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Specific activities for CO oxidation by molecular oxygen over unreduced P d C I 2 - C u C i  2 catalysts 
are higher than on the reduced bimetallic catalysts. This activity is further enhanced by 1-3 orders 
of magnitude by addition of H20 vapor to the feed, thus producing very active catalysts at 300 K. 
The role of the water is twofold: it dissolves the Pd and Cu precursor compounds in a very thin, 
two-dimensional aqueous layer on the support surface and it also reacts directly with PdCICO, 
which was identified by IR spectroscopy. Based on this picture, the use of a higher surface area, 
more hydrophobic carbon support gave the most active catalyst of all. Based on the species detected 
by IR spectroscopy and their interactions with the reactants as well as a complete kinetic study 
coupled with recent results reported in the literature, reaction models applicable to the presence 
and absence of H 2 0  vapor are proposed. Both 02 and H 2 0  a re  oxidants in the former sequence 
whereas only molecular oxygen is involved in the catalytic cycle in the latter situation. The principal 
role of Cu is the reoxidation of Pd I°) when H 2 0  vapor is present, as in the Wacker process, whereas 
it appears to be involved as a reactive intermediate also containing Pd, CO, and O2 in the absence 
o f  H 2 0  v a p o r .  © 1991 Academic Press, Inc. 

INTRODUCTION 

CO oxidation over  unreduced PdCI2-CuCI2 
catalysts, which are used in the Wacker pro- 
cess to produce acetaldehyde from ethylene 
and dioxygen, has attracted attention be- 
cause of  the much higher activity that occurs 
at low temperature compared to either unre- 
duced or reduced monometallic catalysts 
(1-7). The activity is high enough at 300 K 
that catalysts containing these metal salts 
are used commercially to remove CO from 
room air (8). Even though much is known 
about the reaction mechanism in the Wacker 
process (9, 10), the reaction mechanism for 
CO oxidation in the presence of  these two 
metal salts is not established, and several 
reaction mechanisms have been proposed, 
each of  which predicts a different kinetic 
rate expression. Desai et al. (1, 2) have pro- 
posed a reaction mechanism in which the 
partial pressure dependency on CO is unity 
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and that on 02 is minus one-half. With the 
mechanism of Golodov et al. (3-7),  the par- 
tial pressure dependency of  the rate on CO 
is again unity, however,  the rate is indepen- 
dent of  02 partial pressure. As in the Wacker  
process, both studies proposed that the role 
of  CuCI 2 was to reoxidize the Pd metal 
which had been formed during the produc- 
tion of CO 2. Zhizhina and co-workers 
(11-14) studied a series of  oxidants other 
than CuCl2, and they also concluded that 
these oxidants played a role in regenerating 
an oxidized Pd species, which had been re- 
duced initially by the presence of  CO and 
H20. However ,  they proposed that a Pd(I) 
species, [Pd2(CO)]+2, was the catalytically 
active species, which differed from the pro- 
posals of Desai et al. and Golodov et al. 
that Pd(II) species were responsible for CO2 
formation, yet they observed the same par- 
tial pressure dependencies on CO and O2 as 
Golodov et al. All of  these previous studies 
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TABLE 1 

Catalytic Activities and Apparent  Activation Energies for CO Oxidation over Unreduced PdClz-CuC12 
Catalysts with No Pretreatment 

Catalyst PH2O Eapp ~ Activity b TOFb'c 
(Tort) (kcal/mole) at 300 K at 300 K 

(/zmole C O / g ' s  × l03) (s -I × 103 ) 

1.8% P d - l l . 9 %  Cu/8-AI203 (Run 1) 0 10.4 -+ 2.6 93.4 0.55 
(IR) 5.3 16.4 --+ 2.5 698 4.3 

1.8% Pd-11.9% Cu/8-A1203 0 10.9 -+ 0.2 11.6 0.069 
(reactor) 5.3 9.9 -+ 1.5 215 1.27 

1.8% Pd-11.8% Cu/carbon (Run 2) 0 10.6 -+ 0.05 1.3 0.008 
(reactor) 5.3 - 5 . 8  -+ 0.8 3411 20.7 

0.2% P d - l l . 5 %  Cu/carbon 5.3 - 7 . 1  -+ 0.2 446 22.6 
(reactor) 

a Uncertainty is represented by 95% confidence limits. 
b Standard reaction conditions: Po2 = 132 Torr, Pco = 26 Torr, total P = 750 Torr, based on dry wt. 
c TOF = molecule CO reacted per  second per Pd atom. 

have shown unequivocally that water plays 
an important role in CO oxidation over these 
unreduced Pd-Cu catalysts. 

This study was conducted to: 

(1) determine the kinetic behavior of CO 
oxidation over unreduced PdC12-CuC12 cat- 
alysts utilizing either AI203 or carbon as a 
support; 

(2) apply IR spectroscopy to see what car- 
bonyl species exist prior to and during reac- 
tion conditions; 

(3) clarify the role of water by using both 
hydrophilic and hydrophobic supports; 

(4) determine if a reaction sequence could 
be proposed that was consistent with these 
results. Surprisingly, no IR studies of CO 
interacting with these unreduced catalysts 
had been reported, and this additional infor- 
mation could provide significant new insight 
into the surface chemistry that occurs. 

E X P E R I M E N T A L  

The Pd-Cu catalysts were prepared by 
simultaneously impregnating the support 
with both metals using an incipient wetness 
method (15). The supports and the metal 
precursors of these bimetallic catalysts are 
identical to those used to prepare the Pd- 
only or Cu-only catalysts in the previous 

paper (16). The supports w e r e  8 - A I z O  3 

(W. R. Grace, 138 m 2 / g )  and carbon black 
(Black Pearls 2000, Carbot Corp., 1400 m2/ 
g), and the metal precursors w e r e  P d C I  2 

(Alfa Products) and CuC12 (99.999%, Ald- 
rich Chemical Co.). In addition, C u ( N O 3 )  2 • 

5H20 (99.999%, Aldrich Chemical Co.), was 
used to prepare a catalyst containing much 
less chloride. Sample preparation, equip- 
ment, and data acquisition methods are the 
same as those described in the first paper in 
this series (16). 

RESULTS 

Kinetic Results 

The kinetic parameters of supported, un- 
reduced PdCIz-CuC12 catalysts in the pres- 
ence and absence of HzO vapor are given 
in Tables 1 and 2, the changes in kinetic 
parameters due to treatment are given in 
Table 3; and representative Arrhenius plots 
for these catalysts are shown in Figs. 1 to 4. 
Activities are given on a dry weight basis 
after drying at 573 K. Specific activities are 
given in the form of a nominal TOF, which 
is normalized to the Pd atoms in the catalyst 
assuming the dispersion of the Pd precursor 
is unity, because Cu by itself has extremely 
low activity (16). Partial pressure dependen- 
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TABLE 2 

Partial Pressure Dependencies on CO, 02, and H20 for CO Oxidation over Unreduced PdC12-CuC1 Catalysts 
with No Pretreatment 

Catalyst Partial pressure Partial 
dependency ~ pressure run 

temp. (K) 
X Y Z 

1.8% Pd-11.9% Cu/8-A1203 0.7 (Pco < 26 Torr) 0.6 No 353 
(IR) 0.1 (Pco > 26 Torr) H20 

1.8% Pd-11.8% Cu/carbon 0.5 (Pco < 26 Torr) 1.1 No 363 
(reactor) 0.1 (Pco > 26 Torr) H20 

1.8% Pd-  11.9% Cu/8-A1203 - 0.6 1.1 1.1 303 
(IR) - 0.6 0.9 0.1 323 

1.8% Pd-I  1.9% Cu/8-AlzO s - 0 . 6  (Pco > 5 Torr) 1.1 1.1 303 
(reactor) - 0 . 6  (Pco > 13 Torr) 1.2 0.5 323 

0.7 (Pco < 13 Tort) 
1.8% Pd-8% Cu/carbon 0.8 0.6 0.9 303 

0.9 323 
0.2% P d - l l . 5 %  Cu/carbon - -  - -  1.2 303 

1.5 323 
2% Pd-11.8% Cu/carbon b 0.3 0 2.5 303 

a X Y Z 
r = k P c o P o 2 P H 2  o .  

/'co = 26 Torr when Y and Z were obtained. 
Po2 = 132 Tort when X and Z were obtained. 
PH2o = 5.3 Tort when X and Y were obtained. 

b Prepared from PdCI2 and Cu(NO3)2 • 5H20. 

cies were determined and initially fitted by 
a power rate law over certain pressure re- 
gimes, which varied from 1 to 26 Torr for 
CO, from 26 to 184 Torr for 02, and from 2 
to 20 Torr for HEO, and the data are shown 
in Fig. 5. 

For the 1.8% Pd-11.9% Cu/8-AIzO3 cata- 
lyst at 353 K with no water vapor in the feed, 
the CO partial pressure dependency was 
close to 0.7 when Pco was below 26 Torr 
but approached zero at higher pressures, 
while the dependency on 02 was positive 
and equal to 0.6, as shown in Fig. 5a. The 
initial activation energy was 10.4 kcal/mole 
from the IR reactor results and 10.9 kcal/ 
mole from the kinetic study using the mi- 
croreactor. After the partial pressure depen- 
dency runs for CO and 02 in the IR reactor 
were completed, the activation energy was 
remeasured, as shown in Fig. la, and it 
changed little (11.2 kcal/mol). However, 
after drying in flowing He at 573 K for I h 

the activation energy had increased to 17 
kcal/mole and the room temperature (RT) 
activity showed a 60-fold decline (Fig. lb). 
A subsequent calcination at 573 K in flowing 
02 for an hour did not alter the RT activity 
noticeably but it reduced the activation en- 
ergy to 14.9 kcal/mole, as shown in Fig. lb, 
and it decreased the 02 pressure depen- 
dency to 0.1 while the CO dependency re- 
mained at 0.7. 

All studies on the carbon-supported cata- 
lysts were conducted in the microreactor 
because no dispersive IR data could be ob- 
tained. The 1.8% Pd-11.9% Cu/carbon cat- 
alyst at 363 K without water vapor in the 
feed gave a CO partial pressure dependency 
of 0.5 below 26 Torr while it was near zero 
above 26 Torr, as shown in Fig. 5b. These 
results were essentially identical to those 
obtained for the 3-AlzO3-supported catalyst; 
however, the partial pressure dependency 
on 0 2 was 1.1, which is slightly higher than 
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FIG. 1. Arrhenius plots for uncalcined and unreduced 1.8% Pd-I 1.9% Cu/8-AI203 in the absence of 
water vapor in the feed: Total pressure = 750 Tort, Pco = 26 Torr, Po2 = 132 Torr, balance was He; 
open symbols, ascending temp.; closed symbols, descending temp. (a) Run 1--circles; Run 2--trian- 
gles; Run 3--squares. (b) Run 4--after He treatment at 573 K, circles; Run 5--after calcination at 573 
K, triangles. 

that for the 8-Al2Oa-supported catalyst. 
Originally this catalyst had an activation en- 
ergy of 8.5 kcal/mole which increased to 
10.6 kcal/mole in a second run and to 12.7 
kcal/mole in a third consecutive run, as 

shown in Table 3 and Fig. 2a. The RT ac- 
tivities were 0.0027, 0.0013, and 0.0007 
/xmol/g cat. s, respectively. These RT activ- 
ities were not only decreasing with each Ar- 
rhenius run but became almost 10 times less 
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FIG. 2. Arrhenius plots for uncalcined and unreduced 1.8% Pd-11.8% Cu/carbon in the absence of 
water vapor in the feed: Total pressure = 750 Torr, Pco = 26 Torr, Po2 = 132 Torr, balance was He; 
open symbols, ascending temp.; closed symbols, descending temp. (a) Run l--circles; Run 2--tr ian- 
gles; Run 3--af ter  He treatment, squares. (b) Run 4--after He treatment at 573 K, circles; Run 5--af ter  
extra He treatment at 673 K, triangles; Run 6--after calcination at 573 K, squares. 



CO OXIDATION OVER Pd AND Cu CATALYSTS, II 493 

I. 

(..) 

(,.) .< 

lo 

b 

O . 1  i i J 

3 . 0 0  3 , 1 0  3 . 2 0  3 . 3 0  3 . 4 0  

I / T ( I / K  x l 0  3) 

FIG. 3. Arrhenius plots for uncalcined and unreduced 
1.8% Pd- l l . 9% Cu/8-AI203 with water vapor in the 
feed: Total pressure = 750 Tort, Pco = 26 Torr, Po2 
= 132 Torr, PH2o = 5.3 Torr, balance was He; open 
symbols, ascending temp. ; closed symbols, descending 
temp. (a) Microreactor results. (b) IR reactor results. 

than that obtained with the alumina support, 
as shown in Table 1. This phenomenon can 
be explained by the adsorption behavior of 
water vapor on carbon or alumina, and it will 
be discussed later. However, after drying in 
flowing He at 573 K for an hour, the RT 
activity was enhanced to 0.0328 p~mole/g 
cat • s, which seems to be due to the opening 
of pores filled with water, consequently giv- 
ing more available surface area for reaction, 
but the activation energy did not change 
much (13.3 kcal/mole), as shown in Table 3 
and Fig. 2b. An additional drying step in He 
at 673 K for an hour changed the RT activity 
little but lowered the activation energy to 
7.3 kcal/mole. A final calcination at 573 K 
(6,000 ppm 02 in flowing He) for an hour did 
not change the RT activity but increased the 
activation energy slightly to 10.6 kcal/mole, 
as shown in Table 3 and Fig. 2b. After these 
high temperature steps in He and 02 , the CO 
pressure dependency exhibited a maximum 
around 26 Torr, as shown in Fig. 5c. 

In the presence of 5.3 Torr H20 in the 
feed, the activities were markedly higher 

(Table 1), and the 1.8% Pd- l l .9% Cu/8- 
A1203 catalyst at 303 K now exhibited a neg- 
ative CO dependency of -0 .6  and first- 
order dependencies on both Oz and HzO in 
either reactor system, as shown in Table 2 
and Figs. 5d and 5f. At 323 K, the same 
negative CO partial pressure dependency of 
-0 .6  was obtained in both reactors, but 
when the CO pressure dropped below 13 
Torr in the microreactor, the dependence 
changed to give a positive order of 0.7 (Figs. 
5d and 5g and Table 2). The dependencies 
on 02 remained near first order in both the 
IR reactor and the microreactor studies. An 
unusual change in H20 pressure depen- 
dence occurred as the temperature in- 
creased to 323 K, as it decreased to 0. I and 
0.5 in the IR reactor and microreactor, re- 
spectively. The activation energies in the 
presence of HzO were 16 kcal/mole from the 
IR reactor study and 9.9 kcal/mole from the 
microreactor study, as shown in Figs. 3a 
and 3b. 

Over the 1.8% Pd-11.8% Cu/carbon cata- 
lyst in the presence of water vapor, the ac- 
tivity was markedly enhanced, and positive 
partial pressure dependencies of 0.8 on CO 
and 0.6 on 02 were obtained at 303 K, and 
a dependency on H20 vapor of 0.9 at both 
303 and 323 K occurred, as shown in Table 
2 and Fig. 5h. The initial apparent activation 
energy for this catalyst was negative, - 5.8 
kcal/mole, as shown in Fig. 4a. After drying 
at 573 K in He for an hour, the activity 
was measured in two sequential runs in the 
absence of water vapor in the feed. The RT 
activity was reduced by a factor of 500 while 
activation energies of 15.0 and 14.2 kcal/ 
mole were obtained (Table 3 and Fig. 4a). 
Additional drying at 673 K in flowing He 
further reduced the activity and lowered the 
activation energy to 12.5 kcal/mole, as in 
Table 3 and Fig. 4b. A reduction in flowing 
H2 for an hour at 573 K reduced the activity 
by an order of magnitude but did not change 
the activation energy (12.6 kcal/mole), as 
shown in Table 3 and Fig. 4b. At the end of 
these runs, 3 data points were obtained in 
the presence of water vapor and, as shown 
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FIG. 4. Arrhenius plots for uncalcined and unreduced 1.8% Pd-I  1.8% Cu/carbon catalysts: Total 
pressure = 750 Tort, Pco = 26 Torr, Po2 = 132 Torr, Px2o = 5.3 Torr, balance was He; open symbols, 
ascending temp.; closed symbols, descending temp. (a) Run 1--in the presence of H20 in the feed, 
circles; Run 2--af ter  drying in He at 573 K (no H20 in the feed), triangles; Run 3 - -a  repeat of Run 2 
with no pretreatment, squares. (b) Run 4--af ter  extra drying in He at 673 K (no H20 in the feed), 
circles; Runs 5 and 6--af ter  H 2 reduction at 573 K (absence of H20 in the feed), triangles and squares; 
Run 7- - in  the presence of water vapor in the feed, diamonds. 

in Fig. 4b, the activity was greatly en- 
hanced. Over the 0.2% Pd- l l .5% Cu/car- 
bon catalyst in the presence of water vapor, 
a negative apparent activation energy of 
-7.1 kcal/mole was again obtained, and 
slightly higher water partial pressure de- 
pendencies of 1.2 and 1.5 were obtained at 
303 and 323 K, respectively, as shown in 
Table 2. The 2% Pd-11.8% Cu/carbon cata- 
lyst, which was prepared from PdCI 2 and 
Cu(NO3) 2, had lower partial pressure de- 
pendencies on both CO and 02 but a much 
stronger dependence of 2.5 on H20, com- 
pared to the catalyst prepared from PdCI 2 
and CuC12, as shown in Table 2 and Fig. 5i. 
However, no stable kinetic behavior was 
obtained with this catalyst and the activity 
declined continuously in sequential Arrhen- 
ius runs; therefore no activation energy was 
obtained. This indicates that a catalyst with- 
out sufficient chloride cannot carry out the 

catalytic cycle for CO oxidation effectively, 
due probably to an insufficient amount of 
the oxidant, CuCI 2. In the presence of 5.3 
Torr water vapor, the activity of the carbon- 
supported catalyst in the microreactor was 
almost 15 times greater than that of the 
Al203-supported catalyst, and it was fivefold 
higher than the activity of the 1.8% 
Pd-11.9% Cu/8-AI203 wafer in the IR reac- 
tor system. This improved performance in- 
dicates an important advantage for the use 
of carbon supports and implies that the 
amount of adsorbed H20 plays an important 
role in CO oxidation. The nearly constant 
TOF values for the 0.2% Pd and 1.8% Pd 
carbon-supported catalysts are strong evi- 
dence against any diffusional limitations. 

IR Results 

With the 1.8% Pd-11.9% Cu/8-A1203 wa- 
fer in the absence of water vapor, IR spectra 
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TABLE 3 

Pretreatment Effect on Catalytic Activities and Apparent Activation Energies for CO Oxidation over 
Unreduced Pd-Cu Catalysts 
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Catalyst PH20 Eapp a Activity b TOF b'c Run seq. or 
(Torr) (kcal/mole) at 300 K at 300 K pretreatment d 

(~mole CO/g (s -J) 
S × 10 3) 

1.8% Pd-11.9% Cu/ 0 10.4 - 2.6 93.4 0.55 1st KR 
8-A1203 0 11.2 --- 2.7 57.4 0.34 2nd KR (after PR) 
(IR) 0 11.4 - 2.7 54.2 0.32 3rd KR 

0 17.0 ± 4.4 1.4 0.008 Drying in He at 573 K 
fo r l  h 

0 14.9 -+ 2.5 1.6 0.009 Calcining at 573 K 
f o r l h  

1.8% P d - l l . 8 %  Cu/ 0 8.5 - 0.1 2.7 0.016 1st KR 
Carbon 0 10.6 ± 0.1 1.3 0.008 2nd KR 
(reactor) 0 12.7 ± 0.1 0.7 0.004 3rd KR (after PR) 

0 13.3 -+ 0.2 32.8 0.19 Drying in He at 573 K 
f o r l h  

0 7.3 --- 0. I 36.4 0.22 Drying in He at 673 K 
f o r l h  

0 10.6 -+ 0.1 37.4 0.22 Calcining (6000 ppm 02) 
at 5 7 3 K f o r l  h 

1.8% P d - l i . 8 %  Cu/ 5.3 - 5 . 8  ± 0.8 1137 6.7 1st KR 
Carbon 0 15.0 ± 0.7 16.1 0.10 Drying in He at 573 K 
(reactor) for 1 h 

0 14.2 ± 0.7 23.6 0.14 Drying in He at 573 K 
f o r l  h 

0 12.5 -+ 0.4 12.2 0.07 Drying in He at 673 K 
f o r l  h 

0 12.6 ± 0.2 1.5 0.009 Reducing in H E at 573 K 
for3  h 

a Uncertainty is represented by 95% confidence limits. 
b Standard reaction conditions: Po2 = 132 Tort, Pco = 26 Torr, total P = 750 Torr, dry wt. basis. 
" TOF = molecule CO reacted per second per Pd atom. 
d KR represents kinetic run, PR represents partial pressure run. 

at low CO pressures of 0.4 and 0.8 Tort 
were obtained before the CO pressure was 
increased to 26 Torr CO in He. At 303 K 
under 0.4 Torr CO pressure, CO bands were 
obtained at 2158w, 2120, 2080sh, 1990m, and 
1930 cm- 1, as shown in Fig. 6b. An increase 
to 0.8 Torr CO essentially removed the 2158- 
cm-1 peak (Fig. 6c), as was observed with 
the Pd-only catalyst in the previous paper 
(16), and this peak never showed up again 
under CO alone (Fig. 6d). All the other 
peaks retained their peak positions, and 

their intensities grew with CO partial pres- 
sure, especially the 2120-cm -1 band, as 
shown in Figs. 6b to 6d. However, under 
reaction conditions at 303 K with 132 Torr 
O2 present, the CO band at 2158 cm-1 reap- 
peared at the expense of the 1930- and 1990- 
cm- 1 peaks, as shown in Fig. 6e. The inten- 
sity of the CO band at 2120 cm -1 did not 
change in the presence of O2. This phenom- 
enon is consistent with our assignment of 
the 1930-cm- ~ peak to Pd(I) species and the 
2158-cm- 1 peak to a Pd(II) species (16), that 
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is, the Pd(I) species are converted to Pd(II) 
in the presence of 02. Under reaction condi- 
tions at 353 K, the intensities of all the peaks 
grew with increasing CO pressure, as shown 
in Figs. 6f to 6h, except for the 2158-cm- 
peak, whose intensity was independent of 
CO pressure. Figs. 6i to 6k show that the 
2158-cm -I peak intensity gradually in- 
creased and the 1930-cm -~ peak intensity 
decreased as 02 pressure increased. The in- 
tensity of the CO band at 2120 cm -1, which 
is assigned to a Cu(I) species, decreased as 
02 pressure increased. This trend of change 
in peak intensity is consistent with expecta- 
tions as the amount of Cu(I) species should 
be decreased because of its increased oxida- 
tion to Cu(II) species. 

The IR spectra in the presence of H20 

were obtained with a different wafer pressed 
from the same 1.8% Pd-11.9% Cu/8-A1203 
catalyst, and the same peaks in the presence 
of CO alone were again obtained, as shown 
in Fig. 7b. With the addition of 5.3 Torr of 
water vapor to the feed, the 1930-cm-l band 
was markedly decreased and only a shallow, 
broad band existed between 1800 and 2000 
cm-J, along with a weak 1990-cm-l peak 
(Fig. 7c). The addition of 132 Torr 02 re- 
stored the 1930-cm-~ band, and both it and 
the 1990-cm- ~ band were near their original 
intensities. However, the 2120-cm -~ peak 
intensity decreased only slightly upon the 
introduction of either water or oxygen. At 
303 K, the 1930- and 2120-cm-1 peak intensi- 
ties, particularly the latter, decreased as the 
CO pressure decreased, as shown in Figs. 
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FIG. 6. Sequential IR spectra of 1.8% Pd- l 1.9% C u / 8 - A I 2 0 3  in the absence of water vapor in the feed: 
Gas flow = 28.5 cm3/min, total pressure = 750 Torr. (a) He only at 303 K. (b) He + 0.4 Tort CO at 
303 K. (c) He + 0.8 Torr CO at 303 K. (d) He + 26 Torr CO at 303 K. (e) He + 26 Torr CO + 132 
Torr O 2 at 303 K. (f) He + 6.6 Tort CO + 132 Torr 02 at 353 K. (g) He + 26 Torr CO + 132 Torr 
02 at 353 K. (h) He + 79 Torr CO + 132 Torr O2 at 353 K. (i) He + 26 Torr CO + 132 Torr O2 at 353 
K. (j) He + 26 Torr CO + 79 Torr O2 at 353 K. (k) He + 26 Torr CO + 13 Torr O2 at 353 K. 

16OO 

7d to  7f. Al l  the  p e a k  in tens i t i e s  d e c r e a s e d  
s i m u l t a n e o u s l y  as  the  02 p r e s s u r e  was  de-  
c r e a s e d ,  as  s h o w n  in F igs .  7g to 7i, and  
this  p a t t e r n  was  u n a n t i c i p a t e d .  A s  the  w a t e r  
v a p o r  p r e s s u r e  i n c r e a s e d ,  the  p e a k  in tens i t -  
ies  d e c r e a s e d  on ly  s l ight ly  (Figs .  7j to  71). 
A t  323 K ,  a s o m e w h a t  d i f fe ren t  d e p e n d e n c e  
on  O2 was  found  as  b a n d  in tens i t i e s  first  
i n c r e a s e d  then  d e c r e a s e d  as  the  02 p r e s s u r e  
was  l o w e r e d ,  as  i n d i c a t e d  in F igs .  7m to  70. 
W i t h  inc reas ing  w a t e r  v a p o r  p r e s s u r e ,  the  

2120-cm-~ p e a k  in t ens i ty  d e c r e a s e d  con t in -  
u o u s l y  whi le  the  1930- and  1990-cm-  l p e a k s  
s h o w e d  a smal l  i n c r e a s e  be fo re  dec l in ing ,  as  
s h o w n  in Figs .  7p to  7r. T h e  t r end  wi th  C O  
p r e s s u r e  was  iden t i ca l  to  tha t  a t  303 K.  

DISCUSSION 

Band Assignments 

B a n d  a s s i g n m e n t s  for  Pd  and  Cu  spe c i e s  
in P d - o n l y  a n d  C u - o n l y  c a t a l y s t s  w e r e  m a d e  
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FIG. 7. Sequential IR spectra of 1.8% Pd-11.9% Cu/8-A1203 with water vapor in the feed. Gas flow = 
28.5 cm3/min, total pressure = 750 Torr. (a) He only at 303 K. (b) He + 26 Torr CO at 303 K. (c) He 
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H20 + 132 Torr 02 at 303 K. (g) He + 26 Tort CO + 5.3 Torr H20 + 132 Tort 02 at 303 K. (h) He 
+ 26 Torr CO + 5.3 Torr H20 + 79 Torr 02 at 303 K. (i) He + 26 Torr CO + 5.3 Torr H20 + 26 
Torr O2 at 303 K. (j) He + 26 Torr CO + 5.3 Torr HzO + 132 Torr 02 at 303 K. (k) He + 26 Torr 
CO + 7 .5TorrH20 + 132Torr02 at 303K.(I) He + 26TorrCO + 10.4TorrH20 + 132Torr02 
at 303 K. (m) He + 26 Torr CO + 5.3 Tort H20 + 132 Torr 02 at 323 K. (n) He + 26 Torr CO + 5.3 
Torr H20 + 79 Torr 02 at 323 K. (o) He + 26 Torr CO + 5.3 Torr H20 + 26 Torr 02 at 323 K. (p) 
He + 26 Tort CO + 5.3 Torr H20 + 132 Torr 02 at 323 K. (q) He + 26 Torr CO + 7.6 Tort H20 + 
132 Torr 02 at 323 K. (r) He + 26 Torr CO + 10.6 Torr H20 + 132 Torr 02 at 323 K. 
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FIG. 7--Continued 

in the previous paper based upon spectra 
reported in the literature (16), thus it is rela- 
tively straightforward to assign the peaks in 
the Pd-Cu system as no new bands were 
observed. It is clear that the 2120-cm- i peak 
is associated with a Cu(I)-CO complex, and 
the 2080sh-  , 1990-, and 1930-cm-~ peaks are 
related to Pd-CO complexes. The 2080sh- 
cm-  1 peak can be assigned to CO terminally 
adsorbed on palladium metal surfaces, as 
was done with the Pd-only catalysts (16). 

The assignment of the two peaks at 1990 
and 1930 cm- 1 could be ambiguous because 
their positions agree well with bands re- 
ported for bridged carbonyls in Pd(I) com- 
pounds as well as those for bridge-bonded 
CO on metallic Pd surfaces. However, the 
behavior of these two peaks in the presence 
of water was the same as that observed for 
the Pd-only catalyst, namely, the intensity 
of the 1930-cm- ~ band did not vary in con- 
cert with the 2080-cm-l band (16). There- 
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may also be associated with CO in Pd(I) 
complexes because its intensity decreased 
simultaneously with the 1930-cm-1 peak as 
the 02 pressure decreased, as indicated in 
Figs. 7f to 7h. Consequently, both the 1930- 
and 1990-cm-l peaks may contain contribu- 
tions from CO adsorbed on Pd metal and 
carbonyls associated with Pd(I) species al- 
though the latter should dominate, particu- 
larly since the two observed bands are much 
narrower than those typically obtained for 
CO on metallic Pd surfaces. The strongest 
peak in the spectrum at 2120 cm -1 is un- 
doubtedly CO associated with Cu(I), i.e., 
the CuCOC1 species, as observed in the Cu- 
only catalyst (16). Because of the high Cu/ 
Pd mole ratio of 10, a much stronger peak 
for the CuCOCI species is expected com- 
pared to those for the Pd-CO species. 
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FIG. 7--Continued 

fore, the same assignments for the Pd-CO 
species in Pd-Cu bimetallic systems can be 
made as in the Pd-only catalyst, i.e., the 
2080- and 1990-cm -J bands are associated 
with linear and bridge-bonded CO on palla- 
dium metal surfaces, respectively, and the 
1930-cm-I band is associated with bridged 
carbonyl ligands in Pd(I) complexes such as 
the (PdCOC1), species, which can polymer- 
ize via bridged CO ligands (17). However, 
it is possible that the band at 1990 cm -1 

Kinetic Behavior 

Studies of CO oxidation on unreduced bi- 
metallic catalysts, especially on Pd- 
C 1 2 - C u C I  2 catalysts, have been conducted 
by Desai et al. (1, 2) on alumina-supported 
PdClz-CuCI 2 and Golodov et al. (3-7) on 
this bimetallic system in aqueous solution. 
Both groups have shown that PdC12-CuCI 2 
systems have a very high activity for CO 
oxidation compared to other CO oxidation 
catalysts, and they are very active even at 
room temperature. Desai et al. (1, 2) pro- 
posed a reaction mechanism quite similar to 
that proposed for the Wacker process (8, 9), 
which is used to oxidize ethylene to acet- 
aldehyde. The overall chemistry for CO oxi- 
dation they proposed is 

CO + PdC12 + H20 

CO2 + Pd (°) + 2HCI (1) 

Pd (°) + 2CuCI 2 ~  PdCI 2 + 2CuC1 (2) 

4CuC1 + 4HC1 + 02 ~ 4CuClz + 2H20 

(3) 

Pd(II) is reduced to Pd(0) in reaction (1) and 
then Pd(0) is reoxidized in reaction (2) by 
C u C I  2 , and the resulting CuCI is finally reox- 
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idized by molecular oxygen in reaction (3). 
In the kinetic rate expression they propose, 
the reaction order is unity with respect to 
CO and minus one-half with respect to 02. 

For the PdC12-CuCl 2 system in aqueous 
solutions, Golodov et al. (3-7) proposed the 
following different reaction mechanism: 

either 

[PdC14] -2 + 0 2 ~ [PdC1302]- + CI- (4) 

[PdCI302]- + CO ~.~ [PdCI3CO]- + 0 2 (5) 

or 

[PdC14] -2 + CO ~.~ [PdClaCO]- + CI- (6) 

then 

[PdClaCO]- + 2CuCI2(H20) 2 ) 
- H20 

[PdCl4] -2 + 2CuC1 + CO 2 + Cl- + 2H + 

(7) 

o r  

[PdCIaCO]- + CuC12(H20) 2 + CO--~ 

PdCICO + CuCI 

+ CO2 + 3Cl- + 2H + (8a) 

followed by 

fast 
PdC1CO + CuCl 2 ) 

PdCI2CO + CuCI (8b) 

CuCI + CO--~ CuCOCI (9) 

stow 
CuCOCI + PdC14 -2 ) 

[PdC13CO]- + CI- + CuCI (10) 

Reactions (9) and (10) are autocatalytic reac- 
tions initiated by CuC1, and thus a Cu spe- 
cies is also involved in the activation of CO. 
They observed that the reaction rate de- 
creases with increasing Po~, which was ex- 
plained by assuming that oxidation of the 
active species, CuCl, to CuCl2 occurred. In 
their derived rate expression for aqueous 
solutions, the predicted partial pressure de- 
pendencies on CO and 02 were unity and 
zero, respectively, with first-order depend- 
encies on both Pd(II) and Cu(I) species. 

As mentioned earlier, Zhizhina et al. 
(11-14) have also studied CO oxidation in 

aqueous solutions of PdC12 with various oxi- 
dants; however, they concluded that Pd(I) 
carbonyl complexes were the active cata- 
lytic species in this reaction, and their pro- 
posed mechanism is given by the set of reac- 
tions 

slow 

Pd (u) + CO + H20 ) 

Pd (°) + CO 2 + 2H + (11) 

Pd (°) + Pd (II) + CO ~ pd~I)(CO) (12) 

fast 

Pd~ I) (CO) + Ox. ) 

Pd (u) + Pd (°) + CO: + Red. (13) 

Pd (°) + Ox. ~ Pd ~II) + Red. (14) 

where Ox. is the oxidizing agent and Red. 
is the reduced oxidant. 

The role of water in CO oxidation was 
also examined by Desai et al. (1, 2) and 
Kuznetsova et al. (14). Desai et al. observed 
that when the feed was dry, the conversion 
during the stable period was about 12%, but 
once the feed was switched to a wet gas (55 
Torr H20), the conversion reached a stable 
conversion near 64%. Kuznetsova et al. 
suggested that active complexes might be 
formed by an interaction with water. 

Reaction Mechanism over Supported 
PdCIE-CuCl 2 Catalysts without Water 
Vapor in the Feed 

As shown previously, PdCl 2 and CuCl 2 
species can be easily reduced to Pd(I) and 
Cu(I) species in the presence of CO and 
water adsorbed on the support surface (16). 
These same Pd(I) and Cu(I) carbonyl com- 
plexes were identified in the bimetallic cata- 
lysts by IR spectroscopy, as shown in Figs. 
6b and 6d, for example. Therefore the same 
initial reaction steps can be expected to oc- 
cur and an overall reaction sequence is pro- 
posed as follows: 

Ki 
2PdCl 2 + CO + HEOad. o ~ 

2PdC1 + CO2 + 2HClad (15) 

K~ 
2CuC12 + CO + HEOad. C," 
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2 fuEl  --t- KcoCO 2 + 2nflad (16) C I ~ u j . . . O  O ~ %  

PdC1 + C O .  c, " PdC1CO (17) A I 

Kb2 
CuCI + 0 2 . C_," CuClO 2 (18) 

CuCl + CO . ~ o  CuCICO (19) 

Ko2 % C  
PdCI + 0 2 . c, " PdCIO2 (20) I 

B 

K2 
CuCICO + PdC102 . o "  PdCuC12(CO)O 2 

I 

(21) 

PdCuCI2(CO)O2 
I 

k3, rds 
) 

CuC1 + CO 2 "q- OPdC1 (22) 

K4 
OPdCI + CO . ,,," PdCI + CO2 (23) 

This is the mechanism associated with the 
initial low-temperature activity, and this se- 
quence of steps involves only the water ini- 
tially present from the impregnation step, 
i.e., that in the first reaction (Eq. (15)). The 
first four steps establish the catalytic species 
and the catalytic cycle is composed of the 
final five steps. Step (16) was proposed by 
Dontsova (18) and Byerley and Lee (19) 
many years ago, and justification of step (21) 
comes from the work of Sun and Cheng (20, 
21), who suggested that Cu(I) carbonyls 
play a role in supplying CO to a Pt2CI2(CO) 2 
complex when CO is dissolved in aqueous 
solutions. Intermediate [I] is similar to the 
one proposed in the previous paper (16) with 
an O22 bridge between Cu(I) and Pd(II), as 
depicted in Fig. 8a, and during decomposi- 
tion it could pass through the configuration 
in Fig. 8b as the work of Fronczek et al. (22) 
and Vannerberg and Brosset (23) on Co-Oz 
complexes provides precedent for this con- 
figuration. Golodov et al. (5) have also pro- 
posed a Pd-Cu species containing CO and 
Cl. The rupture of the O-O bond in interme- 
diate [I] is assumed to be the rate determin- 
ing step (rds), as shown in step (22). Again, 
as with the Pd-only catalysts, the rapid for- 

FIG. 8. A possible structure of intermediate [I] pro- 
posed by analogy with [(NHs)sCoOOCo(NH3)5] 4÷ or 
[(NH3)sCoOOCo(NH3)5] 5+ species (22, 23). 

mation of the 1930-cm-1 peak (PdCOCI), the 
concomitant evolution of CO2 measured by 
gas chromatography during the initial intro- 
duction of CO, and the increase in the 1930- 
cm -~ peak as the CO pressure increases 
support the proposal of the quasi-equili- 
brated steps preceding the rds step in step 
(22). The rate equation derived from this 
model is discussed later. 

Reaction Mechanism over Supported 
PdCl2-CuCl 2 Catalysts with Water 
Vapor in the Feed 

The previous studies of CO oxidation us- 
ing Pd-Cu catalysts have usually shown a 
first-order dependency on CO and a zero- 
order dependency on 02 although Desai et 
al. (1, 2) observed a negative half-order de- 
pendency on 02 over their chlorinated Pd- 
C12-CuC12/8-A1203 catalyst. Our study has 
found different, more complicated partial 
pressure dependencies on CO, 02, and H20 
vapor, i.e., both positive and negative reac- 
tion orders for CO have been observed, pos- 
itive orders have varied from one-half to one 
for 02 , and a variation in the reaction order 
on H20 from approximately one to two has 
occurred. However, another study from the 
laboratory in which Desai worked reported 
reaction orders for CO and O 2 similar to 
those found in this study, i.e., a catalyst 
used by Heriquez (24) consisted of PdCl 2, 
CuCl2, and Cu(NO3) 2 dissolved in water and 
dispersed on alumina, and the rate expres- 
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sion had a negative half-order dependency 
on CO and a first-order dependency o n  0 2 . 

Because of the in situ IR spectra obtained 
in this study, the reaction mechanism pro- 
posed here has more constraints, and it must 
be consistent with the following experimen- 
tal observations: 

(1) Both negative- and positive-order de- 
pendencies on CO can occur; 

(2) only positive dependencies on 02 
exist; 

(3) water vapor pressure dependencies 
are positive and can be higher than first 
order; 

(4) dependency on Pd is first order; 
(5) certain changes in IR peak intensities 

are induced by the reactants. 

As with the Pd-only catalysts, the se- 
quence of steps proposed for CO oxidation 
in the presence of H20 vapor is very similar 
to the chemistry proposed in its absence, 
yet there are some notable differences to 
explain the marked rate enhancement that 
is observed when water vapor is added. The 
explanations are similar to those proposed 
for the Pd-only catalysts in the previous pa- 
per (•6); however, due to the presence of 
the copper, there is a difference in that the 
rate determining step (rds) now shifts from 
the reoxidation of Pd(0) by O2 to the reoxida- 
tion of Cu(I) to Cu(II) by dioxygen. This is 
proposed because of the rapidity of interac- 
tion between water and the Pd-chlorocar- 
bonyl species observed (step 32)). This as- 
sumption gives the first-order dependency 
on 02 observed experimentally. In addition 
to the high reactivity of molecular water 
with the [PdC1CO], species to give CO2 and 
hydrogen, a reaction which is similar to the 
water gas shift reaction, the large activity 
increase in the presence of low concentra- 
tions of H20 can also be attributed to a larger 
solubilized fraction of the PdCI2 and CuCI2 
precursors. Although the reaction between 
PdCICO and PdC102 proposed for the Pd- 
only catalysts can still occur to give CO2, 
its contribution to the overall rate is now 
inconsequential. The proposed mechanism 

describing CO oxidation in the presence of 
water vapor is 

KH20 
H20(g ) . o " HzO(ad) (24) 

KI 
PdCl 2 + H2Oaa . o "  PdClz(aq ) (25) 

2PdCl2(aq ) + C O  + HzO(ad) . © "  

2PdCl(aq) + CO z + 2HCI(ad) 
I 

(26) 

K3 
2CuC12(aq ) + C O  + H20(ad) . G "  

2CuCl(aq) + C O  2 + 2HClfad) (27) 

r~ 
CuCI(~q) + 02 -'--'" CuClO2(aq) 

Kco 
PdCl(aq) + C O  . ,5" PdCICO(aq) 

(28) 

(29) 

Ko2 
PdCl(aq) + 02 . o "  PdCIOz(aq ) 

(30) 

CuCl~aq) + CO . c~" CuC1CO(aq) 

(31) 

PdCICO(aq) + H20(ad) . ,'2_," 

Pd (°) + CO 2 + HCl(aq) + ½H2(aq) (32) 

Pd  (°) + CuCl2(aq ) . c , "  

PdClaq + CuCl(aq) (33) 

CuCICO(aq) + PdC102(aq ) - ¢ , -  

PdCuC12(CO)O2(aq) 
I 

(34) 

kT, rds 
PdCuC12(CO)O2(aq ) 

I 

PdCuClzO(aq) 
II 

+ CO 2 (35) 

PdCuC120(aq) + HClfad) + ½H2(aq ) . c~" 
I I  

CuCl2(aq ) + PdCl(aq) + H 2 0  (36) 
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C; C u ~ d  Cl 

Fl~. 9. A possible structure of intermediate [II] pro- 
posed in Eq. (35). 

Although some of these steps are specula- 
tive, they are consistent with published 
studies. The inclusion of this detail in the 
reaction sequence is not required for the 
determination of a rate expression, but these 
steps can provide insight into the reaction 
mechanism and can provide suggestions for 
testing it. 

The first eight steps establish the Pd(I) 
and Cu(I) species on the surface and the 
catalytic cycle is represented by the last 
eight steps. It was mentioned in the previous 
chapter that direct reoxidation of Pd(0) with 
dioxygen can be difficult, but it is known to 
be facilitated by an oxidant like CuCI2, and 
the rate of Pd reoxidation is much faster in 
Pd-Cu catalysts. However, reoxidation of 
Cu(I) to Cu(II) now seems to be much 
slower than the other steps in the catalytic 
cycle, and it has been assumed to be the rate 
determining process. This is also the only 
assumption we have found that provides a 
first-order Oz dependence. Although the 
mechanism of the oxidation of Cu(I) to 
Cu(II) is not known, because of the strength 
of the CuCICO IR peak, it has been assumed 
that this is the Cu(I) species most likely to 
be oxidized. Furthermore, if Pd is consid- 
ered as a catalyst to help activate oxygen, 
one possible sequence is suggested in steps 
(34-36). The intermediate [I] again exists, 
and intermediate [II] may have the configu- 
ration shown in Fig. 9. 

The principal difference between the re- 
action mechanisms for the Pd-only catalyst 
and the Pd-Cu catalyst is the chemistry as- 
sociated with the oxidation of Pd(0) to Pd(I). 
With only Pd in the presence of H20, metal- 
lic Pd was presumed to be oxidized via palla- 
dium-oxygen complexes, whereas when 
CuC12 is also present, zero-valent Pd can be 
oxidized by CuCI 2 , as in step (33), and CuC1 

is reoxidized to CuC12 by 02, possibly as 
shown in steps (34) to (36). The redox se- 
quence has been well-established in the 
Wacker process, and the more rapid regen- 
eration of the catalytically active Pd(I) spe- 
cies can account for the higher activities. 

Water is clearly very important for the 
achievement of large rate enhancements, 
and it contributes both as a solvent for the 
Pd and Cu complexes and as a reactant to 
form CO 2 as shown in step (32), which will 
have a net reaction rate equal to that of the 
rds. However, it may also play an additional 
role as a ligand in some of these complexes 
whose coordinative unsaturation could be 
relieved by ligation to water or hydroxyl 
groups. One aspect of this reaction that has 
not yet been completely determined is the 
source of oxygen in the reaction product, 
CO 2, i.e., it can come from either dioxygen 
or water in the catalytic cycle shown pre- 
viously. Zudin et  al. (25) used isotopically 
labeled oxygen and water to investigate the 
mechanism of CO oxidation in the presence 
of Pd-phosphine complexes in solution. 
They found that the oxygen atom in CO2 
came from water in acidic solutions and 
from molecular oxygen in neutral solutions. 
Our catalysts were prepared from HCI solu- 
tions and the chloride resides on the surface; 
therefore, the adsorbed water layer would 
be expected to be acidic, thus the results are 
consistent with the work of Zudin et  al. 

The IR results support this reaction model 
as Fig. 7c shows a sharp decrease in the 
1930-cm-1 peak for PdCICO upon addition 
of water vapor, and the evolution of CO2 
during this period further supports the 
quasi-equilibrated reaction described in step 
(26). In the absence of water vapor, the car- 
bonyl band at 2158 cm -~, associated with 
CO coordinated with Pd(II), was observed 
as shown in Fig. 6; however, it was not 
detected in the presence of water vapor. 
These latter IR results are also consistent 
with our model as step (15) implies that 
Pd(II) may not be fully reduced to Pd(I) if 
insufficient water is present. Therefore, the 
addition of water vapor forces the further 
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conversion of Pd(II) species to Pd(I) com- 
plexes and decreases the concentration of 
Pd(II) carbonyl complexes below IR spec- 
troscopic detection limits. 

The presence of tiny amounts of metallic 
palladium is indicated by the bands at 2090 
and 1990 cm -~ although they did not grow 
when water was added. Figure 7d shows 
that the 1930-cm- ~ peak recovered its origi- 
nal intensity upon the addition of 02, which 
indicates that [PdCICO]n species were re- 
formed and are present under reaction con- 
ditions. As this behavior was not observed 
over Pd-only catalysts, it is quite clear that 
the presence of Pd(I) carbonyl species is 
favored when Cu species exist in the cata- 
lyst and 02 is present in the feed stream. 
This observation is similar to chemistry in 
the Wacker process in which Pd metal is 
reoxidized to Pd(II) by CuCI 2 via a redox 
sequence involving CuCI and 02, as stated 
in Eqs. (2) and (3). However, only a one- 
electron redox sequence to give Pd(I) is 
needed in our sequence, as this appears to 
be the major catalytic species, in agreement 
with Zhizhina et al. (11-14). The increase 
in the 1930-cm -~ band for PdCICO as 02 
pressure increases (Figs. 6 and 7) is consis- 
tent with this proposal. It also provides 
some of the strongest evidence against as- 
signing this peak to CO adsorbed on metallic 
Pd. This redox chemistry is well known in 
PdCIz-CuC12 systems, and it is surprising 
that no IR studies of this chemistry have 
been reported. 

One unexplained trend remains in this 
complicated system--the increase in the 
peak intensity for CuCICO (2120 cm -~) at 
303 K as the 02 partial pressure increases, 
as shown in Figs. 7g to 7i, and also at 323 K 
as in Figs. 7m to 70. It might be expected 
that the greater the 02 partial pressure, the 
greater the degree of oxidation of Cu(I) to 
Cu(II); therefore, the amount of Cu(I) would 
decrease with increasing 02 partial pres- 
sure. In the absence of water vapor, this 
behavior occurs, as demonstrated in Figs. 6i 
to 6k. However,  a complex set of equilibria 
exists which involves CuCI2, H20, and oxy- 

gen, that is, Eqs. (16), (29), and (31), and 
predictions are not straightforward. Also, 
the possibility that the PdCuCI2(CO)O 2 spe- 
cies may have a band overlapping the 2120- 
cm-l  band cannot be discounted. 

The two reaction mechanisms--in either 
the presence or absence of vapor-phase wa- 
t e r - a r e  consistent with our IR and kinetic 
results, but they differ from those proposed 
previously (1-7, 11-14), as mentioned ear- 
lier in this discussion. Such differences are 
not surprising because the metal precursors, 
the supports, the catalyst systems, and the 
catalyst pretreatments have varied. The cat- 
alyst studied by Desai et al. (1, 2) had been 
prepared from CuCl 2 • 2HzO, Cu(NO3) 2 
3HzO, and PdCl2, but in this study only 
CuCI 2 and PdC12 was used, with one excep- 
tion. Also, they used a ~/-AI203 support 
whereas we used 8-A1203. Another major 
difference between these two sets of cataly- 
sis is that the catalyst in Desai's work had 
been chlorinated for 15 min at room temper- 
ature whereas our samples had no exposure 
to CI 2 . The catalyst system studied by Golo- 
dov et al. (3-7) consisted of CuC12, PdC12, 
and LiC1 dissolved in water; consequently, 
the importance of various reaction steps 
could easily be different. It is perhaps more 
important to note the similarities that exist 
in the species present in our model when 
compared to that of Golodov or Zhizhina. 

One difficulty that has existed with the 
alumina-supported catalysts is the drastic 
reduction in activity when humidity levels 
become too high (1, 2). This is most likely 
due to capillary condensation and the filling 
of small pores in the support, thus decreas- 
ing surface area available to the reactant 
gases. In our use of larger pore 8-A1203, 
compared to 3t-AI203 (1, 2), we did not ob- 
serve any reduction in activity, even at hu- 
midity levels of 90%, as indicated in Figs. 
5d-5e. Even stronger positive dependencies 
on H20 were obtained with the more hydro- 
phobic carbon-supported catalysts (Figs. 5h 
and 5i), thus supporting this explanation. 
Alumina is hydrophillic and adsorbs water 
readily whereas carbon is more hydropho- 
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bic and interacts much less strongly with 
water. This behavior can explain not only 
the different dependence on water pressure 
as the temperature was raised, but also the 
negative apparent activation energies. Be- 
cause of the weaker interaction between wa- 
ter and the carbon surface, a more water- 
deficient situation occurs at higher tempera- 
ture, and this leads to an increase in partial 
pressure dependency on water as the tem- 
perature increases. On the alumina-sup- 
ported catalysts, however, an opposite 
trend was observed, i.e., a lower partial 
pressure dependency at higher temperature. 
Thus, if capillary condensation and pore 
filling is occurring with the alumina sup- 
ports, the higher temperatures could actu- 
ally be increasing the available internal sur- 
face area and thereby increasing the rates in 
this way. 

The reason for the negative activation en- 
ergies observed for all the carbon-supported 
catalysts in the presence of water vapor can 
be explained by the weaker bonding of ad- 
sorbed water on carbon coupled with the 
importance of dissolving the Pd and Cu spe- 
cies in a water overlayer on the surface, as 
stipulated in steps (24)-(26). The reduced 
water layer coverage at higher temperature 
provides fewer solvated active species on 
the surface; consequently, this reduces the 
activity of carbon-supported catalysts more 
rapidly than the increase provided by the 
rate constant. This behavior is well-docu- 
mented as Fujimoto et al. (26) reported a 
negative apparent activation energy for CO 
oxidation over a PdCl2/carbon catalyst, and 
Katz and Pismen (27) observed a negative 
apparent activation energy for ethylene 
oxidation over a carbon-supported Pd 
CI2-CuCI 2 catalyst. Although the nearly 
equal TOFs for the 1.8% Pd- l l .9% Cu/C 
and 0.2% Pd-11.8% Cu/C is an indication 
of the absence of diffusional limitations, cal- 
culations based on the Weisz criterion indi- 
cate that the extremely high rates observed 
with our PdClz-CuClz/carbon catalysts in 
the presence of water vapor are possibly 
influenced by mass transfer (28). This fur- 

ther complicates the analysis of this catalyst 
system. 

Derivation o f  Reaction Rate Expressions 

PdCI2-CuC12 in aqueous solutions (5) is 
the catalyst commercially using for ethylene 
oxidation to acetaldehyde in the Wacker 
process, and the reaction mechanism is rela- 
tively well understood for this reaction (9, 
10, 29). Pd is the only metal that has signifi- 
cant activity in this reaction. Also, CO and 
ethylene ligands have similar bonding be- 
havior when they interact with transition 
metals as both have a filled bonding orbital 
and an unfilled antibonding orbital (29). Sim- 
ilarities may therefore exist between the 
Wacker process and the CO oxidation reac- 
tion over PdCI2-CuCI 2 catalysts, and the 
chemistry associated with the Wacker pro- 
cess can provide guidance to that occurring 
in CO oxidation. For example, our result 
that the activity ratio of 7.6 between the two 
Pd-Cu/carbon catalysts is nearly propor- 
tional to the Pd loading ratio of 8.3 is in 
agreement with other studies in which the 
oxidation rate was linearly dependent on Pd 
concentration (30, 31). 

As in the Pd-only catalyst, water plays an 
important role in CO oxidation, as pre- 
viously reported by Desai et al. (1, 2) and 
Kuznetsova et al. (14), and the latter au- 
thors stated that only water-soluble agents 
are active in this reaction. The positive ef- 
fect of water at low temperature was clearly 
observed in our study as an enormous activ- 
ity enhancement was found upon the intro- 
duction of water vapor. To further confirm 
this positive effect, the following experi- 
ment was performed. The initial activity was 
measured in the presence of water vapor in 
the system, then water vapor was removed 
from the feed and the activity was followed 
for a certain period of time. Water vapor 
was reintroduced into the feed and it was 
determined if the original activity was re- 
covered. This experiment was performed 
with the 1.8% Pd-11.9% Cu/carbon catalyst 
at 5.3 Torr water vapor pressure, and the 
results are shown in Fig. 10. After the H20 
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FIG. 10. The influence of water vapor in the feed on 
activity at 303 K for 1.8% Pd-ll.9% Cu/C: Standard 
conditions; 26 Torr CO, 5.3 Torr H20, 132 Torr 02, 
balance-He; total pressure = 750 Torr, feed flow rate 
= 28.5 cm3/min. (A) Stop water vapor in feed stream. 
(B) Resume water vapor in feed stream. 

vapor feed was stopped, the activity de- 
clined substantially over  a 2-h period; how- 
ever,  the original activity was fully recov- 
ered within an hour  by reintroducing water 
vapor  in the feed. 

As mentioned in the previous paper (16), 
there is some residual water  present  on the 
surface of  these supports for partial dissolu- 
tion and activation of  the dispersed metal 
salts because they were never  dried above 
373 K. Thus the rate expressions derived 
from the sequence of  steps described in this 
chapter  are based upon a nearly identical set 
of  assumptions: 

(1) The most  abundant Pd species are 
PdC1, PdCICO, and PdCIO2; 

(2) the most abundant Cu species are 
CuC1, CuC1CO, and CuCIO2; 

(3) an excess chloride concentrat ion ex- 
ists which is considered to be constant;  

(4) when water  vapor  is present,  water 

can form thin films or islands on the support  
surface which can solubilize the metal salts 
and provide a two-dimensional analogue of  
very active Pd or Cu complexes in homoge- 
neous aqueous systems; 

(5) the Pd or Cu complexes in this thin 
aqueous film are readily accessible to CO 
and 02, thus they can be modeled as adsorp- 
tion sites analogous to those on a solid 
surface. 

For  example, Pd and Cu site balances can 
then be made, i.e., 

Lpd = [PdCI] + [PdCICO] + [PdC10/] 

(37) 

Lcu = [CuCI] + [CuC1CO] + [CuCIO2] 

(38) 

where Lpd and Lcu are the total number  of  
Pd and Cu complexes,  respectively.  The 
fractions of the metal complexes coordi- 
nated with either CO or O2 for Pd(0co or 0o2) 
and for Cu(0~o or 0~)~) can be shown to give 
expressions similar to a Langmuir  isotherm, 
i.e., 

KcoPco 
= , (39) 

0c° 1 + KcoPco + Ko2Po~ 

002 = Ko~Po~ , (40) 
1 + KcoPco + Ko~Po~ 

K~oPco 

0c° 1 + KcoPco  + Ko~Po~ 
' = , , , ( 4 1 )  

K ~)~P o~ 
0b~ = , (42) 

1 + K~oPco + K~Po~ 

For the P d -Cu  catalysts without water  va- 
por  in the feed, choosing step (22) as the rds, 
using the stated assumptions, and employ- 
ing Eqs. (39)-(42), the rate expression be- 
low can be derived (28): 

r = 

, p LpdLcukaKzKcoKo:Pco o5 

(1 + K~oPco + K~)2Poz) 
(1 + KcoPco +Ko~Po2) 

(43) 



CO OXIDATION OVER Pd 

kK ~oKo2PcoPo2 
(1 + K~oPco + K~2Po 2) 

(1 + KcoPco +Ko2Po) 
For the Pd-Cu catalysts with water vapor 
present, using step (35) as the rds and a 
similar procedure, the following rate expres- 
sion can be derived (28) if water adsorption 
on the support surface is described by a 
Langmuir isotherm, i.e., 

KH2oPH20 

0H20 = 1 + KH2oPH2 o ' 

then 

( K~°Pc° ) 
r = k (1 + KcoPco' + Ko:Po, 

( Ko~Po2 ) 
x (1 + KcoPco + Fo:Po~ 

× (1 KH2oPH20 ~2 (44) 
+ KH2oPH20/ 

Thus in the presence of water vapor, the 
concentration of very active solubilized Pd 
and Cu complexes, that is, the maximum 
number of active sites, will be proportional 
to the coverage of the H20 film, as stated in 
assumption 4, then Lpd and Lcu are propor- 
tional to 0n2o and this gives the second-order 
dependence on the water concentration on 
the surface. The final k in (44), k = Lpd 
Lcuk3K2, represents a grouping of constants 
and concentrations that are assumed to be 
approximately constant at a given temper- 
ature. 

Using a direct search simplex method for 
optimization, the constants k, Kco, Ko2, 
K~o, K~ 2, and KH2O in Eqs. (43) and (44) 
were determined for these PdClz-CuCI 2 cat- 
alysts by fitting these equations to the partial 
pressure data in Fig. 5. These parameters 
are listed in Table 4, and the calculated rate 
dependencies are compared with the data in 
Fig. 5. As perhaps expected with this many 
fitting constants, our models describe this 
complicated system relatively well with ei- 
ther AI203 or carbon supports at two tem- 
peratures. More importantly, constants are 
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physically reasonable as the equilibrium 
"adsorption" constants related to the for- 
mation of the complexes are higher at lower 
temperature. From these values at two tem- 
peratures, enthalpies of complex formation 
can be determined and the ranges obtained 
from two different reactor systems are rela- 
tively narrow, i.e., for PdCICO: AH = - 8  
to - 15 kcal/mole; for PdC102: AH = - 17 
to -19  kcal/mole; for CuC1CO: AH = - 6  
to -16  kcal/mole; and for CuCIOz AH = 
- 2 8  to -37  kcal/mole. A literature value 
of -13.6 kcal/mole has been reported for 
PdC1CO in methyldichloride (32), and a 
value of - 18.1 kcal/mole has been reported 
for PdC103~. This is remarkably consistent 
and provides some support for the reason- 
ableness of these models. 

The one exception is the set of values for 
KH20 for 8-A1203, but the complication of 
capillary condensation and pore filling can 
account for this, as explained earlier. The 
more hydrophobic nature of the carbon sur- 
face prevents this behavior for the carbon- 
supported catalysts. It is also reasonable 
that higher equilibrium constants are ob- 
tained for CO complexing with these metals 
than for O2. These two models can not only 
fit these bimetallic catalysts, as shown in 
Fig. 5, but they can also describe the perfor- 
mance of these two metals on other carbons 
as well as the catalytic behavior of more 
complicated, multicomponent commercial 
catalysts containing PdC12 and CuC12 dis- 
persed on alumina (28). 

SUMMARY 

Rates of CO oxidation on unreduced 
Pd-Cu catalysts are much higher than those 
of monometallic catalysts, and the activity 
is further enhanced in the presence of water 
vapor. Again water gives a positive effect on 
the activity of unreduced Pd-Cu catalysts. 
The role of this water in CO oxidation over 
unreduced Pd-Cu catalyst is twofold: first, 
water vapor is directly involved in the reac- 
tion to produce CO 2 , and second, it dis- 
solves Pd or Cu species which facilitates 
their reaction with 02 and CO to produce the 
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TABLE 4 

Computed Rate Constants (k, Kco, Ko~, K~o,/~2, and KH2o) for PdC12 and CuCI 2 Dispersed on Alumina and 
Carbon Supports 

Catalyst Reaction Constants 
temp. (K) 

k rco Ko~ r~o r 4  /¢~o 

1.8% Pd-11.9% Cu/~-A1203 353 160 450 
(without H20, IR) 

1.8% Pd-11.8% Cu/C 363 47 190 
(without H20, reactor) 

1.8% Pd-ll.9% Cu/&AI203 a 303 250 440 
(with H20, IR) 323 600 200 

1.8% Pd-11.9% Cu/8-AI203 a 303 230 140 
(with H20, reactor) 323 820 29 

1.8% Pd-I 1.8% Cu/C 303 69 80 
(with H20, reactor) 

2% Pd-11.8% Cu/C b 303 300 
(with H:O, reactor) 

30 1.2 2.7 

2.1 43 0.27 

2.3 1200 3.5 97 
0.42 620 0.015 1300 
0.41 370 0.0054 63 
0.056 73 0.00031 240 

21 30 25 98 

0.0053 52 650 2.3 33 

a Eact and M/(kcal/mole) were computed from these constants. 
b Prepared from PdCI2 and Cu(NO3)  2 • 5 H 2 0 .  

catalytically active species, which appear  to 
be PdC1CO, CuCICO, and possibly Pd- 
CuCI2(CO)O 2 . 

The trends of  CO and 0 2 partial pressure 
dependencies over  unreduced P d - C u  cata- 
lyts supported on alumina or carbon are not 
the same as those found in homogeneous 
catalytic solutions, but they are similar to 
those reported for reduced Pd metal cata- 
lysts. The reason for this is probably due to 
the bet ter  gas contact  provided by the very 
thin water  monolayer  on the dispersed cata- 
lysts, which allows expressions analogous 
to a Langmuir  isotherm to be used in deriv- 
ing rate expressions invoking homoge- 
neous,  aqueous-phase chemistry. The more 
hydrophobic  properties of  carbon were uti- 
lized to prepare carbon-supported catalysts 
that had 5- to 10-fold enhancements  in spe- 
cific activity (TOF) compared to A1203-su p- 
ported catalysts. 

The chemistry proposed in this study of  
CO oxidation over  P d - C u  catalysts is differ- 
ent from that in previous studies because: 

(1) It proposes  a one-electron transfer 
process  with the Pd species rather than a 

two-electron transfer  as proposed in the ho- 
mogeneous Wacker  process;  

(2) P d - C u  complexes are assumed to be 
formed during the reaction; 

(3) the rate determining step is the rupture 
of  the O - O  bond in a [PdCuCl2(CO)O2]aq 
complex to give CO2; and 

(4) a Langmuir -Hinshelwood- type  ki- 
netic model can be applied. 

It is quite clear that the different behavior  
in the adsorption of  water  vapor  on alumina 
or carbon produces the different activity for  
CO oxidation on each catalyst. Because of  
weaker adsorption of  water  on a carbon sur- 
face, the activity is more sensitive to the 
temperature over  carbon-supported cata- 
lysts; consequently,  negative apparent  acti- 
vation energies can be obtained and greater  
water  vapor dependencies occur  at higher 
temperatures with these carbon-supported 
catalysts. The unusual decrease in the water  
vapor dependence at higher temperatures  
over  alumina-supported catalysts is most  
likely due to the fact that some of  the smaller 
pores,  which were filled by capillary con- 
densation, are opened at higher tempera-  
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ture, thereby increasing the available sur- 
face area and the number of active sites. 

The IR results showed that Pd(I) carbon- 
yls react rapidly with water vapor to form 
catalysts. This reduced Pd metal is oxidized 
to Pd(I) by CuC12 in a series of redox steps 
similar, but not identical, to those in the 
Wacker process. This redox mechanism 
could also be monitored by IR spectros- 
copy. Based on literature spectra, the CO 
band at 2158 cm-1 was assigned to the car- 
bonyls in a Pd(II) compound, and this was 
further supported by the fact that this peak 
was intensified at the expense of the 1930- 
and 1990-cm-1 peaks as 02 was added into 
the system. The peak at 1930 cm-I was as- 
signed to the carbonyl in a Pd(I) com- 
pound-(PdCICO) n. The 1990-cm -1 peak 
can also be assigned to this species; how- 
ever, a small contribution from bridged car- 
bonyls on metallic Pd particles cannot be 
completely discounted. The PdC1CO and 
CuCICO species were clearly identified by 
IR spectroscopy and they appear to be im- 
portant catalytically. Reaction sequences 
involving them which are based strongly on 
results and proposals in the literature pro- 
vided rate expressions capable of explaining 
both the IR and the kinetic results in the 
presence and absence of water. The rate 
expressions for these model systems also 
describe the behavior of more complex, 
multicomponent commercial catalysts con- 
taining PdC12 and CuCI 2. 
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