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CO can be oxidized at 300-400 K by molecular oxygen over dispersed, unreduced PdCI 2 or CuCI 2 
although rates were much lower than those obtained using both compounds together. PdCIz was 
much more active than CuCI2, and the addition of water vapor to the feed greatly enhanced the 
activity of the PdCI2 catalysts but not the CuCIz catalysts. This system had not been previously 
characterized by IR spectroscopy, so this technique was employed to determine the Pd and Cu 
carbonyl and chloro-carbonyl species formed upon the introduction first of CO then, sequentially, 
of H20 and 02 to establish reaction conditions. The in situ spectra identified PdC12CO, (PdCICO),, 
and CuCICO species as well as a small amount of terminal and bridged CO adsorbed on metallic 
Pd particles. Based upon the IR results, a thorough kinetic study, and prior aqueous-phase studies 
in the literature, a reaction model is proposed that involves water as a reactant with the PdCICO 
species when water vapor is present. In its absence, molecular oxygen appears to interact with 
PdC1CO to produce CO 2. © 1991 Academic Press, Inc. 

INTRODUCTION 

The catalytic oxidation of carbon monox- 
ide provides one route to remove this pollut- 
ant from automotive exhausts as well as 
from factory effluent gas streams. In addi- 
tion, the catalytic removal of carbon monox- 
ide at room temperature has practical impor- 
tance because of its use in the purification 
of indoor air (1) and in CO leak detection. 
One oxide catalyst--hopcalite, which is a 
mixture of MnO2, CuO, and several other 
ox idesp is  currently used for the latter ap- 
plication; however, its major disadvantage 
is its deactivation in the presence of mois- 
ture, and this severely limits its practical use 
(2). This reaction over Group VIII metal 
catalysts was first investigated by Langmuir 
in 1922 (3), and CO oxidation has been fre- 
quently studied over both single-crystal Pd 
surfaces and well-dispersed, supported Pd 
crystallites (4-13). This reduced metal typi- 
cally provides substantial activity at temper- 
atures above 373 K, which is a general char- 
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acteristic of the Group VIII metals. CO 
oxidation over copper oxide has also been 
investigated, and a higher reaction tempera- 
ture is needed to obtain the same degree of 
activity (14-16). 

An alternative approach to achieve high 
activity at low temperature is the use of a 
homogeneous, rather than a heterogeneous, 
catalyst. Aqueous solutions of PdCI2-CuCI 2 
are commercially used in the Wacker pro- 
cess to produce acetaldehyde from ethylene 
and dioxygen at low temperature, and this 
system was found to also catalyze CO oxida- 
tion at room temperature (17-18). The activ- 
ity could be enhanced by dispersing this so- 
lution on an oxide support (17), and Desai 
et al. found that AI203 impregnated with an 
unreduced solution of PdCI z and CuCI2 was 
very active at low temperature provided the 
humidity was neither too high nor too low 
(19-20). CO oxidation catalyzed by aqueous 
solutions of Pd(II) has been extensively 
studied by several groups of Russian investi- 
gators. It has been proposed by Golodov et 
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al. that water, rather than 02, is the oxidant 
although oxygen can enhance activity (21), 
while Zhizhina and co-workers have pro- 
posed that Pd(I) carbonyl complexes are the 
catalytically active species and these com- 
plexes interact with Oz (22, 23). However, 
CO oxidation by 02 in PdClz-only systems 
has had little attention and only one kinetic 
study has been reported (24). Also, as stated 
by Kuznetsova et al., insufficient work has 
been done to allow one to be specific about 
the active intermediate species formed in 
the presence of H20 or O 2 (25). Similarly, 
CO oxidation over unreduced Cu com- 
pounds has not been examined although the 
water gas shift reaction has been studied 
(26). 

This study was therefore conducted to: 
(1) determine the kinetic behavior of CO 
oxidation over unreduced PdCl2/Al203 , 
CuC12/A1203, and bimetallic PdCIE-CuC12/ 
Al203 catalysts, (2) use in situ IR spectros- 
copy before and during reaction conditions 
to identify the Pd species present, (3) see if 
a reaction sequence consistent with both the 
kinetic and the IR data could be proposed, 
and, finally, (4) utilize the insight gained to 
improve the performance of this system by 
employing an appropriate carbon support to 
control water adsorption. This paper de- 
scribes the single-metal catalysts on alumina 
and carbon while the second paper dis- 
cusses the unreduced, bimetallic Pd 
Cl2-CuCI2 catalysts (27). The behavior of 
these three catalyst systems after reduction 
in hydrogen is discussed in the final part of 
this series (28). 

EXPERIMENTAL 

Supported Pd and Cu catalysts were made 
by an incipient wetness method (29). The 
supports were 8-A1203 (W. R. Grace, 138 
mE/g) and carbon black (Black Pearls 2000, 
Cabot Corp., 1400 m2/g). The metal precur- 
sors were PdCl 2 (Alfa Products) and CuCI 2 
(99.999%, Aldrich Chemical Co.). Before 
preparing these catalysts, the 8-A1203 was 
ground and sieved to a 40/80 mesh size and 
calcined in dry air (825 cc/min) at 723 K for 

2.5 h. The carbon was evacuated at 723 K 
overnight to remove any adsorbed water. 
Catalyst preparation was based upon estab- 
lished methods (29-31), using distilled, de- 
ionized (DD) water and the appropriate 
amount of metal salt dissolved in 1.15 cm 3 
solution per g A1203 and 2.04 cm 3 solution 
per g carbon. The prepared catalysts were 
then equilibrated overnight in the open at- 
mosphere at 300 K and stored. 

Product analyses from either the IR reac- 
tor cell or the stainless steel microreactor 
were obtained with a Perkin-Elmer Sigma 3 
gas chromatograph using a Porapak column 
for peak resolution and a Perkin-Elmer 
Sigma 1 integrator for peak analysis. Flows 
of CO, 02, and He were controlled by mi- 
crometer values and monitored by Has- 
tings-Raydist mass flowmeters. When pres- 
ent, the water vapor pressure was controlled 
with a constant temperature bath by bub- 
bling the feed gases through a sparger into 
the DD-water held in a 100-cm 3 flask which 
was immersed in a 70% water/30% isopro- 
panol bath. The saturator contained a by- 
pass arrangement to permit either wet or dry 
CO/O2 mixtures to be fed into the reactor. 
For kinetic studies ex situ of the IR reactor 
cell, a separate I" stainless steel reactor con- 
taining 0.1-0.2 g catalyst and a temperature- 
controlled furnace were used. 

For simultaneous in situ kinetic/IR spec- 
troscopic studies, specially designed cylin- 
drical, stainless steel reactors with NaC1 
windows were used into which thin wafers 
were pressed. The faces of the stainless steel 
pistons, used to press the powder, were 
ground and polished with very fine polishing 
material (600 aluminum powder) and the 
edge of the bottom piston was beveled. A 
copper wire with the same volume as the 
beveled space was pressed into that volume 
with 6000 psig using a Carver press. This 
produced a copper ring adhering to the wall 
of the stainless steel reactor which sup- 
ported the wafer then pressed into the cylin- 
der. The catalyst was finely ground with an 
agate mortar and dried in the oven at 393 K 
for 1.3 h before it was pressed. About 40 mg 
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of catalyst powder was evenly distributed 
on the piston surfaces, and it was then 
pressed at 5000 psig for 20 min. Wax paper 
was inserted between the catalyst and the 
pistons to prevent the catalyst from sticking 
to the piston faces. The thickness of the 
pressed wafer was about 0.15 mm. All the 
feed gas passed through this wafer, which 
acted as a small, fixed-bed differential reac- 
tor, and into the GC sampling valve. Bed 
temperatures up to 648 K could be attained. 
The IR spectrometer was a Perkin-Elmer 
580 which had been coupled to an Apple 
II computer and color monitor via an A/D 
converter to allow further analysis of the IR 
spectra when desired. Further details and a 
diagram of this system have been provided 
previously (32). 

The procedure for the simultaneous in situ 
kinetic/IR spectroscopic runs was as fol- 
lows: a background spectrum under He was 
acquired before the spectrum at 303 K under 
26.3 Torr CO (unless otherwise noted) in 
flowing He was obtained. Then spectra were 
acquired with this gas mixture saturated 
with H20 at 275 K (5.3 Torr H20), and finally 
02 was added at 132 Torr partial pressure 
and additional spectra were obtained. Stud- 
ies in the absence of water were conducted 
in a similar sequence, but the H20 addition 
was omitted. During each IR spectrum, the 
composition of the outlet gas from the reac- 
tor was analyzed by the GC, and all IR peaks 
were stored in the Apple computer con- 
nected to the IR spectrometer. After obtain- 
ing these spectra, Arrhenius and partial 
pressure dependency runs were conducted. 
Finally, if needed, additional experiments 
were then performed. Essentially only Ar- 
rhenius and partial pressure dependency 
runs were conducted with the microreactor 
outside the IR spectrometer. Standard reac- 
tion conditions consisted of flowing gas at 
100 kPa (1 atm), 132 Torr 02 (17.4 kPa), 26 
Torr CO (3.4 kPa) with the balance com- 
posed of He. The reaction orders with re- 
spect to CO were determined at 132 Torr 02 
while the reaction orders with respect to 02 
were determined at 26 Torr CO. 

RESULTS 

The kinetic behavior of supported, unre- 
duced PdC12 or CuC12 catalysts in the pres- 
ence and absence of H20 vapor is given in 
Tables 1 and 2, and typical Arrhenius plots 
for these catalysts are shown in Figs. 1 and 
2. During the initial Arrhenius run, erratic 
behavior was sometimes observed, as in 
Figs. la and ld, for example, and this was 
associated with removal of water from the 
catalyst. No activation energies in Table 1 
were determined from these data. Specific 
activities in the form of a nominal turnover 
frequency (TOF) are also included, and they 
are computed with the assumption that the 
dispersion of the PdCI 2 or CuCI 2 precursor 
is unity, thus they represent the lowest pos- 
sible values. Partial pressure dependencies 
were determined and initially fitted by a 
power rate law over certain pressure re- 
gimes, which were from 0.5 to 184 Torr for 
CO, from 26 to 184 Torr for 02, and from 2 
to 20 Torr for H20, and they are shown in 
Fig. 3. 

Over the 2% Pd/~-AI203 catalyst at 403 K 
with no water vapor, the partial pressure 
dependency on CO was negative (-0.4) ,  
which is similar to previous trends for the 
noble metals (33), while that for O2 was posi- 
tive (0.6) when Pco > Po:, but was near zero 
when Pco < Po2, as shown in Table 2 and 
Fig. 3a. The activation energy was 16.5 kcal/ 
mole from the IR reactor results and 18.1 
kcal/mole from the kinetic study in the mi- 
croreactor, as shown in Table 1. Sometimes 
the first run exhibited a significant change 
in activity after the temperature cycle was 
completed, and this was attributed to a 
change in the amount of adsorbed water. 

The 12% Cu/6-AI203 catalyst at 423 K 
with no water vapor gave a positive partial 
pressure dependency on CO (0.5), which 
again is consistent with earlier studies of 
Group IB metals (34), and that of 02 was 
slightly positive (0.2), as shown in Fig. 3b. 
The activation energy for this catalyst was 
21.6 kcal/mole from the IR reactor study 
and 16.6 kcal/mole from the kinetic study in 
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T A B L E  1 

Catalytic Activities and Apparent  Activat ion Energies  for CO Oxidat ion 
over  Unreduced  PdCI 2 and CuCI 2 Catalysts  

Catalyst  PH2o Eapp a Activity b 
(Torr) (k/cal/mole) at 300 K 

(/~mole CO/g cat • s × 103 

TOFb, c 

at 300 K 
(s-') 

2% Pd/8-AI~O3 0 16.5 --- 0.4 d 0.08 
(IR) 5.3 11.5 --- 1.8 27.4 

2% Pd/8-AI203 0 18.1 --- 0.2 e 0.02 
(reactor) Run  1 5.3 9.2 +- 0.03 2.7 

Run  2 8.6 - 0.05 
2% Pd/carbon  5.3 4.7 --_ 0.1 16.9 

(reactor) Run  2 
12% Cu/~-AI203 0 21.6 -4- 0.2 f 0.09 

(reactor) Run  2 
12% Cu/8-A1203 0 16.6 --- 1.8 0.01 

(IR) Run  2 
12.08% Cu/ca rbon  5.3 12.3 +- 0.06 0.2 

(reactor) 

4 x 10 -7 
1.5 × 10 -4 
1.0 x 10 -7 
1.4 × 10 -5 

1.0 x 10 -4 

5 × 10 -8 

5 × 10 .9 

1 × 10 -7  

With 95% confidence limits. 
b Standard react ion condit ions:  Po2 = 132 Torr,  Pco = 26 Torr,  total p = 750 Tort .  
c TOF  = molecule  CO reacted per  second per metal  a tom. 
d Descending  T, f rom Fig. la.  
f Run  2 f rom Fig. ld,  

T A B L E  2 

Partial Pressure  Dependencies  on CO, 02, and H20 for CO Oxidat ion 
over  Unreduced  PdCI 2 and CuCIz Catalysts  

Cata lys t  Partial pressure  Partial 
dependency  a pressure  run 

temp.  (K) 
X Y Z 

2% Pd/8-AI203 - 0 . 4  0.6(Po2 > Pco) No  H20 403 
(IR) - 0.7 1.2 0.7 

2% Pd/8-A1203 - 0.2 0.9 No  H20 343 
(reactor) - 0.2 1.0 No  H20 363 

- 0 . 2  0.8 No  H20 383 

2% Pd/carbon  0.1 0.5 0.6 353 
(reactor) 

12% Cu/8-AI203 0.5 0.2 No H20 423 
(reactor) 

12.8% Cu/ca rbon  0.7 0.5 - 0.3 433 
(reactor) 

a r X Y Z = k Pco P~2 P~2o, Pco = 26 Torr  when  Y and Z were obtained; Po2 = 132 Torr  when  X and Z were obtained;  
P~2o = 5.3 Torr  when  X and Y were obtained.  
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FIG. I. Arrhenius plots for uncalcined and unreduced PdCI2 and CuCl 2 catalysts in the absence of water 
vapor in the feed. Total pressure = 750 Torr,/'co = 26 Torr, Po2 = 132 Ton', balance was He; Run 
1--circles; Run 2--triangles; Run 3 (after 02 treatment)--squares; open symbols, ascending temp.; 
closed symbols, descending temp. 

(a) 2% Pd/~-Al203 (IR); 
(b) 2% Pd-6-Al203 (reactor); 
(c) 12% Cu/8-Al203 (IR); 
(d) 12% Cu/8-Al203 (reactor). 

the microreactor.  After a treatment at 573 
K for 1 h in 02 (13 Torr), the activity was 
enhanced but the activation energy was un- 
changed, as shown in Fig. lc. 

In the presence of  5.3 Tor t  H20, the activ- 
ities were markedly higher, and the 2% Pd/ 

6-A1203 catalyst at 323 K again had a nega- 
tive partial pressure dependency on CO 
( -  0.7 from the IR study and - 0 . 2  from the 
microreactor  study), and a stronger, first- 
order dependency on 02 was obtained. The 
H20 partial pressure dependency was 0.7. 
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(a) 2% Pd/6-AI203 (IR); 
(b) 2% Pd/6-A1203 (reactor); 
(c) 2% Pd/carbon (reactor); 
(d) 12% Cu/carbon (reactor). 

The activation energy for this catalyst was 
somewhat lower in the presence of water 
(9-13 kcal/mole). With the 12% Cu/8-AI203 
catalyst in the presence of water vapor, no 
detectable activity was obtained until tem- 
peratures were above 353 K. As the reaction 
orders on CO and 02 for Pd/6-AI203 were 

acquired at much lower temperatures, no 
partial pressure runs were conducted for 
this Cu/8-A1203 catalyst. 

Because of the black-body behavior of the 
carbon support, no dispersive IR spectra 
could be obtained, consequently all studies 
were conducted in the microreactor. For the 
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2.11% Pd/carbon catalyst at 353 K in the 
presence of 5.3 Torr H20, the partial pres- 
sure dependencies on CO and 02 were 0.1 
and 0.5, respectively, while the H20 partial 
pressure dependency was 0.6. The activa- 
tion energy for this catalyst was very low, 
i.e., 4.7 kcal/mole, which could imply mass 
transfer limitations, and the activity was six 
times greater than the comparable Pd/AI203 
catalyst. This improved performance indi- 
cates an important advantage for the use of 
carbon supports and implies that the extent 
of adsorbed H20 plays an important role in 
CO oxidation. The 12.08% Cu/carbon cata- 
lyst was again quite inactive, and the tem- 
perature had to be raised to 433 K to obtain 
detectable activity. The partial pressure de- 
pendencies on CO, 02, and H20 were 0.7, 
0.5, and -0 .3 ,  respectively, and the activa- 
tion energy was 12.3 kcal/mole. Direct com- 
parison of these results with those from the 
PdCIz catalysts is somewhat difficult be- 
cause of the significant difference in temper- 
ature. Also, there was a jump in activity 
around 453 K, as shown in Fig. 2d, whose 
cause is not precisely known but may possi- 
bly be due to removal of CO2 produced from 
the decomposition of functional groups on 
the carbon surface (35). 

With the 2% Pd/6-A1203 wafer, an IR 
spectrum at a low CO pressure of 0.4 Torr 
was obtained (Fig. 4b) before the pressure 
was increased to 26 Torr CO in He. At 303 
K under either pressure, CO peaks at 1930, 
1990, 2090, 2100, and 2158 cm -~ were ob- 
tained, as shown in Figs. 4b and 4c. The 
1930-cm- ~ peak was the strongest, while the 
2090- and 2100-cm-~ bands overlapped. Un- 
der reaction conditions with 132 Torr of 02 
present, peak positions and peak intensities 
were essentially unchanged, as shown in 
Fig. 4d. During the first cycle to measure 
activation energies, the peak shapes 
changed gradually and their intensities de- 
creased, as shown in Fig. 4e. Finally, at 423 
K the 1930-cm-J peak, which initially was 
sharp and symmetric, became broadened 
and much less intense while the 2105- and 
2158-cm -J peaks disappeared (Fig. 4f). 

After cooling and returning to the original 
reaction conditions, the broad 1930-cm -1 
band was retained and a weaker, broader 
2090-cm-~ band grew back. Only these lat- 
ter bands were observed in subsequent ki- 
netic runs, and the original bands were not 
reattained. 

On another 2% Pd/~-AlzO 3 wafer, 26.3- 
Torr CO balanced with He was fed to the 
reactor and the subsequent IR spectrum had 
peaks at 1930, 1990, 2090, and 2100 cm -~, 
as shown in Fig. 5b. Again, the 1930-cm- 
band was the strongest, and the 2090 and 
2100-cm- 1 peaks overlapped. With the addi- 
tion of 5.3 Torr H20 in the feed, the 1930- 
cm-~ peak was greatly suppressed and the 
2100-cm -r peak disappeared (Fig. 5b). 

Under reaction conditions with 132 Torr 
of Oz added to the feed, the 1930-cm- 1 peak 
was further suppressed only to a small ex- 
tent, as shown in Fig. 4d, and little change 
occurred in the other bands. Again the 1930- 
cm-~ peak never recovered its initial inten- 
sity; however, at higher reaction tempera- 
tures (at 353 K and 363 K) the 1930-cm -~ 
peak intensity increased somewhat, but it 
reversibly returned to its lower intensity 
when the temperature was decreased back 
to 323 K. 

Finally, with a 12% Cu/8-A1203 wafer, 
only one peak at 2115 cm -j was obtained 
under CO in He, and its intensity and posi- 
tion were essentially unchanged upon the 
addition first of H20, then also of 02, as 
shown in Fig. 6. 

DISCUSSION 
Infrared Spectra 

Although palladium has been extensively 
used as a homogeneous catalyst for the syn- 
thesis of aldehydes and ketones from olefins 
(36), the chemistry of halo-carbonyl com- 
plexes of palladium is still far from being 
completely understood. One major reason 
for this is the extremely unstable nature of 
these halo-carbonyl complexes of palladium 
in air or around moisture (37). Manchot and 
Konig first reported a compound with the 
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FIG. 3. Comparison between data and rates (/zmole/g cat. s) predicted from the model for CO oxidation 
over supported PdC12 and CuC12 catalysts: CO (k), 02 ( i ) ,  H20 (O). 

(a) 2% Pd/8-AI203 at 403 K without water vapor (IR), Eq. (29); 
(b) 12% Cu/8-A1203 at 423 K without water vapor (IR), Eq. (29); 
(c) 2% Pd/8-A1203 at 323 K with water vapor (IR), Eq. (32); 
(d) 2% Pd/carbon at 353 K with water vapor (reactor), Eq. (32); 
(e) 12% Cu/carbon at 433 K with water vapor (reactor), Eq. (32); 
(f) 2% Pd/8-AI203 at 363 K with water vapor (reactor), Eq. (32); 
(g) CO dependencies over 2% Pd/~-A1203 at 383 K with water vapor before (A) and after (O) 02 

treatment (reactor), Eq. (32); 
(h) 02 dependencies  over  2% Pd/~-Al203 at 383 K with water vapor before (U) and after (V) O 2 

treatment (reactor), Eq. (32). 
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F1c. 5. Sequential IR spectra for 2% Pd/~-AI203 with water vapor m the feed. Gas flow = 28.5 cm3/ 
min, total pressure = 750 Torr. 

(a) He only at 303 K; 
(b) He 
(c) He 
(d) He 
(e) He 
(f) He 
(g) He 
(h) He 

+ 26 Torr CO + 303 K; 
+ 26 Torr CO + 5.3 Torr H20 at 303 K; 
+ 26 Tort CO + 5.3 Torr H20 + 132 Torr 02 at 303 K; 
+ 26 Tort CO + 5.3 Tort H20 + 132 Torr 02 at 343 K; 
+ 26 Torr CO + 5.3 Torr H20 + 132 Torr Oz at 363 K; 
+ 26 Torr CO + 5.3 Torr H20 + 132 Torr O2 at 353 K; 
+ 26 Torr CO + 5.3 Torr H20 + 132 Torr 02 at 323 K. 

composition PdCOCI2 (38), but it was not 
until 1958 that Irving and Magnusson re- 
ported IR spectra showing a carbonyl ab- 
sorption band at 1976 cm- 1 for a compound 
with this elemental analysis (39). A strong 
absorption peak at 1947 cm-~ was reported 
by Sanger et al. (40) for PdCOCI2(PhCN), 
and Andronov et al. (41) showed that CO 
absorption in compounds of the type [Pd 
(CO)LCIz], where L is a sulfur-containing 
ligand, lies between 1900 and 2000 cm -1. 
Spitsyn et al. (42) showed that the IR spec- 
trum of Cs[Pd(CO)C13]  in liquid paraffin has 
a characteristic wavenumber at 1930 cm- 

and found that this compound is extremely 
sensitive to moisture and decomposes rap- 
idly in air to give a black product. 

All these reports have mentioned CO fre- 
quencies between 1900 and 2000 cm -~, 
which are too low for terminal carbonyl 
groups of late transition elements. Goggin 
et al. (43) reported that the dimeric d 9 Pd(I) 
anion (Pd2(CO)2C14] -2  exists in both solid 
state and solution, as shown by X-ray struc- 
ture analysis and IR spectroscopy. In 
CHzCI2, IR spectra showed a carbonyl 
stretching frequency at 1966 cm-1 of me- 
dium intensity, assigned to symmetric 
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FIG. 6. Sequential IR spectra for 12% Cu/8-AI203 
with and without water vapor. Gas flow = 28.5 cm3/ 
min, Total pressure = 750 Torr. 

(a) He + 26 Torr CO at 303 K; 
(b) He + 26 Torr CO + 5.3 Torr H20 at 303 K; 
(c) He + 26 Torr CO + 5.3 Torr H20 + 132 Torr 02 

at 303 K. 

stretching, and a strong band at 1906 cm-l ,  
assigned to asymmetric stretching. Goggin 
and Mink (44) reported that the (PdCOCI), 
species has a very strong, broad CO stretch- 
ing frequency at 1978 cm-~, assigned to an 
asymmetric stretch, and several very weak 
peaks at 2023, 2002, 1951, and 1936 cm -]. 
This Pd carbonyl complex has been pro- 
posed to exist in a chain structure, as shown 
in Fig. 7. 

They also reported that the Pd(CO) 3 
CIPhCN species has strong peaks at 1954 
and 1948 cm -j ,  assigned to the asymmetric 
stretches near the end of the chain which 
are trans to C1 and PhCN, and a medium 
intensity peak at 1979 cm -1, assigned 
to a central asymmetric stretch, as in 
(PdCOCI),. The proposed structure of this 
latter species is depicted in Fig. 8. Other 
IR studies (37, 45-48) have been conducted 
with [PdCOC1], complexes and have found 

that the stretching frequencies of CO lie be- 
tween 1900 and 2000 cm-~. 

IR frequencies for the terminal carbonyl 
groups in Pd(II) compounds have been de- 
termined in several studies (44, 50, 51). Cal- 
derazzo and Dell'Amico (50) measured CO 
frequencies for [PdCOC13] -1 at 2146 cm -] 
in CH2C12 solution and 2141 cm -1 in Nujol, 
respectively, while Browning et al. (51) re- 
ported CO frequencies for [PdCOCI3]-1 at 
2132 cm-1 in CH2CI 2 solution and 2120 cm- l 
in a mull. Calderazzo and Dell'Amico (50) 
also showed that the carbonyl stretching fre- 
quencies in the [Pd2(CO)zCI4] complex, as- 
sumed to be the dimeric trans structure in 
Fig. 9, lie in the range of 2159-2167 cm -1 in 
several solvents. Based on these later stud- 
ies, it appears that the earlier assumptions 
that the terminal CO ligands gave bands be- 
tween 1900 and 2000 cm -j are incorrect, 
and the authors were most likely measuring 
spectra associated with dimers or polymers 
provided by bridge-bonded CO. 

Frequencies of CO adsorbed on palladium 
metal surfaces have been reported in numer- 
ous studies, which have been reviewed else- 
where (52-54). Basically, they lie in three 
regions: 2050-2120 cm -l, associated with 
singly bonded (terminal) CO; 1800-2000 
cm -1, associated with doubly bonded 
(bridged) CO; and 1800-1880 cm-1, associ- 
ated with triply bonded CO (53). Kundig 
et al.(55) reported the frequency of CO in 
Pd(CO) 4 to be 2060 cm-1 and proposed the 
structure in Fig. 10. Several investigations 
have shown that the vibrational frequencies 
of bridge-bonded CO attached to zero-va- 
lent Pd clusters are typically below 1890 
cm ] (56-60), thus these values are lower 

I o o 1 /c~\ / c \  /c~\ / c \  
P d  P d  P d  / 

\ c l  / \ c  / \ c=  / \ c  
o o n 

FIG. 7. The structure of (PdCOCI). proposed by Gog- 
gin and Mink (44). 
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FIG. 8. The structure of Pd(CO)aC1PhCN proposed by Gogin and Mink (44). 

than similarly coordinated CO on Pd crystal 
surfaces. An especially low value of 1720 
cm -I was obtained for CO coordinated 
through a particularly wide Pd -C-Pd  angle 
(60). 

Vargaftik et al.(61) surveyed the carbonyl 
complexes of palladium in oxidation states 
of (0), (I), and (II), and they concluded that 
the values of carbonyl frequencies within 
the fairly narrow range of 2140-2163 cm-J 
correspond to terminal CO and depend little 
on the nature of the other ligands. They also 
concluded that the carbonyl chloride with 
the stoichiometry of PdCOC12, whose fre- 
quency was reported by Irving and Magnus- 
son to be 1976 cm-  1 (39), exists as a polynu- 
clear compound containing bridging CO 
groups. Vozdvizhenskii and co-workers (48, 
49) tried to correlate absorption regions in 
the infrared spectra of palladium carbonyl 
halides with the degree of reduction of palla- 
dium, and they proposed: 

(1) Palladium(II) carbonylhalides have 
CO stretching frequencies in the range 
2100-2200 cm-  i; 

(2) Polymeric carbonyl halides of palladi- 
um(I), with compositions close to PdCOX, 
have CO stretching frequencies in the range 
of 1850-2000 cm-l ;  

(3) Bridged carbonyls of zero-valent palla- 
dium have CO stretching frequencies in the 
range of 1700-1850 cm-1. 

FIG. 9. The structure of [Pd2(CO)2CI 4] proposed by 
Calderazzo and Dell'Amico (50). 

The CO frequencies for each oxidation state 
of Pd are summarized in Table 3. 

IR frequencies for CO interacting with 
copper have been determined in a number 
of studies (62, 66), and they routinely lie in 
the region of 2050-2120 cm - i for CO associ- 
ated with Cu(I). Cu(I)-CO and Cu(0)-CO 
complexes are characterized by substantial 
stability because of the ability of low va- 
lence ions and metal atoms to form 7r bonds 
with the CO molecule, and this backbonding 
makes Cu(I)-CO ligands particularly stable. 
Cu(II)-CO interactions, however, are very 
unstable. 

Band Assignments 

The main factors influencing the CO fre- 
quencies in these Pd complexes are: (a) the 
bonding coordination of the CO group (ter- 
minal or bridge); (b) the oxidation state of 
palladium; and (c) the nature of the other 
ligands. When CO is coordinated to a Pd 
cation rather than a zero-valent Pd atom in 
a cluster, Table 4 indicates that terminal and 
bridged CO species have their frequency in- 
creased by about 100 cm -~. In zero-valent 
Pd clusters or on metallic Pd surfaces, the 
bridged-bonded structure typically provides 
bands that are 200 cm-  1 or more lower than 
the linearly bonded structure. Table 3 indi- 

CO.. /1 

FIG. 10. The structure of [Pd(CO)4] proposed by 
Kundig et al. (55). 
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TABLE 3 

Literature Values of IR Frequencies for CO Coordinated in Pd Chloro-carbonyl Compounds 

477 

Oxidation Pd complex v(CO)(cm-r), Reference 
state 

Pd(II) Pd(CO)CI~ 2132~ (51) 
2120~ (51) 
2146 s (50) 
2141~ (50) 

Pd2(C O)2CI 4 2159~-2167~ (50) 

(PdCOCI), Pd(I) 

Pd(O) 

Pd(O) 

[Pd(CO)CH3COO]4 
Pd2(CO)2CI~ -2 

PdCI(CO)3PhCN 

Pd(CO)4 
Pd4[P(C6H5)2CH3]4(CO)4 
Pdl0(CO)I2[P(n-C4H9)3]6 

Metallic Pd-single crystal surfaces 

2003w, 1972~, 1942w (45) 
1975 m, 1925~, 1892 w (46) 
1978 m, 1940~ (47) 
1985 m , 1978 m, 1945 s, 1940 s (48) 
1977~ (37) 
2023w, 2002 w, 1978 s, 1951w,sh, 1936w (44) 
1960, 1930~ (48, 49) 
1975, 1940~ (56) 
1966 m , 1906~ (43) 
1969m, 1907~ (44) 
1979m, 1954~, 1948 s (44) 

2060~ (55) 
1840 m , 1820~ (57) 
1890 m, 1853~, 1800 (58) 

2120-2050; single-bond (53) 
2000-1800; double-bond (53) 
1880-1800; triple-bond (53) 

s--strong,  m--medium, w--weak,  sh--shoulder.  

TABLE 4 

The Influence of Pd Oxidation State and the Type of CO Bonding on Carbonyl Wavenumbers 

Oxidation Form of Example of Pd complex vco Reference 
state CO bonding (cm- ~) 

Pd(II) Terminal 
Pd(I) Bridged 

Pd(0) Terminal 
cluster Bridged 

Pd(0) Terminal 
Bridged 
(Two-fold coord.) 
Bridged 
(Three-fold coord.) 

Pd2(CO)2CI 4 2120-2170 (50) 
[Pd2(CO)2C14 ] - 2 1900-1990 (43) 
[Pd(CO)CH3COO] 4 1900-1990 (56) 
Pd(CO)4 2030-2060 (55) 
Pd4[P(C6Hs)2CH3]4(CO) 4 1800-1900 (57) 
PdI0(CO)I2[P(n-C4H9)3] 6 1800-1900 (58) 
Metal surf. 2050-2100 (53) 
Metal surf. 1880-2000 (53) 

Metal surf. 1800-1880 (53) 
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cates that other ligands in the coordination 
sphere do not markedly alter the bands and 
give shifts much smaller than either of the 
first two factors. Thus, CO frequencies be- 
tween 2100 and 2200 cm-~ can be assigned 
only to terminal CO groups in Pd(II) com- 
plexes, bands between 2030 and 2100 cm- 
are associated with CO terminally bonded 
to Pd(0) atoms, CO bands from 1900 to 2000 
cm-1 represent CO bridge bonded to Pd(I) 
cations or doubly bonded on metallic Pd 
crystallites, and bands below 1900 cm -J 
would most likely imply CO doubly coordi- 
nated in zero-valent Pd clusters, although 
triply bonded CO on metallic Pd is a less 
likely possibility. 

As shown in Figs. 4 and 5, five carbonyl 
peaks at 1930 s, 1990, 2090, 2100, and 2158 
cm-~ were identified in the initial 2% Pd/8- 
A1203 catalyst. The peak at 2158 cm -1 is 
quite close to that reported by Calderazzo 
and Dell'Amico (50) for Pd(II) species, 
which lay between 2159 and 2167 cm -~ de- 
pending on the solution. From the analysis 
just mentioned, this 2158-cm -1 peak is as- 
signed to a carbonyl group in a Pd(II) com- 
pound, most likely Pd2(CO)zC14. This as- 
signment is supported by the fact that the 
2158-cm-~ peak grew with increasing oxy- 
gen pressure in the PdCI2-CuC12/8-A1203 
catalyst at the expense of the 1930-cm -~ 
band (27), which is going to be assigned 
to carbonyl groups coordinated with Pd(I) 
cations. This behavior indicates that 02 can 
oxidize Pd(I) carbonyl complexes to Pd(II) 
species. 

The peaks at 2090 and 2100 cm -~ can be 
straightforwardly associated only with CO 
terminally adsorbed on palladium metal sur- 
faces, as mentioned previously. The two 
overlapping peaks may be due to different 
Pd metal particle sizes with different distri- 
butions of low index planes; then the disap- 
pearance of the 2100-cm-~ band and the re- 
tention of the 2090-cm- ~ band in Figs. 4 and 
5 might imply that smaller particles associ- 
ated with the former have agglomerated or 
refacetted, thus the latter band is retained. 
Alternatively, these two peaks may repre- 

sent linearly adsorbed CO on different faces 
of very small zero-valent Pd clusters. 

The positions of the two peaks at 1930 and 
1990 cm-~ agree well with bands reported 
for bridged carbonyls in palladium(I) com- 
pounds and for bridge-bonded CO on Pd 
metal surfaces; consequently, there is some 
uncertainty regarding unambiguous assign- 
ments. However, an examination of the be- 
havior of these two peaks in the presence of 
H20 allows a reasonable choice to be made. 
As shown in Figs. 5b and 5c, the introduc- 
tion of water vapor to the catalyst markedly 
decreased the intensity of the 1930-cm -1 
peak, whereas the 1990-cm- 1 band changed 
little. After an IR spectrum was taken under 
reaction conditions at 303 K, as in Fig. 5d, 
the CO in the feed was stopped and IR spec- 
tra were taken every 2 min to obtain the 
traces in Fig. 1 la. These spectra show the 
peaks at 2090 and 1990 cm-~ change little 
with time, whereas the 1930-cm -~ band 
loses some intensity. Similar behavior oc- 
curs at 323 K, but all the peak intensities 
decrease noticeably at 343 K, as shown in 
Fig. 1 lb. These trends suggest that the 2090- 
and 1990-cm-l peaks vary in concert in the 
presence of water and oxygen, and since the 
2090-cm-~ band has already been assigned 
to CO adsorbed on palladium metal, the 
1990-cm -1 band would also be associated 
with palladium metal. This conclusion is 
consistent with the greater stability of these 
two bands (Fig. I 1) and the lower activity of 
metallic Pd for CO oxidation. The significant 
decrease in the 1930-cm-1 peak at only 303 
K implies a relatively unstable complex 
whose concentration is decreased by either 
decomposition or reaction as the gas-phase 
CO is swept from the IR cell. These bands 
on reduced alumina-supported Pd are quite 
stable over this temperature range, even in 
the absence of gas-phase CO (54). 

The only peak left unassigned in this 
PdCI2/8-AI203 catalyst is the one at 1930 
cm-1; however, there are three reasons to 
associate it with bridged carbonyl ligands in 
Pd(I) complexes. The first is the position of 
the peak relative to the strong band near 
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FIG. 11. Transient IR spectra for the 2% Pd/8-A1203 after removing CO from the feed. Total pressure 
= 750 Torr. Each scan required 2 min. 

(a) He + 5.3 Torr H20 + 132 Torr 02 at 303 K, total time, 20 min; 
(b) He + 5.3 Torr H20 + 132 Torr 02 at 343 K, total time, 20 min. 

1925-1940 cm-] reported for [PdCOCI] n in 
various solutions. Second, under reaction 
conditions with 132 Torr 02 present, the 
1930 cm- ~ grew with increasing temperature 
then reversibly decreased back to its origi- 
nal intensity as the temperature was low- 
ered. Colton et al. (37) have mentioned that 
Pd metal is not oxidized by dioxygen alone 
at room temperature; however, as tempera- 
ture increases oxidation to Pd(I) species 
would be favored, as indicated by Figs. 5d to 
5f. Finally, during the study of the bimetallic 
catalyst (27), it was found that the introduc- 
tion of water vapor to the system again 
markedly decreased the 1930-cm -l peak; 
however, in this case the addition of 02 al- 
lowed the peak to be fully recovered at 303 
K. This behavior is shown in Fig. 12, and 
the facile redox capability of Pd provided 
by the Cu(I)-Cu(II) couple has been well 
established in studies of the Wacker pro- 
cess. Although evidence for this assignment 
of the 1930-cm -~ band is very strong, 
bridge-bonded CO species adsorbed on sup- 
ported Pd metal particles have been re- 
ported with bands in this region, thus a con- 
tribution from such species, although 
unlikely, cannot be completely discounted; 
however, on metallic Pd these species rou- 

tinely decrease as temperature increases 
(54) and they do not increase with increasing 
O2 pressure (28). 

The assignment of the CO peak associated 
with copper is not difficult, and the single 
peak in Fig. 6 (as well as the 2115-cm- 1 peak 
in Fig. 12) is almost undoubtedly that of 
CO coordinated to Cu(I), i.e., the CuCOC1 
species. It should also be mentioned that the 
peak at 1620 cm -~ can be assigned to the 
bending mode of physically adsorbed water 
molecules o r - O H  groups on the alumina 
surface. This assignment is consistent with 
the increase in intensity when H20 vapor is 
introduced and the decrease in intensity as 
the temperature is raised. A single reference 
wafer of pure AI203 was used for all runs 
and was subjected to a variety of treatments, 
thus perfect cancellation of adsorbed H20 
and - O H  groups on the alumina was not 
attained, and thus a rather broad band near 
1620 cm-1 can frequently be observed in the 
IR spectra. 

Kinetic Behavior 

The oxidation of CO using noble metal 
complexes in solution as a catalyst has been 
extensively investigated, and studies of this 
homogeneously catalyzed reaction have 
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(2) As a two-electron reductant with H20 
as the oxygen source; 

(3) As an indirect reductant to make hy- 
drogen via the water gas shift reaction which 
then carries out the observed reduction. 
However, this review mentions nothing 
about CO oxidation in systems containing 
CuCl 2 or PdC12. No investigations have 
been found involving this reaction over 
CuClz-only catalysts, and only one kinetic 
study of CO oxidation by dioxygen using 
PdCl 2 catalysts has been reported (24). 

Golodov et al.(21) observed that reaction 
rates in aqueous phases of PdCI 2 and CuCI 2 
are higher with oxygen than without oxy- 
gen. They have proposed a mechanism in- 
volving either rapid CO insertion into a 
Pd-dioxygen complex along the trans coor- 
dinate (steps (2) and (3)) or dioxygen dis- 
placement from the Pd(II) coordination 
sphere by CO (steps (4) and (5)). These steps 
a r e  

C 
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FIG. 12. IR spect ra  for 1.8% P d - I  1.9% Cu/8-AI203 
with and without  water  vapor  in the presence of  CO. 
Gas flow = 28.5 cm3/min, total pressure  = 750 Torr. 

(a) He + 26 Torr  CO at 303 K;  
(b) He + 26 Torr  CO at 5.3 Torr  H20 at 303 K; 
(c) He + 26 Torr  CO at 5.3 Torr  H20 + 132 Torr  02 

at 303 K. 

been reviewed by Eisenberg and Hendrik- 
sen (67). As they point out, CO may act as 
a reductant and form CO2 in three different 
ways: 

(1) As a direct oxygen acceptor; 

[PdCI4] -2 + 02 ~.~ [PdCI302]- + CI- (1) 

[PdCI3Oa]- + CO ~ [OzPdCI2CO] + C1- 
(2) 

[O2PdCI2CO] + HaO--~ 

Pd(0) + CO2 + 2HC1 + 02 (3) 

o r  

[PdCl4 ]-2 + Oz ~ [PdCl302 ]- + CI- (1) 

[PdCl302]- + CO ~ [PdC13CO]- + 02 
(4) 

[PdCl3CO ]- + H20 
Pd(0) + CO2 + 3Cl- + 2H + (5) 

Kinetically, the reaction order for CO is 
unity in either sequence. 

Zhizhina et al.(22, 23) have also studied 
CO oxidation in aqueous solutions of PdCI2 
and other compounds; however, they con- 
cluded that Pd(I) carbonyl complexes were 
the active species in this reaction, and their 
proposed reaction mechanism is the se- 
quence 
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slow 
Pd(II) + CO + H20 

Pd(0) + CO2 + 2H + (6) 

Pd(0) + Pd(II) + CO ~ Pd2(I)(CO) (7) 
fast 

Pd2(I)(CO) + Ox. 

Pd(II) + Pd(0) + CO 2 + Red. (8) 

Pd(0) + Ox. ~ Pd(II) + Red. (9) 

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

In their study of CO oxidation over PdCl2 
on charcoal in a hydrogen chloride solution, 
Fujimoto et al. reported negative activation 
energies, positive reaction orders for CO 
and H20, and a zero-order dependence on 
02 (24). Assuming chemistry analogous to 
ethylene oxidation in the Wacker process 
(68), they proposed a complicated reaction 
mechanism which contained a step for de- 
composition of Pd carbonyls; however, a 
quantitative fit of the derived rate equation 
to the kinetic data was not determined in 
this paper (24). 

Reaction Mechanism over PdCl 2 Catalysts 
without Water Vapor in the Feed 

As mentioned earlier in the Experimental 
section, the 2% Pd/8-Al203 catalyst was pre- 
pared from PdCI2; therefore, Pd(II) is ini- 
tially expected instead of Pd(I). Fleisch et 
al. (69) prepared a 2% Pd/SiO2 catalyst us- 
ing PdC12 and a preparation procedure simi- 
lar to that used here, and they found with 
UV-spectroscopy that only Pd(II) com- 
pounds existed initially, with (PdC14) -2 and 
PdC12(H20) 2 being the major Pd complexes. 
However, in the present work the major 
peaks observed with CO present were as- 
signed to Pd(I) and Pd(0); therefore, PdCl 2 
in the presence of CO and adsorbed H20 is 
mostly reduced to Pd(I) or Pd(0) carbonyl- 
containing complexes, with the former ini- 
tially predominating at 303 K. Such a reduc- 
tion procedure is not unusual and could be 
expected from previous studies which have 
shown that Pd(II) can be easily reduced to 
palladium metal by CO and HzO, probably 
via Pd(I) compounds (37). Adsorbed water 

and hydroxyl groups exist on the support 
surface, as demonstrated by the IR spectra; 
consequently, three of the first reactions 
with CO are proposed to be Eqs. (10), (ll),  
and (12) in the overall sequence which is 
proposed on the next page. These reactions 
produce the species observed in Figs. 4 and 
5. Increasing the CO pressure from 0.4 to 26 
Torr increases the Pd(I) carbonyl band at 
1930 cm -1 and suppresses the Pd(II) car- 
bonyl species at 2158 cm -1, but produces 
no significant change in the amount of CO 
on metallic Pd, as shown in Figs. 4b and 4c. 
This reduction by CO was very fast because 
the peak for Pd(I) carbonyls grew rapidly as 
CO was fed into the IR cell. 

Cotton and Wilkinson (70) mention that 
molecular oxygen can be reduced to either 
021 or 022 without the O-O bond being bro- 
ken, and each of these species can act as a 
ligand toward transition metals. Conse- 
quently, the interaction of O2 with PdCl to 
form a PdCIO2 complex might be antici- 
pated. In fact, this precise reaction has been 
shown to occur with PdC12/3-A1203 catalysts 
at 340 K (and lower) (71). Sass et al. used 
ESR to monitor the concentration of the 02 
radical during formation of the [Pd 
(II)CIO2]- species and, in addition, they 
demonstrated its reactivity with CO in the 
absence of water (71). It is proposed here 
that the 02 bond rupture to form the CO-O 
bond is the rate determining step (rds) and 
that it occurs in a Pd dimer complex as 
shown below. 

r 
PdCI 2 + CO + H2Oad- c~" 

Pd(0) + COz + 2HCIaj (10) 
KI 

2PdC12 + CO + H2Oad . c," 
2PdCI + CO z + 2HClad (11) 

Kco 
PdCI + CO . ~"  PdC1CO (12) 

Ko 2 
PdCI + 02 . ~," PdCIO2 (13) 

PdCICO + PdC102. ~ "  Pd2C12(CO)O2 
I 

(14) 
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Pd2Cl2(CO)02  k3,rds 

I PdCI + C02 + OPdCI 

II 

(15) 

OPdCI + CO .~ '  • PdC1 + CO2 
II (16) 

This sequence of steps involves only the 
water initially present from the impregna- 
tion step in the first reaction. The first four 
reactions occur readily and are assumed to 
be in quasi-equilibrium. The decrease in the 
1930-cm-1 peak intensity can be attributed 
to a decrease in the PdCI concentration due 
to its interaction with 02, thus shifting reac- 
tion (12) to the left. 

This is the mechanism associated with the 
initial low temperature reactivity in the ab- 
sence of water vapor in the feed. The rapid 
formation of the 1930-cm -l peak assigned 
to PdCOC1, the concomitant evolution of 
CO2 measured by gas chromatography, and 
the increase in the 1930-cm-1 peaks as CO 
pressure increases are all consistent with 
these equilibrated steps preceding the slow 
step (15). The rate equation derived from 
this model is discussed later. 

The structure of intermediate (I) is not 
known, but one possibility, illustrated in 
Fig. 13, can be proposed based on studies 
of cobalt species interacting with 02 (72, 73). 
By analogy, the structure of (I) in Fig. 13a 
would be formed representing an O] 1 bridge 

c zo a 

FIG. 13. Possible structures of intermediate [I] in Eq. 
(15). 

with Pd in a + 2 state and it would pass 
through the configuration in Fig. 13b as it 
decomposed. Intermediate (II) in Eq. (15) 
would be quite reactive. It must be remem- 
bered that the PdCICO species in step (14) 
is a stoichiometric representation of the 
monomer that exists in a more complicated 
chain structure due to the bridge-bonding 
behavior of CO as shown in Fig. 7. 

Reaction Mechanism over PdCl 2 Catalysts 
with Water Vapor in the Feed 

The sequence of steps proposed for CO 
oxidation in the presence of H20 vapor is 
similar to the chemistry proposed pre- 
viously, yet there are notable differences to 
explain the marked rate enhancement that 
is observed. The first is the establishment of 
a thin layer of water (probably a monolayer) 
on the alumina surface thus providing a two- 
dimensional, high surface area water phase 
analogous to a homogeneous aqueous 
phase. Second, the rapid reduction of Pd(II) 
species in water by CO is well established 
(21, 37, 74), and this reaction can now occur 
in this adsorbed water phase. Finally, the 
rate determining step now shifts to the reoxi- 
dation of Pd(0) by dioxygen because of the 
rapidity of interaction between water and 
the Pd-chlorocarbonyl species. This pro- 
vides the first-order dependency on 02 ob- 
served experimentally. The large activity in- 
crease in the presence of low concentrations 
of H20 can be attributed to a larger solubi- 
lized fraction of the PdCI2 precursor in addi- 
tion to the high reactivity of molecular water 
with [ P d C I C O ]  n species to give CO2 and hy- 
drogen, a reaction which is similar to the 
water gas shift reaction. Although the reac- 
tion between PdC1CO and PdCIO 2 can still 
occur, its contribution to the overall rate is 
inconsequential. The proposed mechanism 
describing CO oxidation in the presence of 
water vapor is 

KH o 
H20(g ) . ~ "  H20(ad) (17) 

KI 
PdC12 + H20(aa ) . ,'3" PdClz(aq ) (18) 
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2PdC12~aq ) + CO + HzO~aa) K?,. 

2PdCl~aq) + CO2 + 2HClCad) (19) 

PdCl~aq) + CO .Kco PdC1CO(aq~ (20) 

Ko2, 
PdCllaq) + O 2 . o PdCIOz~aq ) (21) 

K3 
PdCICO(aq) + HzO(ad). 0"  

Pd(0) + CO 2 + HCI~,q) + ½Hz(aq ) (22) 
K, 

Pd(0) + PdC102 + HCl(aq) .  n "  

HPdzCIzO 2 (23) 
III 

k 5 ,rds 
HPdzCI202 ~ 2PdC1 + HO2(aq ) (24) 

III 

HO2(aq ) + 3Pd(0) + 3HCI K~, 

3PdC1 + 2H20 

or  

(25a) 

HO2(aq) + 3H(ad).~" 
2H20 (25b) 

The first three steps establish the active 
Pd(I) species and the catalytic cycle consists 
of steps (20) to (25). It has been stated pre- 
viously that reoxidation of Pd(0) in dioxygen 
can be difficult, and it is suggested here that 
PdCI facilitates this reaction by activating 
02 via the PdC102 species. Although the de- 
tails of the reoxidation of Pd(0) to Pd(I) are 
not known, a peroxide intermediate may ex- 
ist in step (25) as proposed by Cotton and 
Wilkinson (70). 

The IR results are consistent with this 
model as Fig. 5b shows the sharp decrease 
in the 1930-cm-1 peak upon addition of H20, 
and the evolution of CO: during this period, 
detected by gas chromatography, supports 
the reaction shown in step (22). The pres- 
ence of some metallic palladium is indicated 
by the bands at 2090 and 1990 cm- ~ although 
they did not grow when water was added; 
instead, the broad band between 1900 and 
2000 cm -1 appeared to strengthen, espe- 
cially at higher temperature (353-363 K). If 
the equilibrium of step (22) lies far to the 
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right, the IR peaks for [PdC1CO], are ex- 
pected to be weak. 

Although the PdClz/carbon catalyst gave 
partial pressure dependencies on CO and 
O2 that were noticeably different from the 
PdClz/8-AI203 catalyst, the model can still 
explain them. The activation energy of 4.7 
kcal/mol for PdCI2/C, compared to 9.2 kcal/ 
mole for PdC12/6-AI203 , is suggestive of dif- 
fusion control, which is a possibility with 
this high surface area carbon black. How- 
ever, the specific activities of the two cata- 
lysts are similar, and application of the 
Weisz criterion indicated that diffusional 
limitations are minimal for both catalysts 
(75). Furthermore, Fujimoto et al. (24) actu- 
ally reported a negative activation energy 
for their PdClz/carbon catalyst; thus the sit- 
uation is complicated. Regardless, the low 
and sometimes negative apparent energies 
for these C-supported catalysts are almost 
certainly due to the adsorption behavior of 
H20 on carbon as a function of temperature. 
The lower coverages at higher temperature 
would tend to decrease activity according 
to our model. 

These two mechanisms in the presence 
and absence of vapor phase water are con- 
sistent with our IR and kinetic results as 
well as recent results in the literature but, 
although no new species are proposed, the 
mechanisms are significantly different from 
those proposed previously (21, 24). There 
are several reasons for this. First, the nega- 
tive dependence on CO and strong positive 
dependence on 02 found for the PdCI2/8- 
A1203 catalyst had to be explained. These 
dependencies differ from those reported by 
Fujimoto et al. (24) and cannot be obtained 
by assuming a mechanism analogous to that 
for CzH 4 oxidation in the Wacker process. 
Second, the in situ IR characterization, 
which had surprisingly not been reported 
before, provided additional information 
which had to be accommodated by the 
mechanism. Finally, recent work in the liter- 
ature, such as the identification of the Pd 
C102 species by ESR and the establishment 
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of its activity with CO (71), justifies some of 
the proposed steps. 

Reaction Mechanism over CuCl z 
Catalysts without Water Vapor in the 
Feed 

Golodov and co-workers have shown that 
CO reduces CuCI2 in aqueous solution in a 
manner analogous to that for PdC12 (74, 76). 
Therefore, reduction to Cu(I) is expected, 
and the IR band at 2115 cm -l in Fig. 6 is 
confirmation that Cu(I) species are formed. 
The remainder of the sequence is assumed 
to be identical to that for PdClz/8-AI203 in 
the absence of water vapor, i.e., steps (11) 
through (16) are repeated with CuC12 and 
they involve Cu(I) and Cu(II) oxidation 
states. 

Derivation of  Reaction Rate Expressions 

Kuznetsova et al. (77) have stated that 
only water-soluble agents are active in CO 
oxidation. Although this may not be abso- 
lutely correct, it does indicate the strong 
positive effect of molecular water on these 
Pd and Cu complexes. Consequently, it is 
assumed that an adsorbed water layer is 
needed to dissolve and activate these com- 
plexes. After impregnation, the 8-A1203 cat- 
alyst contains about 5% water by weight, 
which is approximately one monolayer in 
this larger-pore alumina. For the carbon 
support, the water content was over 60 
wt%, which represents about 1.5 mono- 
layers of H20 and indicates capillary con- 
densation may be occurring in the smallest 
pores. Thus with both supports, there is 
,ome water present on the surface for partial 
activation of the dispersed metal salts. 

Rate expressions are derived from the se- 
quences of steps previously described based 
upon the following set of assumptions: 

(1) The most abundant Pd species are 
PdCI, PdCICO, and PdClO2; 

(2) The most abundant Cu species are 
CuCI, CuCICO, and CuCIO2; 

(3) The chloride ion is in excess and is 
considered to be constant; 

(4) When water vapor is present, water 
can form thin films or islands on the surface 
of the support which provide a two-dimen- 
sional analogue of very active Pd or Cu com- 
plexes in homogeneous aqueous systems; 

(5) The Pd or Cu complexes in this thin 
film are readily accessible to CO and 02; 
thus they can be considered as adsorption 
sites analogous to those on a solid surface. 

For example, with Pd a site balance can then 
be made, i.e., 

L = [PdCI] + [PdC1CO] + [PdCIO2] (26) 

where L is the total number of these com- 
plexes. 
The fractions interacting with a CO or O2 
molecule can be shown to be 

KcoPco 
= (27) 

0co 1 + KcoPco + KozPo2 

and 

Ko2 Po2 
= (28) 

0o2 1 + KcoPco + Ko2Po2 

which are analogous to a Langmuir iso- 
therm. 

For the Pd catalysts without water vapor, 
using the stated assumptions, the rds (step 
(15), the series of quasi-equilibrated steps, 
and Eqs. (27) and (28), the rate expression 
below can be derived (75). 

Kco Ko2Pco P o2 
r = LkaK 2 

(1 + KcoPco + KoEPo2 )2 

kKco Ko 2 Pco Po 2 

= (1 + KcoPco + Ko2P02 )2 (29) 

For the Pd catalysts with water vapor pres- 
ent, the concentration of very active solubi- 
lized Pd complexes, that is, the number of 
active sites, will be proportional to the cov- 
erage of the H20 film, as stated in assump- 
tion 4. If water adsorption on the support is 
described by a Langmiur isotherm, i.e., 

KH2oPH20 
[H2Oad] = 1 + KH2oPH2 o ' (30) 
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then the form of the reaction rate expression 
is :  

( LKsK4K3 
r = \[CO2][H2]I/2 / 

(1 Kc°K°2Pc°P°z 
+ KcoPco + Ko2Po2)2// (31) 

1 K. oP. o 
+ KH2oPH20//  

and, if L ~ [HEOad] and the amounts of CO2 
and H 2 are assumed to be approximately 
constant in the catalyst bed under steady- 
state reaction conditions, then the final ex- 
pression is 

rcoKo ecoPo  
r = k (1 + K c o P c o  + Ko2Po=)  2 /  

1 KH2OPH20 ~2 

+ KH2oPH20 / (32) 

An identical expression is of course derived 
for the CuCI2 catalysts (75). 

Using the direct search simplex method 
for optimization, the constants k, Kco, Ko2 

and KH2O in Eqs. (29) and (32) were com- 
puted for both PdCI 2 and C u C I  2 catalysts by 
fitting these equations to the partial pressure 
data. These results are given in Table 5 and 
they are compared with the data in Fig. 3. 
The models describe both the palladium and 
copper catalysts relatively well. It is not 
easy to compare the constants directly be- 
cause the reaction temperature varies sig- 
nificantly; however, some evaluation of the 
physical consistency of these fitted parame- 
ters can be made. First, the apparent rate 
constant, which is a complicated multiple of 
parameters, does increase markedly upon 
the addition of water vapor, as observed, 
and also increases with temperature. Sec- 
ond, the values of Kco for 2% Pd/&A1203 
(without H20, IR) and 12% Cu/&A1203 
(without H20, IR) can be compared. There 
was much greater IR peak intensity for the 
[PdCOCI] species in the 2% Pd/&AI203 cat- 
alyst compared to CuCOCI in the 12% Cu/ 
~i-Al203 catalyst, as indicated in Figs. 5b and 
6a. The value of Kco for the 2% Pd/&AI203 
catalyst is indeed much larger than that for 
the 12% Cu/8-A1203 catalyst. Third, with the 
2% Pd/&AIzO 3 catalyst in the presence of 

T A B L E  5 

Computed  Constants  (k, Kco, Ko2, KH2O) for Unreduced Pd and Cu Catalysts 

Catalyst  Reaction 
temp. 
(K) 

Constants  

k KCO Ko, KH2o 

2% Pd/8-AI203 403 0.74 
(without H20,  IR) 

2% Pd/&AI203 323 4.8 
(with H20,  IR) 

12% Cu/&AI203 423 0.86 
(without H20, IR) 

2% Pd/carbon 353 0.73 
(with H20, reactor) 

12% Cu/carbon  433 0.77 
(with H20, reactor)  

2% Pd/8-AI203 343 0.14 
(with H20, reactor)  363 0.25 

383 0.49 
383" 0.68 

3.1 z 105 8.0 x l03 

2.6 z 103 2.7 × 10 I 

5.4 × 101 1.2 × 10 ~ 

3.7 × 103 2.3 x 102 

7.3 × l0 t 2.0 × 10 I 

2.8 × 104 7.8 × 102 
3.0 × 103 1.6 × 102 
2.7 × 102 4.4 × 10 l 
3.6 × 103 5.4 × l0 t 

3.0 x 10 2 

2.1 × 102 

8.6 × 103 

After oxygen t rea tment  at 363 K for 5 h. 
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water vapor (reactor study), the apparent 
reaction rate constant increases and the 
equilibrium "adsorption" constants de- 
crease with ascending temperature. The 
computed activation energy for this 2% Pd/ 
3-A1203 catalyst is 8.3 kcal/mole, which is 
close to the experimental value of 9.2 kcal/ 
mole. 

The computed enthalpy for CO interact- 
ing with PdCl~aq), AHco, is - 30.3 kcal/mole, 
which is higher than the literature value of 
- 13.6 kcal/mole determined by Dell'Amico 
et al. (78) for PdC1CO in methyl dichloride, 
but in the absence of water. However, the 
computed enthalpy for the 02 interaction, 
hHo2 = - 19.6 kcal/mole, is close to a litera- 
ture value of - 18. ! kcal/mole (79). Deacti- 
vation was observed at 363 and 383 K with 
this catalyst, but an 02 treatment at 363 K 
for 5 h markedly enhanced the activity, as 
shown in Figs. 3g and 3h, and the catalyst 
recovered its original activity. From Table 
5, the computed k and Ko: values at 383 K 
did not change much after the 02 treatment; 
however, the Kco value at 383 K was en- 
hanced by an order of magnitude after 02 
treatment. Therefore, k and Ko2 values de- 
pend little on the oxygen treatment. Be- 
cause of deactivation, Kco values are no- 
ticeably reduced, which makes the 
computed AHco larger than expected. If 
hHco is computed between the data points 
at 343 and 383 K after the 02 treatment, 
the AHco value becomes - 6 . 7  kcal/mole, 
which is closer to the reported value men- 
tioned above. 

SUMMARY 

Rates of CO oxidation over unreduced Pd 
or Cu catalysts are lower compared to those 
in the bimetallic catalysts. With water vapor 
present in the feed, the activity is greatly 
enhanced over unreduced PdC12 catalysts 
and the activation energy is reduced. There- 
fore, water gives a positive effect on the 
activity of unreduced Pd catalysts, but it has 
a negative effect on unreduced Cu catalysts. 
The role of water in CO oxidation over unre- 

duced Pd catalysts is not absolutely clear, 
but one principal function appears to be the 
activation of PdC1CO species by solubilizing 
PdCI 2. The trends of partial pressure depen- 
dency on CO and 02 over unreduced Pd and 
Cu catalysts are the same as those reported 
for reduced Pd and Cu metal catalysts, 
which means a negative dependency on CO 
over the Pd catalyst, and a positive depen- 
dency on CO over the Cu catalysts and a 
positive dependency on 02 over both cata- 
lysts. The Pd(II) precursor is reduced by CO 
to give Pd(I) carbonyls, which react rapidly 
with water vapor to form CO 2 and Pd metal. 
On these supported catalysts, this Pd metal 
is catalytically oxidized back to Pd(I) by 
dioxygen. 

IR peaks at 2090 and 1990 cm- 1 are asso- 
ciated with terminal and bridged CO spe- 
cies, respectively, adsorbed on metallic Pd 
particles, and this assignment is supported 
by the fact that both peaks changed similarly 
and simultaneously. A peak at 2158 cm-r is 
related to the terminal carbonyl in the Pd(II) 
compound (PdCI2CO), and a peak at 1930 
cm- 1 is assigned to the carbonyl in the Pd(I) 
compound (PdC1CO)n. However, the 1930- 
cm- ~ peak also can be associated with triply 
coordinated carbonyls on Pd metal and, al- 
though it is very unlikely, a contribution 
from such species cannot be completely dis- 
counted. In the Cu catalyst, the only ob- 
served peak at 2115 cm- l is almost undoubt- 
edly that of CO coordinated to Cu(I); i.e., 
(CuC1CO). 

A rather complex series of steps is re- 
quired to explain both the IR and the kinetic 
behaviors. However, the proposed steps 
have precedent in the literature and provide 
plausible reaction sequences that produce 
derived rate expressions consistent with ex- 
perimental results. Water appears to play a 
very important role both as a two-dimen- 
sional solvent for the PdCI2 and CuC12 com- 
pounds and as a reactant with Pd complexes 
to produce CO2. In the absence of water 
vapor in the feed, CO2 is produced directly 
from 02. 
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