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The interactions of H, and CO with Pd/SiO, promoted with La,Q,, CeO,, Pr,O,,, Nd,O;, and
Sm,0; have been investigated using temperature-programmed desorption and temperature-pro-
grammed surface reaction. Introduction of the promoter following the preparation of the Pd/SiO,
catalyst results in a partial coverage of the Pd particles by the oxide promoter. Upon reduction of
the promoted catalysts, portions of the promoter in contact with Pd undergo reduction. The
partially reduced rare earth oxide species covering the Pd particles reduce the amounts of H, and
CO that can be adsorbed on the metal. The rare earth oxide moieties have a slight influence on the
distribution of H, adstates but cause a significant change in the distribution of CO adstates. Decora-
tion of Pd by rare earth oxide moieties also aids the dissociation of CO, and raises thereby the
activity for CH, synthesis relative to that for Pd/SiO,. The promoter also serves to increase the

activity for CH;OH synthesis and the formation of CO, via the water-gas shift reaction.
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INTRODUCTION

The activity and sclectivity of Pd for CO
hydrogenation depend in a complex fashion
on Pd dispersion, crystallite morphology,
and support composition; however, the ob-
servations of different investigators do not
always agree. Ichikawa er al. (/) and
Doering et al. (2, 3) have reported that the
turnover frequency for methanation over
Pd/SiO; increases with Pd dispersion. On
the other hand, Rieck and Bell (¢) and
Hicks and Bell (5) have observed the oppo-
site effect for Pd/SiO-» and Pd/La,0;. Hicks
and Bell (5) found no effect of Pd disper-
sion on the turnover frequency for metha-
nol formation over Pd/Si0, or Pd/La,0Os,
provided the particle morphology did not
change. These authors noted, however,
that the turnover frequency for methanol
synthesis was nearly threefold greater on
particles exposing (100) facets rather than
(111) facets, thereby emphasizing the im-
portance of Pd crystallite morphology.

The influence of support composition on
the catalytic properties of Pd has also been
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examined by a number of authors (5-26).
High methanation activity and selectivity is
achieved by supporting Pd on TiO; or ZrO;.
On the other hand, high activity and selec-
tivity for methanol synthesis can be
achieved by use of La;03 or Nd,Os as the
support (5—14). Studies aimed at under-
standing the effects of support composition
(21-26) have revealed that these effects ap-
pear to be due in large measure to the deco-
ration of the supported Pd crystallites by
metal oxide moieties derived from the sup-
port. The validity of this interpretation has
recently been supported by studies demon-
strating that Pd/SiO, promoted with TiO- or
La,O; exhibits adsorptive and catalytic
properties virtually identical to those ob-
served when Pd is supported on these ox-
ides (25, 26). Additional evidence for the
decoration model comes from the observa-
tion of changes in the catalytic activity and
selectivity of Pd/SiO> promoted with MgO
or alkali metal oxide (/4, 17, 24, 27).

In the present paper we report on experi-
ments aimed at understanding the interac-
tions of H, and CO with Pd/SiO, promoted
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with La203, CCOZ, Pr6011 R NdzO} , and
Sm;0;. The advantage of using the rare
earth oxide as a promoter rather than as a
support is that it allows the Pd dispersion to
be kept constant, and as a consequence re-
moves one of the variables influencing the
properties of Pd. The principal techniques
used in this study were temperature-pro-
grammed desorption (TPD), temperature-
programmed reduction (TPR), and temper-

ature-programmed surface reaction
(TPSR).

EXPERIMENTAL
Apparatus

The apparatus used for the present study
has been described previously (28-30). The
catalysts were placed in a quartz micro-
reactor which could be heated at up to 1 K/
s. The desorbing gas was swept from the
microreactor by a continuous flow of car-
rier gas. Analysis of the effluent flow was
performed with a quadrupole mass spec-
trometer. The transfer time from the micro-
reactor to the mass spectrometer was less
than 1.5 s. A microprocessor-based data ac-
quisition system was used to direct the
mass spectrometer to a series of prese-
lected masses and to record the signal in-
tensity at each mass setting. The catalyst
temperature was also recorded by the data
acquisition system.

Materials

The methods of catalyst preparation and
characterization employed have been de-
scribed previously (26, 31, 32). The 2% Pd/
SiO, was obtained by incipient wetness im-
pregnation of Cab-O-Sil HS-5 silica with a
solution of H,PdCl, dissolved in 1 N HCIL.
This catalyst was dried and calcined in a
21% 0O,/He mixture at 623 K for 2 h.

The rare earth oxide-promoted Pd/SiO,
catalysts were prepared in a manner identi-
cal to that used previously to prepare lan-
thana-promoted Pd/SiO, (25). A portion of
the calcined 2% Pd/SiO, catalyst was im-
pregnated with a solution of the rare earth
nitrate in deionized H,O and dried. The cat-
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alysts were calcined again to decompose
the nitrate precursor and reduced in H; at
the desired reduction temperature. The
loadings of the rare earth oxides corre-
spond to a ratio of rare earth metal to sur-
face Pd atoms of 5.0. These catalysts were
characterized using H,—O, titration.

Helium and H, were purified to remove
0, and water; and CO was purified to re-
move metal carbonyls, water, and CO,. De-
tails of the purification procedures are
given in Ref. (26). The absence of impuri-
ties in these gases was established by mass
spectrometry.

Experimental Procedure

The experimental procedures used in this
study are similar to those described in Ref.
(26). A mass of catalyst corresponding to
3.8 x 107¢ mol of surface palladium atoms
based on H,—0, titration was placed in the
microreactor. The mass and the particle
size were selected to avoid inter- and intra-
particle mass transfer effects (33). The cata-
lysts were reduced in H, at temperatures
ranging from 523 to 673 K. Following pre-
treatment, adsorption was performed by
pulsing or flowing the desired gases through
the catalyst bed. For temperature-pro-
grammed desorption (TPD) and tempera-
ture-programmed surface reaction (TPSR)
experiments, flow rates of 50 cm*min of He
and H; were used, respectively. The heat-
ing was 1 K/s for these experiments. The
relative activities of the catalysts for CO
hydrogenation were determined 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-programmed reduction
(TPR) experiments, the catalyst 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. For temperature-
programmed oxidation (TPO) experiments,
the catalyst temperature was ramped at
0.25 K/s in a flow of 200 cm’¥/min of 1000
ppm O, in He, following reduction. Follow-
ing each experiment, the mass spectrome-
ter was calibrated against He mixtures con-
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taining 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»—0, Titration

The dispersions of the catalysts based on
H,-0; titration are given in Table 1. For 2%
Pd/SiO,, this value agrees with that deter-
mined previously (30) by H, or CO chemi-
sorption. The H,-0, titration results show
that the rare earth oxide-promoted Pd/SiO,
catalysts have the same dispersion as Pd/
Si0;, independent of the reduction temper-
ature.

TABLE 2

Temperature-Programmed Reduction and
Oxidation

ptakes Observed during TPR and TPO

TPR and TPO experiments were per-
formed to characterize the reducibility of
2% Pd/SiO, and the promoted catalysts.
The uptakes of H, and O; are summarized
in Table 2. Also listed are the differences

H, and O-. U

TABLE 1

Pd Dispersion of Pd/SiO, and Rare Earth
Oxide-Promoted Pd/Si0O,

Catalyst Dispersion? (%)

573 K 673 K
2% Pd/Si0, 35 34
4.4% La/(2% Pd/Si0y) 35 34
4.4% Cel(2% Pd/Si0») 33 32
4.4% Pr/(2% Pd/Si0,) 33 32
4.5% Nd/(2% Pd/Si0,) 32 33

4.7% Sm/(2% Pd/SiO;) 33 33

“ Based on H,-O- titration. Temperatures are Ti,.

Excess O,

consumption over
Pd/Si0, (x10-¢ mol)

0.80

0.48

0.52

0.27

0.60

ption

at 298 K’
{x107% mol)
2.70
3.5
3.18
3.22
2.97

O, consum

Excess H,

consumption over
Pd/SiO, (X 107% mol)

0.67

0.77

0.68

0.23

0.77

ption

during TPR

(x107% mol)
9.47
8.04
9.32
11.03
9.62

13.0

H, consum

H> consumption
at 298 K
(x107% mol)
4.20
5.73
4.36
2.20
4.15

)

5

Catalyst«
4.4% La/(2% Pd/SiO,)
4.4% Ce/(2% Pd/Si0,)
4.4% Pr/(2% Pd/SiO,)
4.5% Nd/(2% Pd/SiO

¢ Surface Pd: 3.81 x 107° mol. Bulk Pd: 1.09 x 10"* mol.

# No Q, uptake during TPO.

4.7% Sm/(2% Pd/Si0,)

2.0% Pd/SiO,
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between the uptakes by the promoted and
unpromoted samples of 2% Pd/SiO,. For
the sake of comparison, the total amount of
Pd present based on H,-0, titration are
listed at the bottom of the table. For 2% Pd/
Si0;,, the spectrum for H, consumption dur-
ing TPR consists of single peak at 343 K.
The spectra for the promoted catalysts ex-
hibit a peak at 320-325 K, and the peaks for
La;0;- and PrgOyj-promoted Pd/SiO, have
high-temperature shoulders at 368 and 373
K, respectively. As shown in Table 2, the
total H, consumption for each promoted
sample is greater than that for Pd/SiO,. The
TPO experiments revealed that the cata-
lysts consumed of O, at room temperature.
The O, consumption by each promoted cat-
alyst was greater than that for Pd/SiO,.
However, there was no further uptake of O,
during the temperature ramp.

H, and CO TPD

The TPD spectra for H, desorption from
2% Pd/Si0, and the five promoted catalysts
are shown in Fig. 1. The initial coverage by
adsorbed H atoms, 6y, is based on the
amount of H, desorbed up to 873 K. For 2%
Pd/SiO,, the saturation coverage is 1.03.
Although the promoted catalysts have the
same dispersion based on H,-0, titration,
the chemisorption capacity of these cata-
lysts is less than that of unpromoted Pd/
SiO,. The reduction in H, chemisorption
capacity increases in the order: Smy0; <
Ce0; < Nd;0; < PriO;; < La0;. No
change in the saturation coverages was ob-
served when the reduction temperature was
increased from 523 to 673 K.

Figure 1 shows that promotion of Pd/SiO,
with rare earth oxides results in subtle
changes in the distribution of adstates for
H, chemisorption. As shown in Fig. 1, the
major peak for H, desorption from 2% Pd/
Si0; is located at 470 K. This peak is ac-
companied by an unresolved high-tempera-
ture shoulder between 540 and 570 K. The
shape of the spectrum indicates another
peak is present on the low-temperature
side. Figure 1 shows that, following promo-
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Fi1G. 1. Effects of rare earth oxide promotion on the
H, TPD spectra for 2% Pd/SiO,. Note that spectra
have been offset for clarity.

tion with La,0s3, Sm,0;, or Nd,Os, the ma-
jor peak for H, desorption is still located at
470-480 K. However, the spectra for
Sm,0;- and Nd,0;-promoted Pd/SiO; ex-
hibit a well-resolved low-temperature peak
at 390-400 K. Following promotion with
PrOy;, the major peak occurs at 445 K,
again with a shoulder at 390 K. After pro-
motion with CeO,, the major peak for de-
sorption occurs at 410 K, and the peak at
470 K becomes a high-temperature shoul-
der. The shapes of the desorption spectra
for the promoted samples indicate that the
higher-temperature peak at 540-570 K is
still present, although it is smaller in magni-
tude. Thus, there is a general suppression
of all H, adstates.

The CO desorption spectra for 2% Pd/
SiO, and rare earth oxide-promoted Pd/
Si0O, are shown in Fig. 2a. The spectra for
the CO; evolved during CO desorption are
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FiG. 2. Effects of rare earth oxide promotion on the desorption products observed during CO TPD
from 2% Pd/SiO,: (a) CO: (b) CO,. Note that spectra have been offset for clarity.

given in Fig. 2b. Since no H; was observed
during the CO TPD experiments, the water-
gas-shift reaction can be ruled out as the
source of the CO,. Therefore, the CO,
formed can be attributed totally to the dis-
proportionation of CO: 2 COus — Cugs +
CO,. The initial coverage of CO, co, given
in Fig. 2a is taken to be the amount of CO
desorbed, 8co, 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 2% Pd/
Si0, shown in Fig. 2a consists of four peaks
located at 400, 488, 638, and 773 K. The
saturation coverage is 0.88. As shown in
Fig. 2a, promotion with the rare earths
results in a suppression of the initial CO
uptake. The magnitude of this suppression
follows the same trend with promoter as
observed for H, adsorption. However, in
contrast to the results given in Fig. 1 for H,
desorption, the spectra for CO desorption

show that promotion with rare earth oxides
causes a significant redistribution in the
forms of adsorbed CO. For all of the pro-
moted samples, there is a preferential sup-
pression of the peaks at 638 and 773 K. In
addition, promotion with CeO, of LayOs
results in a suppression of the peak at 488
K. For all five promoted catalysts, the sup-
pression of the peak at 400 K is quite small.
No change in amount of CO adsorbed nor
the distribution of adstates was observed
upon increasing the reduction temperature
from 523 to 673 K.

Figure 2b shows that all six catalysts pro-
duced significant amounts of CO, during
CO TPD. CO, formation is observed over
2% Pd/SiO; at temperatures above 570 K
and reaches a maximum rate at 735 K. The
onset of CO, formation over the promoted
catalysts occurs at much lower tempera-
tures, between 350 and 380 K. The peak
locations for maximum CO, production are
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also shifted to lower temperatures, ranging
from 620 to 640 K. Thus, the promotion of
Pd/SiO; with a rare earth oxide induces CO
dissociation at lower temperatures. The
quantity of CO, produced was also altered
by rare earth oxide promotion. The fraction
of initially adsorbed CO which dissociates
during TPD increases in the order: unpro-
moted (8%) < Nd,0; (9%) < La,03 (11%) =
PI'6011 (] 1%) < Sm203 (13%) < CCOZ (14%)

The reversibility of the suppression of
CO chemisorption caused by rare earth ox-
ide promotion was investigated in the fol-
lowing manner. A reduced Nd,Os-pro-
moted Pd/SiO; sample was saturated with
0, at 298 K, and the adsorbed oxygen was
titrated with H,. The uptake of CO was
then measured. It was observed that CO
displaced the adsorbed H,, and the catalyst
chemisorbed 0.65 of a monolayer of CO,
compared to the saturation coverage of (.50
shown in Fig. 2 for a reduced sample. The
subsequent TPD yielded little useful infor-
mation since the H,O present resulted in a

3 cH,/e0
0
e %0 Xomyico
1or A: 2% Pd/Si0p 0.93 0.40
B: 4.9% Lo/(2% Pd/Si0,) 046  0.66
C: 4.4% Ce/(2% Pd/Si0;) 08!  0.69
O D: 4.4% Pr/A2%Pd/Si0y) 043 0.64
E: 4.5% Nd/(2% Pd/Si0) 048  0.64
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large CO, feature due to the water-gas-shift
reaction. However, it is significant that ex-
posing the catalyst to O, resulted in an in-
crease in its chemisorption capacity.

TPSR of H, and CO

TPSR experiments were performed on
the promoted catalysts to gain further infor-
mation regarding the influence of the rare
earth oxides on the catalyst performance.
The methane features for the TPSR of CO
following adsorption at room temperature
are given in Fig. 3a for 2% Pd/SiO, and the
five promoted catalysts. The spectra for CO
desorption during the TPSR are given in
Fig. 3b. The initial coverages by CO, 6co,
are in good agreement with those shown in
Fig. 2 for CO TPD. The methane spectrum
for 2% Pd/SiO, exhibits a single peak at 620
K. Promotion with the rare earth oxides
results in a large shift in the peak for meth-
ane production to lower temperatures. The
peak locations increase in the order: Nd,O;
(517 K) = Ce0, (517 K) < Sm,05 (522 K) <

3 -l
feo * 107 (s7)
Sy
T — T -1 -1
a b-3
1

0
300 400 500 600 700
T (K)

FiG. 3. Effects of rare earth oxide promotion on the products formed during TPSR of CO adsorbed
on 2% Pd/Si0O;: (a) CH,; (b) CO. Note that spectra have been offset for clarity.
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F1G. 4. Effects of CO adsorption at 548 K on CH, formation during TPSR of CO adsorbed on: (a)
rare earth oxide-promoted Pd/SiO,; (b) 2% Pd/SiO,.

Pr¢O;, (525 K) < La,0; (533 K). The frac-
tion of initially adsorbed CO which reacts
to give CHy, Xcn,/co, is 0.40 for 2% Pd/
Si0,. This quantity increases for the pro-
moted catalysts to between 0.64 and 0.69.
Thus, the promotion of Pd/SiO; with a rare
earth oxide significantly increases its activ-
ity for the hydrogenation of molecular CO.

The effects of rare earth oxide promotion
on the activity of Pd/SiO; for CO dissocia-
tion were investigated by performing the
TPSR experiments following CO adsorp-
tion at elevated temperatures. Figure 4a
shows the CH, produced by the promoted
catalysts during the TPSR of CO adsorbed
at 548 K. The CH, spectrum for the TPSR
of CO adsorbed at 548 K on 2% Pd/SiO, is
shown in Fig. 4b. For 2% Pd/Si0O,, a low
temperature peak is observed at 475 K
along with a peak at 630 K. This low-tem-
perature peak is attributed to the hydroge-
nation of surface carbon deposited during
the adsorption step (25). For this adsorp-
tion temperature, only 0.06 of a monolayer
of surface carbon is deposited. In addition,

a large amount of CO desorbs unreacted.
The spectra in Fig. 4a reveal that, following
CO adsorption at 548 K, the promoted cata-
lysts exhibit much larger peaks due to the
methanation of surface carbon. Very little
unreacted CO desorbs, since Xcyyico+o) 18
very close to 1.0 for the promoted samples.
Thus, the promotion of Pd/SiO, with a rare
earth oxide results in a much higher activity
for CO dissociation. CeQ,- and Nd,O;-pro-
moted Pd/SiO, exhibit the highest activity
for CO dissociation, while that of Sm,0s-
promoted Pd/SiO; is slightly lower. The
dissociation activities of La,0s;- and
PryO;;-promoted Pd/SiO, are, however,
significantly lower.

The CHj4 spectra for the TPSR of CO ad-
sorbed at 623 K on the promoted catalysts
are shown in Fig. 5. The spectra consist of a
peak from the hydrogenation of surface cai-
bon and a high temperature shoulder from
the hydrogenation of the residual CO left on
the surface after adsorption. For all five
catalysts, no unreacted CO was observed
during the TPSR. The spectrum for TPSR
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FiG. 5. Effects of CO adsorption at 623 K on CH,
formation during TPSR of CO adsorbed on rare earth
oxide-promoted Pd/SiO..
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of CO adsorbed at 673 K on 2% Pd/SiO,
produced a peak from the hydrogenation of
surface carbon at 473 K (25). Thus, it is
seen from the peak locations that the rela-
tive reactivities of the surface carbon de-
creases in the order: unpromoted (473 K) >
Nd,03 (478 K) > Sm,0; (485 K) > Ce0,
(489 K) = PrgOq; (489 K) > La,05 (503 K).
These experiments also give evidence of
the high activity of the promoted catalysts
for CO dissociation. During the adsorption
of CO at 673 K, only 0.32 of a monolayer of
carbon is deposited on 2% Pd/SiO, (26).
Figure 5 shows that the amount of carbon
deposited on all of the promoted catalysts is
greater than 0.40 of a monolayer for an ad-
sorption temperature of only 623 K.

The influence of H, on the dissociation of
CO was investigated by adsorbing CO at
498 K in the presence of 10% H,. Figure 6a
shows the CH, formation over the pro-
moted catalysts during TPSR following
such an adsorption step. The CH, spectra

b T T
CH4/COs o0 X
co CH,/CO
10 A: 4.4% La/(2% P4/Si0p)  0.39 0.84 i
B: 4.4% Ce/(2% Pd/SiQ,;) 048 0.90
C: 4.4% Pr/{2% Pd/SiG,)  0.35 o.82
or D: 4.5% Nd/(2% Pd/Si0,)  0.42 0.84 T
E: 4.7% Sm/(2%Pd/Si0,) 0.55 0.85
8- _
~ 4 Ty ° 498K ]
-'m Ads. Mixture = 100% CO
M,
o sf -
x
z
S 5 B
.
41 .
3 .
2 .
It |
0 1 SR 1
400 500 600 700 800
T (K)

Fi1G. 6. Effects of the presence of H, during CO adsorption on CH, formation during TPSR for rare
earth oxide-promoted Pd/SiO,: (a) adsorption mixture = 90% CO, 10% H,; (b) adsorption mixture =

100% CO.
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Fi1G. 7. Comparison of the activities of Pd/SiO, and
rare earth oxide-promoted Pd/SiO, for CH, produc-
tion; P = 1 atm, H,/CO = 3/1.

for TPSR following the adsorption of CO at
498 K in the absence of H, are shown in
Fig. 6b for comparison. After adsorption of
pure CO at 498 K, there is no evidence for
the presence of a peak due to the hydroge-
nation of surface carbon. However, Fig. 6a
shows that all five promoted catalysts ex-
hibit a prominent peak for the hydrogena-
tion of carbon after the adsorption of CO in
the presence of H,. Thus, as seen with Pd/
SiO; (25), the presence of H, results in a
buildup of carbon on the catalysts. As was
shown in Fig. 4 for the adsorption of pure
CO at 548 K, the La,0s- and PrsO-pro-
moted Pd/SiO; catalysts have a lower activ-
ity for CO dissociation in the presence of
H; than the other promoted catalysts. How-
ever, the quantity of carbon deposited in
the presence of H, at 498 K on the pro-
moted catalysts is much larger than the
amount deposited on Pd/SiO, for the same
adsorption conditions, 0.09 of a monolayer
(26).

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-
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sion was kept below 1%. An Arrhenius plot
for CH, production, basing the number of
active sites on H,~0O, titration, is given in
Fig. 7. The catalyst activities increase in
the following order: unpromoted < La;0O
< PrsO); < Smy0; < Ce0O, < Nd»Os. The
activation energies for methanation are
given in Fig. 7. The lowest value of E, is
27.5 kcal/mol, for 2% Pd/SiO,. The activa-
tion energies for the promoted catalysts are
very similar, ranging between 32.5 and 33.5
kcal/mol.

The Arrhenius plot in Fig. 8 shows the
CO; production observed during methana-
tion. The activities for CO; production in-
crease in the order: Nd,O; < La0; <
Sm»0; < Pr0;, < Ce0,. Pd/Si0O; produced
only trace amounts of CO,. Comparison of
Figs. 7 and 8 shows that the rate of methane
production is greater than the rate of CO,
production for all of the catalysts through-
out the temperature range. The activation
energies for CO, production are shown in
Fig. 8. These range between 20.7 and 22.0
kcal/mol. Due to its low activity for CO,
production, the activation energy could not
be calculated for Pd/SiO;.

Small quantities of CH;OH were formed
over the promoted catalysts as shown in
Fig. 9. The variation in methanol synthesis
activity with promoter follows the trend:

T T T T
Eg (kcal/mal)]
A: 4.5% Nd/(2% Pd/SiCyp) 220
B: 4.4% La/(2% Pd/Si0,) 21.5
> C: 4.7% Sm/(2% Pd/Si0,) 20.9
-er D: 4.4% Pr/(2% Pd/Si0p) 209
E: 4.4% Ce/(2% Pd/Si0,) 20.7

-1
log '002 (s7h)

\s ‘c
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T x10% (k™

Fi1G. 8. Comparison of the activities of Pd/SiO, and
rare earth oxide-promoted Pd/SiO, for CO, produc-
tion; P = 1 atm, H,/CO = 3/1.
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F1G. 9. Comparison of the activities of Pd/SiO, and
rare earth oxide-promoted Pd/SiO, for CH;OH pro-
duction; P = | atm, H,/CO = 3/1. Note plots have
been offset for clarity.

Nd203 < L3203 < Sm203 < C302 = Pr(,O||.
No methanol was produced over 2% Pd/
Si0,. Variation of the reduction tempera-
ture between 523 and 673 K had no influ-
ence on either the activity or the selectivity
of the catalysts.

DISCUSSION
H,-0, Titration

The results of H,—O, titration presented
in Table 1 clearly demonstrate that the dis-
persion of silica-supported Pd is virtually
unchanged by promotion with rare earth
oxides. Moreover, the dispersion is the
same for reduction temperatures of 573 and
673 K. Similar observations have also been
reported for La,03- and TiO,-promoted Pd/
Si0, (25, 26). It is quite significant to ob-
serve that the moles of exposed Pd deter-
mined by H,-O; titration is quite different
from that which would be determined by H,
or CO chemisorption, the latter two meth-
ods always yielding lower values. These
differences are ascribed to the influence of
adsorbate composition on the degree of
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wetting of the Pd surface by the oxide pro-
moter. Following reduction, the Pd parti-
cles are in their metallic state and the rare
earth oxide in contact with the particles is
slightly deficient in oxygen. This deficiency
in oxygen contributes to an improved wet-
ting of the metal by the promoter and block-
age of adsorption sites. Thus, when H, or
CO is adsorbed on a reduced Pd/SiO, sam-
ple that has been promoted, the adsorbate
uptake is always less than that measured
for unpromoted Pd/SiO,. On the other
hand, if a promoted catalyst undergoes a
sequence of O,—H, titrations, following re-
duction, the exposure to O, causes a reox-
idation of the promoter. This process, in
turn, presumably causes a reduction in the
extent of wetting and hence an increase in
the amount of Pd surface atoms exposed.
As a consequence, H,—O, titration results
in a measure of all surface Pd atoms. The
data in Table 1 demonstrate further that the
procedure used to add the rare earth oxide
promoter does not influence the dispersion
of Pd.

TPR and TPO

The amount of H, consumed during TPR
and the shape of the spectra for H, con-
sumption can provide evidence for the re-
duction of catalyst supports and promoters.
The results of TPO experiments indicate
the degree of reversibility of the reduction.
As shown in Table 2, each sample contains
1.09 x 107 mol of total Pd and 3.81 x 10~
mol of surface Pd. During the reduction of
2% Pd/Si0,, 1.3 x 1073 mol of H; is con-
sumed, This uptake corresponds to reduc-
tion of bulk PdO and adsorbed surface oxy-
gen. The uptake of 2.7 x 107 mol of O,
during TPO can be ascribed to the reaction

Pd—H + { O, — Pd—O + } H;,O

Bulk oxidation of Pd does not occur due to
the low concentration of O; in the oxidizing
stream. Thus, for Pd/SiO,, only the Pd
crystallites undergo oxidation and reduc-
tion.

The results of the TPR and TPO experi-
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ments for promoted Pd/SiO, give evidence
for reduction of the rare earth oxide pro-
moter. Only the spectra for La,0O;- and
Pr¢O,-promoted Pd/SiO, exhibit a well-re-
solved TPR peak in addition to that corre-
sponding to reduction of the Pd, which may
be attributed to reduction of the promoter.
However, the uptakes of H, shown in Table
2 demonstrate that all the promoted cata-
lysts consumed H, in excess of that neces-
sary to reduce the Pd. This excess con-
sumption is attributed to reduction of the
rare earth oxide promoter. The TPO results
demonstrate that the O, uptakes on the pro-
moted catalysts are also in excess of that
observed for Pd/SiO,. The excess O, con-
sumption is attributed to the reoxidation of
the reduced rare earth oxide. It is signifi-
cant to note, though, that the amount of O,
consumed corresponds to less than 5% of
the oxygen present in the original oxide. A
further point to note is that in all instances
the amount of excess O, exceeds 0.5 times
the amount of excess H,. A possible reason
for this is that there are anionic defects
present in the promoter prior to TPR and
that these, plus the additional defects
formed during TPR, are removed during
TPO.

H, TPD

The spectra for H, desorption in Fig. 1
shows that the chemisorption of H, is sup-
pressed on the rare earth oxide-promoted
catalysts. However, the degree of suppres-
sion is not a function of the reduction tem-
perature. This indicates that, in contrast to
the behavior of TiO,-promoted catalysts
(26), the extent of adsorption site blockage
by the promoter does not increase with in-
creasing reduction temperature.

In addition to the suppression of H, che-
misorption, the spectra show that the ener-
getics of Hy desorption are slightly altered
by rare earth oxide promotion. For all of
the promoted catalysts, the peak at 470 K
on 2% Pd/SiO; is more strongly suppressed
relative to the other peaks. Due to the sup-
pression of this peak, the peak at 390-400
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K becomes better resolved. However,
there are no major shifts in the distribution
of adstates for H, adsorption. The results
presented here agree well with those for
TiO,-promoted Pd/SiO, for which it was
also observed that the energetics of H, de-
sorption are not significantly different from
those for Pd/SiO; (26).

CO TPD

The rare earth oxide-promoted catalysts
exhibit a suppression in the degree of CO
chemisorption similar to that seen for H;
chemisorption. This result agrees with
studies of TiO,-promoted Pd/SiO, per-
formed by Rieck and Bell (26), and with
studies of TiO,-supported noble metals in
general (34, 36). Static chemisorption stud-
ies performed by Hicks ef al. (31) on Pd/
La,;0; indicated that the chemisorption of
CO was more strongly suppressed than that
of H,. However, the chemisorption studies
of Hicks et al. (31) do not allow the discrim-
ination between H; adsorbed on Pd metal
and H, adsorbed either on the bulk support
or the REO, moieties decorating the Pd par-
ticles. Thus, it is possible that the high H,
uptakes observed by Hicks et al. (31) re-
sulted from adsorption on the support.

The TPD spectrum for CO desorption
from 2% Pd/Si0, is comprised of four peaks
centered at 400, 488, 638, and 773 K. By
comparing CO TPD results with the infra-
red studies of Hicks et al. (31), Rieck and
Bell (25) attributed the peaks at 638 and 773
K to CO bridge bonded on Pd(100) and
Pd(111) planes, respectively. The two low-
temperature peaks were assigned to lin-
early adsorbed CO. Promotion of Pd/SiO,
with a rare earth oxide results in a drastic
change in the distribution of adstates for
CO adsorption. As shown in Fig. 2, the
peaks at 638 and 773 K are much more
strongly attenuated than the two low-tem-
perature peaks. In addition, the spectra for
the LayO;- and CeO,-promoted samples
show that the peak at 488 K is more
strongly suppressed than on the other three
promoted samples. Thus, it appears that
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the structure of the partially reduced rare
earth oxide patches decorating the Pd parti-
cles results in a preferential blockage of ad-
sorption sites for bridge-bonded CO, but
there is no preferential suppression of ad-
sorption onto a specific crystal plane. This
contrasts the results for TiO,-promoted Pd/
Si0,, for which the peak corresponding to
CO bridge-bonded to Pd(100) planes was
preferentially suppressed (26).

Rieck and Bell (25) demonstrated for
La,0s-promoted Pd/SiO, that the presence
of La,O; results in a higher activity for CO
dissociation. The present study shows that
this effect is observed for rare earth oxide
promotion in general. The downscale shift
in the peak position for CO, production
over the promoted catalysts indicates that
these catalysts have a higher activity for
CO dissociation. This effect is attributed to
the decoration of the surfaces of the Pd par-
ticles with rare earth oxide moieties. The
participation of metal oxide moieties in pro-
moting the dissociation of CO on Group
VIH metals has been proposed recently by
a number of authors (/3, 2/, 22, 25, 36-36).
It is suggested that cations or oxygen va-
cancies in metal oxide moieties covering
the supported metal particles interact with
the oxygen end of CO molecules adsorbed
on the metal. A possible scheme for this
mteraction is shown below.

n+

+ .
M= Rare earth cation

TPSR of Adsorbed CO

The formation of CH, from CO over Pd
is believed to proceed via the dissociation
of CO (I8, 26). Previous studies by Rieck
and Bell (25, 26) of Pd/Si0,, TiO,-pro-
moted Pd/SiO,, and La,Os-promoted Pd/
SiO, have shown that the carbon formed by
the predissociation of CO on these catalysts
is much more easily hydrogenated than mo-
lecular CO. This supports the premise that
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CO dissociation is the rate-limiting step for
methanation. As noted above, rare earth
oxide promotion of Pd/SiO, facilitates the
dissociation of CO. This explains the TPSR
results of Fig. 3a. The lower peak tempera-
tures for methane formation for the rare
earth oxide-promoted Pd/SiO, results from
the participation of promoter moieties in
the dissociation of CO. While the exact na-
ture of the dissociation step is not known, it
is clear from Figs. 6a and b that the dissoci-
ation of CO occurs more readily in the pres-
ence of H,. This supports the idea of H-
assisted CO dissociated proposed by Wang
et. al. (16). A similar effect of H, has also
been observed by Rieck and Bell (26) for
Pd/SiO; and TiO,-promoted Pd/SiO;, and
by Niizuma et al. (39) for Pd/Al,O;.

In addition to affecting the dissociation of
CO, the decoration of Pd with rare earth
oxide moieties alters the reactivity of ad-
sorbed carbon. Rieck and Bell (25) reported
a peak temperature of 473 K for the hydro-
genation of carbon adsorbed on Pd/SiO,.
Figure 5 shows that the peak temperature
for hydrogenation of adsorbed carbon in-
creases with rare earth oxide promotion,
with a maximum shift of 20 K for La,0Os-
promoted Pd/SiO,. Since the kinetics of
carbon hydrogenation are first-order in car-
bon coverage (40, 41), this shift indicates
that the carbon is less reactive. However,
since all five promoted catalysts exhibit a
higher methanation activity than Pd/SiO,, it
must be concluded that the enhanced disso-
ciation of adsorbed CO dominates the re-
duction in carbon reactivity.

While several recent studies (/-5) have
shown that Pd dispersion influences the
specific activity of Pd for methanation,
such effects play no role in the present
study since the Pd dispersion was the same
for all catalysts. Consequently, the differ-
ences in specific activity was observed in
Fig. 7 can be attributed exclusively to the
influence of the promoter. It is important to
recall that the specific activities reported in
this figure are all based on measurements of
exposed Pd determined by H,—O, titration.
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This procedure is to be preferred over that
involving the use of exposed metal deter-
mined by H, or CO chemisorption on a re-
duced catalyst. The reason is as follows. In
situ infrared spectra of Pd/La,O; have
shown that while a suppression in the che-
misorption of CO can be observed at the
beginning of CO hydrogenation, the cover-
age by adsorbed CO slowly increases and
approaches a monolayer (5). This suggests
that the water produced in conjunction with
methane causes a reoxidation of the oxide
moieties covering the Pd particles and,
hence, a reduction in their ability to wet the
Pd particle surface. Similar effects have
also been reported for Pd/Ti0, (26). In view
of this, we believe that in its working state
only a small fraction of the Pd particle sur-
faces may be covered by rare earth oxide
promoter and, hence, that the specific ac-
tivity calculations should be based on the
total number of Pd surface atoms, and not
just those exposed following catalyst reduc-
tion.

The trends in the methanation activities
shown in Fig. 7 are consistent with the
TPSR results. The two most active cata-
lysts for methanation, Nd;O;- and CeO,-
promoted Pd/SiO,, exhibited the highest
dissociation activity, as shown by Fig. 4a.
Since the carbon adsorbed on Nd,Os-pro-
moted Pd/SiO, is more reactive than that
adsorbed on CeQO,-promoted Pd/SiO, (see
Fig. 5), the Nd;Os-promoted catalysts ex-
hibits a slightly higher methanation activ-
ity. The promoted catalysts exhibiting the
lowest activity for methanation, La,0;- and
PrO;-promoted Pd/SiO,, are also the least
active for CO dissociation. Since the car-
bon adsorbed on the La,O;-promoted cata-
lyst is less reactive than that on the PrO,-
promoted catalyst, this is the least active
methanation catalyst.

It is of interest to draw a comparison be-
tween the observations of this study with
those reported by Vannice and co-workers
(11, 13) for CO hydrogenation over the rare
earth oxide supported Pd. There is general
agreement that the presence of rare earth
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oxides, either a support or promoter, in-
creases the specific activity of Pd for
ethanation by over a factor of 10 relative to
the activity observed for Pd/SiO,. The prin-
cipal differences are in the ranking of the
effectiveness of the oxides. Thus, for exam-
ple, our work indicates that Nd,Os-pro-
moted Pd/SiO, is the most active catalyst,
while Mitchell and Vannice (1) find Pd/
Pr¢O;; and Sudhakar and Vannice (/3) find
Pd/Ce0O, to be the most active catalysts.
The differences reported by different au-
thors may be due to differences in Pd dis-
persions for the different rare earth oxide
supported catalysts and to differences in
the degree of Pd decoration by oxidic moie-
ties by different rare earth oxides.

The activation energies shown in Fig. 7
for methanation over the rare earth oxide-
promoted catalysts range between 32.5 and
33.5 kcal/mol, while that for Pd/SiO, is 27.5
kcal/mol. This agrees well with studies by
Hicks and Bell (/2) and Rieck and Bell (25)
which have shown that the activation en-
ergy for methanation over Pd/La,0O; is
greater than that over Pd/SiO,, and with the
work of Underwood and Bell (42) in which
the activation energies for methanation
over Rh/L3203, Rh/Sm203, and Rh/Nd'_)Ox
are found to be higher than over Rh/SiO;.
Mitchell and Vannice (//), on the other
hand, have reported that the activation en-
ergies for methanation over Pd supported
on rare earth oxides range between 19.9
and 32.4 kcal/mol following reduction at
448 K, and between 21.6 and 30.4 kcal/mol
following reduction at 773 K. No clear ex-
planation was given for the wide range of
activation energies nor for the dependence
of activation energy on catalyst reduction
temperature. In the work of Sudhakar and
Vannice (/3), catalyst reduction was car-
ried out only at 773 K, and the activation
energies for methane formation ranged be-
tween 31.2 and 33.7 kcal/mol.

The higher activation energies for meth-
ane formation over rare earth oxide-pro-
moted Pd/SiO; relative to unpromoted Pd/
SiO, contrasts with what has been observed
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for TiO»-promoted Pd/SiO, (26). In this lat-
ter case, the activation energy is 3 kcal/mol
lower for the promoted catalyst. Thus, un-
like TiO,-promoted Pd/SiO,, the higher ac-
tivity of rare earth oxide-promoted Pd/SiO;
cannot be attributed to an overall reduction
in reaction energetics. This is somewhat
surprising in view of the fact that Fig. 2b
shows that promotion with a rare earth ox-
ide lowers the temperature at which CO
dissociates to produce carbon. From these
observations, we are led to conclude that
the rare earth oxide moieties on Pd create a
large number of sites at which CO dissocia-
tion can occur but that the energetics asso-
ciated with these sites are less favorable
than those present on Pd itself. By contrast,
TiO, promotion may form active sites at
which the energetics are more favorable
than those for unpromoted Pd. This would
explain why comparable methanation activ-
ities require roughly tenfold less moles of
promoter when TiO, rather than a rare
earth oxide is used.

The formation of only a small amount of
methanol, relative to methane, over the
promoted catalysts is not surprising since
all of the activity studies reported here
were carried out at atmospheric pressure.
Previous investigations with Pd catalysts
have shown that the selectivity to methanol
is greatly enhanced as the pressure is in-
creased (/1, 18). Nevertheless, the fact that
methanol formation is enhanced by the ad-
dition of a rare earth oxide again points to
the ability of such oxides to activate ad-
sorbed CO.

The results presented in Fig. 8 demon-
strate that in addition to enhancing the rates
of formation of methane and methanol, pro-
motion of Pd/SiO, with rare earth oxide
results in the formation of CO;, a product
not observed over unpromoted Pd/SiO,.
The presence of CO, can be ascribed to the
promotion of the water-gas shift reaction
brought about by the promoter. Mitchell
and Vannice (/1) also observed the produc-
tion of CO; over Pd supported on rare earth
oxides. However, in contrast to the present
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study, the specific rates of CO, formation
always exceeded the formation of methane.
Mitchell and Vannice (/1) attributed this to
the decomposition of carbonate structures
formed on the support.

The activation energy for CO, formation
observed here is approximately 21 kcal/
mol, varying little with the composition of
the promoter. This value can be compared
with the data of Mitchell and Vannice (/17),
who measured activation energies ranging
between 12 and 29 kcal/mol for Pd sup-
ported on rare earth oxides. It is also signifi-
cant to note that while Mitchell and Van-
nice observed a decrease in the activation
energy for CO, formation when catalyst re-
duction was carried out at 773 K instead of
at 448 K, no change in the activation energy
was observed in studies reported here.

CONCLUSIONS

The promotion of Pd/SiO, with a rare
earth oxide results in a modification of the
adsorptive and catalytic properties of Pd.
These changes are attributed to the decora-
tion of Pd particles by partially reduced
rare earth oxide moieties. These species
result in a suppression in H, and CO chemi-
sorption. The distribution of H, adstates is
not significantly changed, but the distribu-
tion of CO adstates is strongly affected. Ad-
sorption of CO into strongly held states is
greatly suppressed, and the dissociation of
CO is facilitated. While the carbon formed
via CO dissociation reacts more readily
with H, to form methane than does ad-
sorbed CO, the reactivity of adsorbed car-
bon is slightly less for promoted than un-
promoted Pd/SiO,.

The specific activity of Pd/SiO, for meth-
anation increases by as much as 12-fold
when promoted with a rare earth oxide, the
highest specific activity being observed for
Nd,O;-promoted Pd/SiO,. The higher activ-
ity of the rare earth oxide promoted cata-
lysts is accompanied, though, by a higher
activation energy. This suggests that the
higher activity of the promoted catalysts is
due to a higher concentration of catalyti-
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cally active sites, than that present on the
unpromoted catalyst. Since the hydrogena-
tion of CO to CHy s believed to proceed via
the dissociation of adsorbed CO, it is in-
ferred that promotion of Pd with a rare
earth oxide increases the number of CO dis-
sociation sites but that the activation en-
ergy for CO dissociation may, in fact, in-
crease relative to that for unpromoted Pd.
In addition to increasing the specific activ-
ity for methanation, promotion of Pd/SiO,
with a rare earth oxide also increases the
specific activities for methanol synthesis
and the formation of CO, via the water-gas
shift reaction.
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