalyst activity for CO dissocia-
tion) increases in the order: unpromoted <
Li < Na < K < Rb < Cs. Thus, the high
activity of unpromoted Pd/SiO, can be as-
cribed to the greater ease with which CO
dissociates over this catalyst.

Following the logic presented above, one
might expect the promoted catalysts re-
duced at 673 K to be more active for the
methanation of adsorbed CO, since as seen
in Fig. 5b, the onset temperature for CO,
formation is lower than that for unpro-
moted Pd/SiQ;. Figure 7a shows this not to
be the case. The most likely reason for the
apparent inconsistency is that the water
formed during the early stages of CO meth-
anation rapidly reoxidizes the promoter,
thereby spoiling its effectiveness for further
CO dissociation. A similar argument can be
advanced to explain the ordering of the
peaks designated CH4/CO; in Fig. 9.

In addition to affecting the dissociation of
CO, the decoration of Pd with alkali metal
species alters the reactivity of adsorbed
carbon. Figure 8 shows that the peak tem-
perature for hydrogenation of adsorbed car-
bon increases with alkali promotion, with a
maximum upscale shift of 67 K for Cs-pro-
moted Pd/SiO,. Since the kinetics of carbon
hydrogenation are first-order in carbon cov-
erage (44, 45) this shift indicates that the
carbon is less reactive. A similar result, al-
though much smaller in magnitude, was ob-
served for titania- and rare earth oxide-pro-
moted Pd/SiO; (I, 2). The reasons for the
lower reactivity of the adsorbed carbon on
the promoted samples is not clear. How-
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ever, if an electronic effect is responsible, it
might be expected that the reactivity of the
carbon should vary monotonically with the
increasing electropositive nature of the al-
kali metals. As shown in Fig. 8, this is in-
deed the case. The least reactive carbon is
that deposited on the catalyst with the most
electropositive promoter, Cs.

Evidence for the lower reactivity of ad-
sorbed carbon in the presence of alkali pro-
moters has been reported previously for
Fe (46), Ni (15), and Ru (29) catalysts. For
these catalysts, it was observed that under
reaction conditions, larger deposits of car-
bon accumulated on the surface of the cata-
lysts in the presence of alkali promoters. In
the case of K-promoted Ni(100) (15); the
amount of surface carbon at steady state
increased by up to a factor of 3 relative to
an unpromoted Ni(100) surface. This was
attributed to a combination of an increase in
dissociation activity and a decrease in car-

bon reactivity. A possible explanation for

the lower reactivity of carbon on alkali-pro-
moted catalysts, suggested by McLaughlin
McClory and Gonzalez for Ru catalysts
(29), is that the alkali metal promoter in-
hibits carbon hydrogenation by site block-
age. However, since the chemisorption of
CO and H; were not significantly sup-
pressed by the promoters in the present
study, it is unlikely that this is the case for
Pd.

The activation energies shown in Fig. 8
for methanation over the alkali-promoted
catalysts reduced at 573 K range between
26.7 and 28.8 kcal/mol, while that for Pd/
Si0, is 25.7 kcal/mol. The higher activation
energy over the promoted catalysts indicate
that the energetics for the reaction are less
favorable. This is consistent with the lower
dissociation activity and the lower reactiv-
ity of the adsorbed carbon on these sam-
ples. The methanation activity decreases
with increasing electropositive nature of
the alkali promoter, which is the same trend
as seen for the reactivity of the surface car-
bon. The lower methanation activity of
these catalysts is in agreement with pre-
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vious studies of alkali-promoted Pd (5, 7),
Rh (47), Ni (15, 48), Fe (46, 49), and Ru
(29) catalysts. Only for Ni supported on
Si0,-AlL 05 (31, 48) has an increase in ac-
tivity been reported upon promotion with
an alkali.

Following reduction at 673 K, the pro-
moted catalysts display a higher methana-
tion activity at low temperatures (<550 K)
than unpromoted Pd/SiO,. As was men-
tioned previously, this may be attributed to
a more extensive reduction of the alkali
promoter than can be achieved at 573 K.
Figure 9 shows that reducing the promoted
catalysts at 673 K results in a higher activ-
ity for CO dissociation relative to Pd/SiO,.
Thus, the oxygen-deficient alkali metal ox-
ide species assist the dissociation of CO,
along with increasing the low-temperature
activity of these catalysts for CO hydroge-
nation. The more favorable reaction ener-
getics are reflected by the small initial
slopes of the Arrhenius plots shown in Fig.
12 for the promoted samples. The curvature
in the Arrhenius plots for the promoted
samples shown in Fig. 12 can be attributed
to reoxidation of the promoter caused by
water produced during CO hydrogenation.
The net result of this effect is that at the
highest temperatures used in this study, the
alkali oxide becomes an inhibitor and the
order of catalyst activities reverts to that
seen in Fig. 11. Consistent with the pro-
posed interpretation, it was observed that
upon reduction of the reaction temperature,
following reaction at high temperatures,
each of the catalysts produced a straight
Arrhenius line with a slope similar to that
seen in Fig. 11. Thus, it is apparent that the
state of the promoted Pd/SiO, catalysts
achieved by reduction at 673 K is not stable
under reaction conditions where substantial
amounts of water are present.

CONCLUSIONS

The effects of alkali promotion of Pd/
SiO; on the adsorption and reaction of H,
and CO are a strong function of the temper-
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ature at which the catalyst is reduced. Fol-
lowing reduction at 573 K, the distribution
of H, adstates is essentially the same for the
promoted and unpromoted catalysts. By
contrast, the CO adstate distribution shifts
towards a higher proportion of linearly ad-
sorbed species and a lower proportion of
bridge adsorbed species for the promoted
Pd/SiO,, relative to unpromoted Pd/SiO,.
This pattern is attributed to ensemble ef-
fects in which bridge sites are blocked by
the promoter. The dissociation of CO oc-
curs less readily over the promoted cata-
lysts reduced at 573 K due to the lower ac-
tivity of linear sites relative to bridge sites
for CO dissociation. Reduction of the pro-
moted catalysts at 673 K causes little
change in the distribution of H, adstates,
but restores the distribution of CO adstates
to one which is similar to that for unpro-
moted Pd/SiO,. Reduction at 673 K in-
creases the CO dissociation activity of the
promoted samples relative to unpromoted
Pd/Si0, due to the participation of reduced
alkali species in the rupture of the C—O
bond. This enhanced activity is easily re-
versed by the oxygen formed by the disso-
ciation of CO or by exposure of the catalyst
to water.

The formation of methane by the reduc-
tion of carbon formed by the dissociation of
CO proceeds much more rapidly than by
the reduction of adsorbed CO, indicating
that CO dissociation is the rate-limiting step
in the methanation of CO over Pd. The
steady-state activity of the catalysts studied
decreases in the order: unpromoted > Li >
Na > K > Rb > Cs, paralleling the activity
for CO dissociation. It is also observed that
alkali promotion decreases the reactivity of
adsorbed carbon with H,, the effect in-
creasing with the electropositive character
of the alkali.
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