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Effects of copper phase on oxidation of carbon monoxide over
supported Wacker-type catalysts were examined. XRD patterns
and XANES spectra of the catalysts were measured to determine
the bulk phase and the chemical environment of copper. The cata-
lytic activity was affected by the composition of copper precursors,
the nature of supports, the presence of HCl and SO; in the feed, and
the reaction temperature. All these variables affecting the catalytic
activity influenced the XRD intensity of Cu,CI(OH)3; phase in the
same manner, which was believed to be the active copper phase of
the catalyst. Thus the XRD intensity of Cu,CI(OH)3 of a catalyst
was closely correlated with its catalytic activity and the change in
the catalytic activity of CO oxidation with respect to different reac-
tion and preparation conditions was directly related to the behavior
of the active copper phase with respect to those variables.  © 1998

Academic Press

INTRODUCTION

A main air pollutant, carbon monoxide is produced from
heating apparatus, transportation vehicles, and industrial
stacks. Catalytic oxidation has been proved to be an effi-
cient and economical measure for removing carbon mono-
xide, and various catalyst systems have been reported. Sup-
ported noble metal catalysts often require reaction temper-
atures higher than 473 K (1). Metal oxide catalysts such
as hopcalite (2) and SnO,—CuO (3) require temperatures
much lower than 473 K, but they are easily poisoned by
water vapor contained in the feed gas stream. Recently,
several new catalytic systems, such as Au/metal oxide (4)
and Pt/SnO; (5), have been reported to be highly effective
for low-temperature CO oxidation even in the presence of
water.

The supported Wacker catalyst, in which an aqueous
solution of PdCl,—CuCl; is loaded into the pores of the
high-surface-area supports, is known to accelerate the oxi-
dation of carbon monoxide at low temperatures (6-13). The
catalyst exhibits high CO conversion near room temper-
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ature and is stable even in the presence of water in the
feed. The overall chemistry of CO oxidation in the catalytic
system is believed to be similar to that of the well-known
Wacker processes in the presence of ahomogeneous PdClI,—
CuCl, catalyst (7).

CO + PACl, + H,O — CO, + Pd(0) + 2HCI [1]
Pd(0) + 2CuCl, — PdCl, + 2CuCl 2]
2CUCl + 2HCI + 1/20, — 2CuCl, + H,0 [3]

Initially, PdClI; is reduced to Pd(0) by carbon monoxide, and
then Pd(0) is reoxidized to PdCI; by CuCl,. CuCl formed in
reaction [2] is reoxidized to CuCl, by molecular O,, which is
also incldued in the feed gas stream. The presence of water
is essential to sustain this catalytic cycle as shown above
and also was found experimentally to be so for supported
Wacker-type catalysts (10).

The supported Wacker-type catalyst has been reported to
have an unusual temperature dependence of the catalytic
activity, showing a maximum around 313 K and decreas-
ing with increasing reaction temperatures (8-11). There-
fore the operation window is very narrow near ambient
temperatures considering the exothermic CO oxidation re-
action. Lloyd and Rowe (7) claimed that Cu(NO3), serves
as a promoter for this catalyst when supported on alumina
and used for CO oxidation. Kim et al. (10) examined the
effect of catalyst composition and reaction conditions.

In the supported PdCI,—CuCl, catalyst system, the char-
acteristic of the supportsis also a critical parameter for cata-
lytic performance. Choi and Vannice (9) observed higher
activity over hydrophobic carbon than over hydrophilic alu-
mina. They also discussed the water effects over these two
supports. Lee et al. (12) reported that the catalytic activity
decreased approximately in the order active carbon > (ac-
tive carbon 4+ ZSM-5) > ZSM-5 > molecular sieve-13X >
molecular sieve-5A > alumina. Kim et al. (10) reported
that the activity of alumina-supported PdCI,—CuCl, showed
a marked dependence on the partial pressure of water,
whereas the carbon-supported catalyst showed no such de-
pendence, although its presence was still required. Choi and
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Vannice (9) investigated the mechanism of CO oxidation in
kinetic and infrared spectroscopy studies. They suggested
that the active species on the catalyst surface were PdCICO,
CuCICO, and possibly the Pd—Cu complex. In an X-ray ab-
sorption fine structure (XAFS) study, Lee et al. (13, 14)
examined the PdCI,—CuCl,/Al,O3 catalysts and found that
the active phase of palladium was Pd(I1) species containing
Cl and carbonyl ligands. Any direct interaction of Pd-Pd
or Pd-Cu was not observed. The active phase of copper
was suggested to be solid Cu,CI(OH); particles. However,
Yamamoto et al. (15) characterized the PdCl,—CuCl; cata-
lysts supported on activated carbon and reported that CuCl,
was partially reduced by the reduction sites on the support
surface to Cu(l) species coordinated with three Cl~ anions.

Recently, we found that the supported Wacker-type cata-
lyst was resistant to organic halogen compounds at low tem-
peratures, unlike other CO oxidation catalysts, and showed
stable catalytic activity at temperatures higher than 373 K
(16). This relatively high temperature range has not beenin-
tensively studied before for these catalysts. This catalyst sys-
tem can play a distinct role in oxidizing CO in vent streams
containing halogen impurities. In this paper, the effects of
supports, Cu(NO3), as a promoter, and halogen compounds
on supported Wacker-type catalysts are studied. In particu-
lar, the relation between the catalytic activity and the solid
phase of copper is discussed.

EXPERIMENTAL

Catalyst Preparation

The catalyst was prepared by a wet impregnation method
to impregnate supports with an aqueous solution of palla-
dium and copper. The support was dried at 383 K for 12 h
in an oven before impregnation. Support materials were
y-Al,O53 (Alfa, BET surface area, 170 m?/g), activated car-
bon (Aldrich, BET surface area, 1075 m?/g), silica (Aldrich,
BET surface area, 300 m?/g), and H-type mordenite (HM,
Si/Al =5.29, BET surface area, 449 m?/g). The metal pre-
cursors were PdCl; (Sigma, 99.9%), CuCl; - 2H,0 (Aldrich,
99.9%), and Cu(NO3);-3H,0 (Aldrich, 99.9%). Various
compositions of impregnation solution were used, but a
typical value was 2 wt% Pd and 12 wt% Cu (mole ratio
of CuCl, to Cu(NOg), was 1:2). To prepare 5 g of catalyst
on a dehydrated basis, 0.167 g PdClI;, 0.535 g CuCl; - 2H,0,
and 1.592 g Cu(NO3); - 3H,0 were dissolved in 100 ml dis-
tilled water. Then, 3.158 g support was added to this aqueous
solution and evacuated at 333 K. This catalyst was dried at
ambient temperature and used for the reaction without any
further pretreatment.

CO Oxidation

The catalytic oxidation of carbon monoxide was exam-
ined in a fixed-bed flow reaction system under atmospheric

PARK AND LEE

pressure. The reactor was a 3/8-in. Pyrex tube with a sin-
tered glass disk to hold the catalyst in the reactor. Reaction
temperature was monitored by a thermocouple inserted
into the center of the catalyst bed. A premixed CO/O,/N,
stream was supplied through a mass flow controller into the
reactor. The feed stream was saturated with water through
a saturator enclosed in a constant temperature bath and
fed to the reactor. When HCI or SO, was fed with reac-
tants, these gases bypassed the water saturator and were
supplied into the reactor directly to avoid their dissolu-
tion in the water. The constant reaction temperature of
the reactor was achieved by controlling the temperature of
an electric furnace surrounding the reactor. Reactants and
products were analyzed by an on-line gas chromatography
(HP5890A, molecular sieve 13X column) and CO infrared
analyzer (Thermo Environmental Instrument Inc.).

Characterization of Catalysts

X-ray powder diffraction patterns were obtained at room
temperature using a M18XHF (MAC Science Co.) with Ni-
filtered CuKa radiation (1.54056 A). The X-ray tube was
operated at 40 kV and 200 mA. Samples were finely ground
and packed into a glass holder having an 18 x 18 x 2-mm
opening. No adhesive or binder was necessary. The 26 an-
gles were scanned at a rate of 4° min~1.

The XANES (X-ray absorption near edge structure)
spectra were taken in a transmission mode for the K-edge
of Cu at beamline 3C1 of the Pohang Accelerator Labora-
tory (PAL) in Pohang, Korea. They were analyzed with the
UWXAFS 3.0 package licensed from University of Wash-
ington (17). The standard analysis procedure is described
elsewhere in detail (18).

RESULTS

Effects of Supports

The rates of CO oxidation over PdCl,—CuCl; catalysts
showed different bahaviors at temperatures close to room
temperature (RT) and at temperatures close to 373 K. The
reaction rates are expressed in moles of CO converted per
mole of Pd per second. They are true turnover rates be-
cause Pd was found to be the main active component of
the catalyst and to be present as a molecular species con-
taining a single Pd atom (10, 13, 14). In Fig. 1, the rates
are compared on various supports at three typical tem-
peratures of 318, 373, and 423 K. At 318 K, carbon was
clearly superior to other supports tested both in activ-
ity and in its maintenance. The turnover rate value at
318 K is similar to that reported by Choi and Vannice
(9) at RT over carbon-supported PdCIl,—CuCl, catalysts.
The stable CO conversion was achieved over Al,Oz as
well. However, the activity of silica- and HM-supported
catalysts decreased rapidly with time on stream. At high
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FIG. 1. The rate of CO oxidation over supported PdCIl,—CuCl, cata-
lysts containing 2 wt% Pd and 12 wt% Cu at temperatures of 318 K (A),
373 K (B), and 423 K (C). The reactants, CO, O, and H,O, were fed
to the catalyst at concentrations of 1, 10, and 2.3 vol% each in nitrogen:
®, Al,O3; I, silica; A, HM; and ¥, carbon.

temperatures, carbon and alumina were again effective
supports. However, carbon-supported catalyst started at
a rate lower than that of alumina-supported catalyst, yet
the rate increased steadily with reaction time. The XRD
patterns of Al,O3z-supported catalyst are shown in Fig. 2.
CuCl;-2H,0 was a dominant solid phase before reac-
tion, and a part of it transformed into CuCl after re-
action at 318 K. However, CuCl,-2H,0 changed into
Cu,CI(OH); after reaction at 423 K, the temperature at
which this catalyst showed the highest rate of CO oxida-
tion among four catalysts with different supports. For silica-
supported catalysts, CuCl, - 2H,0 phase transformed into
the CuCl phase after reaction at all temperatures tested,
as shown in Fig. 3. Carbon-supported catalysts showed
CuCl; - 2H,0 and Cu,CI(OH)3 phases before the reaction,
as shown in Fig. 4. A part of CuCl,-2H,0 transformed
to Cu,CI(OH); after reaction at 318 K, and the trans-
formation was almost complete after reaction at 423 K.
Hence, itis evident that different behaviors of PdCl,—CuCl,
catalysts supported on different materials correlate well
with their solid copper phases; catalysts showing strong
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FIG. 2. X-ray diffractogram of PdCl,—~CuCl,/Al,O3 catalysts before

reaction (@), after reaction at 318 K (b), and after reaction at 423 K (c).

XRD peaks of Cu,CI(OH)3; show high activities of CO
oxidation.
Effects of Cu(NO3), as a Promoter

Cu(NOs3), was added as an additional copper precursor to
carbon-supported PdCI,—CuCl, catalyst, and its activity of
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FIG. 3. X-ray diffractogram of PdCl,—CuCl,/silica catalysts before re-
action (a), after reaction at 318 K (b), and after reaction at 423 K (c).
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FIG. 4. X-ray diffractogram of PdCIl,—CuCl,/carbon catalysts before
reaction (a), after reaction at 318 K (b), and after reaction at 423 K (c).

CO oxidation is shown in Fig. 5. At 303 and 318 K, there was
an induction period for the PdCIl,—CuCl,—-Cu(NO3), cata-
lyst to reach a steady state, and the CO conversion over
this catalyst at steady state was ca. 50% higher than that
over the PdCIl,—CuCl; catalyst. At temperatures of 373 and
423 K, the induction period disappeared and its activity de-
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FIG.5. The rate of CO oxidation over PdCl,~CuCIl,—Cu(NO3),/car-
bon catalyst containing 2 wt% Pd and 12 wt% Cu([CuCl;] : [Cu(NO3),] =
1:2) at temperatures of 303 K (@), 318 K (H), 373 K (A), and 423 K (V).
The reactants, CO, O,, and H,O, were fed to the catalyst at a concentration
of 1, 10, and 2.3 vol% each in nitrogen.
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FIG.6. X-ray diffractogram of PdCl,—CuCl,~Cu(NO3),/carbon cata-
lysts before reaction (a), after reaction at 373 K (b), and after reaction at
303 K (c).

creased slightly before reaching a steady-state value. XRD
patterns of this catalyst system are shown in Fig. 6. This cata-
lyst had the Cu,CI(OH)3; phase before reaction (Fig. 6a)
and its peak intensity increased with reaction time at 303 K
(Fig. 6¢), in line with the increase in activity of CO oxidi-
ation. The initial decrease in catalytic activity at the high
temperature can also be explained by the decreased peak
intensity of the Cu,ClI(OH); phase after reaction at 373 K,
as shown in Fig. 6b.

For the Al,Os-supported PdCl,—CuCl,—Cu(NOs3), cata-
lyst, the reaction pattern observed differed from that of the
carbon-supported catalyst, as shown in Fig. 7. The catalytic
activity decreased with time at 318 K and increased at 373 K.
XRD patterns of this catalyst shown in Fig. 8 indicate that
Cu,CI(OH)3, which was the dominant phase before reac-
tion (Fig. 8a), transformed into CuCl at 318 K (Fig. 8c),
whereas this CuCl phase was not formed after reaction at
high temperature (Fig 8b).

The rates of CO oxidation and XRD patterns of a
carbon-supported PdCIl,—Cu(NO3), catalyst without CuCl,
are shown in Figs. 9 and 10. This catalyst showed activ-
ities substantially lower than those of the PdCI,—~CuCl,—
Cu(NOs3)/carbon catalysts. At 303 K, the catalytic activity
increased at first and reached a steady-state value. This ac-
tivity pattern was related to the increased peak intensity
of Cu,CI(OH)3, as shown in Fig. 10b. At 423 K, Cu(NO3),
decomposed into CuO and the catalytic activity decreased
(Fig. 10c). Again, the promotional effect of Cu(NO3), ad-
dition and the induction period observed for this catalyst at
low temperatures are nicely accounted for by the formation
of the well-defined Cu,CI(OH)3 phase.
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FIG. 7. Therate of CO oxidation over PdCl,—CuCl,—Cu(NO3),/Al,O3
catalyst containing 2 wt% Pd and 12 wt% Cu([CuCl,]:[Cu(NO3),] =
1:2) at different temperatures of 318 K (@) and 373 K (H). The reac-
tants, CO, O,, and H,0O, were fed to the catalyst at a concentration of 1,
10, and 2.3 vol% each in nitrogen.

Effects of HCI and SO on the Catalyst Deactivation

The effect of HCI on CO oxidation over carbon-sup-
ported PdCI—CuCl,-Cu(NO3), catalyst was tested. When
37 and 74 ppm of HCI were added in the feed, the steady-
state CO conversion decreased from 0.9 to 0.83 and 0.36,
respectively. SO, deactivated this catalyst more severely,
although catalytic activity was restored to some extent af-
ter the SO, feeding was stopped, as shown in Fig. 11. XRD
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FIG.8. X-ray diffractogram of PdCl,—CuCl,—Cu(NO3),/Al,O3 cata-
lysts before reaction (a), after reaction at 373 K (b), and after reaction at
318 K (c).
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FIG. 9. The rate of CO oxidation over PdCl,~Cu(NOj3),/carbon cata-
lyst containing 2 wt% Pd and 6 wt% Cu at different temperatures of 303 K
(@) and 423 K (W). The reactants, CO, O, and H,0, were fed to the catalyst
at a concentration of 1, 10, and 2.3 vol% each in nitrogen.

patterns of this catalyst after CO oxidation shown in Fig. 12
indicate only peaks due to carbon support. Apparently HCI
and SO; inhibited the formation of the Cu,CI(OH)3 phase.
In order to identify these noncrystalline phases, which are
invisible with XRD, X ANES was employed. The Cu K-edge
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FIG.10. X-ray diffractogram of PdCl,—~Cu(NOs3),/carbon catalysts
before reaction (a), after reaction at 303 K (b), and after reaction at
423 K (c).
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FIG.13. Copper K-edge XANES of Cu references: Cu foil (a),
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FIG. 11. Effects of SO, on the rate of CO oxidation over PdCl,—

CuCl,-Cu(NO3),/carbon catalyst containing 1.7 wt% Pd and 6 wt%
Cu([CuCl,]: [Cu(NO3),=1:1]at 313 K. The reactants, CO, H,0, and SO,,
were fed to the catalyst ata concentration of 1 vol%, 2.3 vol%, and 258 ppm
each in air.

XANES are compared in Figs. 13a-13e for Cu foil, CuO,
Cu(OH),, Cu,0, and CuCl, respectively, as references. As
discussed elsewhere (13, 14, 20, 21), the absorbance maxi-
mum is assigned to the allowed 1s — 4p transition. Below
the maximum are subsidiary peaks and shoulders reflect-
ing transitions to empty orbitals according to the dipole
selection rule. The small peak at 8981 eV in Figs. 13a and
13d is due to the 1s — 4s transition. This peak is expected
for Cu(0), which has an empty 4s orbital. The presence
of the sharper peak in Cu,O reflects the tendency of the
Cu(l) compound to assume trigonal or distorted tetrahe-
dral geometry which allows s-p mixing (13, 14, 20, 21).
A very weak peak below the edge at 8978 eV in CuO
and Cu(OH), represents the quadruple-allowed 1s— 3d
transition, which serves as a signature of a Cu(ll) com-

CuO (b), Cu(OH); (c), CuO (d), CuCl (e).

pound since there is no 3d hole in Cu(0) or Cu(l) com-
pounds. The 1s — 4s peak in Cu(l1l) compounds appears at
8985 eV as a shoulder with much reduced intensity. The
edge positions of these references were determined to be
8979.0, 8984.6, 8986.3, 8981.0, and 8982.5 eV for Cu foil,
CuO, Cu(OH),, Cu0, and CucCl, respectively, and again
reflected the shift to a higher energy as the oxidation num-
ber was raised. According to XANES, both PdCl,—CuCl,-
Cu(NO3)./carbon catalysts before (Fig. 14a) and after reac-
tion at 313 K (Fig. 14b) contained Cu(ll) species. Yet, both
catalysts showed a broad maximum in absorbance, unlike
any other reference copper compounds. General features
of these XANES spectra are similar to those previously
observed for PdCIl,—CuCl,/Al,O3 catalysts that were active
in CO oxidation, except the doublet maxima for the latter
(13, 14) instead of one broad maximum as observed here.
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FIG.12. X-ray diffractogram of PdCIl—CuCl,—Cu(NO3),/carbon
catalysts after reaction at 313 K in the presence of HCI (a) and after
reaction at 313 K in the presence of SO; (b).
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FIG. 14. Copper K-edge XANES of PdCI,—CuCl,—Cu(NO3),/carbon
catalysts: before reaction (a), after reaction at 313 K (b), after reaction
at 313 K in the presence of HCI (c), and after reaction at 313 K in the
presence of SO; (d).
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The spectrum was assigned to Cu,CI(OH)3;. XANES spec-
tra of this catalyst after poisoning with HCI (Fig. 14c) and
SO, (Fig. 14d) show changes in the shape of spectra and
edge positions. The edge positions of these samples were
determined to be 8986.4, 8986.3, 8984.9, and 8981.4 eV for
Figs. 14a-14d, respectively. The shift in edge positions of the
deactivated catalysts to lower energies indicated that the
oxidation number of copper in these catalysts was reduced.
Furthermore, there was a well-defined peak at 8982 eV due
to 1s — 4s transition in XANES of the catalyst deactivated
by SO, indicating the presence of reduced copper species.

DISCUSSION

The effects of supports, Cu(NOs3), addition, and the pres-
ence of poisoning gases such as HCI and SO, on CO ox-
idation over Wacker-type catalyst were examined at dif-
ferent temperatures. A remarkably consistent relation be-
tween the Cu phase and the catalytic activity was observed.
Active catalysts under various reaction conditions that give
rise to good activities always showed a well-developed
Cu,CI(OH)3; phase observed by XRD. Other copper phases,
CucCl,, CuCl, or CuO, were found to be unstable or inac-
tive. In all cases, XRD did not show any palladium phase,
in agreement with our previous finding that palladium re-
mains a molecular species in these catalysts (13, 14).

The catalytic cycle of Wacker chemistry appears to be
stable over alumina- and carbon-supported PdCIl,—CucCl,
catalysts. However, the last step, reoxidation of CuCl, does
not seem to be achieved over silica. The irreversible trans-
formation of the copper phase into CuCl means a decrease
in the amount of the Cu(ll) species that oxidizes the re-
duced Pd(0) species back to Pd(l1) compounds, which are
essential in oxidizing CO in the Wacker chemistry. This dif-
ference in stability is considered to be related to the surface
characteristics of supports for stabilizing the active copper
species, Cu,CI(OH)3 (atacamite). H-type mordenite, hav-
ing the characteristics of both alumina and silica, showed
intermediate catalytic activity. For an identical support, the
difference in the catalytic activity with increasing and de-
creasing reaction temperatures goes hand-in-hand with the
change in XRD intensity of the Cu,CI(OH); phase. Alu-
mina, silica, and carbon are known to have the charac-
teristic surface hydroxyl groups (22-24). Rouco (25) stud-
ied low-temperature ethylene oxyhydrochlorination over
supported CuCl, catalysts and reported that Cu,CI(OH);
was present only over y-Al,O3 and that CuCl; - 2H,0 was
present over a-Al,O3 and SiO,. The involvement of ba-
sic hydroxyl groups, abundant on y-Al,O3 but not on the
other two supports, has been suggested to be responsible for
the preferred formation of Cu,CI(OH);3; on y-Al,O3 (26).
Rouco (25) also observed from temperature-programmed
reduction measurements that the peaks due to two-step re-
duction of the cupric species are shifted to higher temper-
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atures for copper chloride supported on «-Al,O3 or SiO;
compared to y-Al,O3-supported copper chloride. Appar-
ently, Cu,CI(OH); is easier to reduce to cuprous species
than CuCl; - 2H,0, and, therefore, the reduced Pd species
can be reoxidized more easily by Cu,CI(OH)3; to become
active sites for CO oxidation in the supported Wacker-type
catalysts.

In this study both hydrophilic supports such as alumina
andsilicaand hydrophobic supportsuch as carbon were em-
ployed. Therefore there is a possibility of pore-filling or cap-
illary condensation in hydrophilic supports during reaction
under wet conditions. However, the water content under
our reaction conditions appears far lower than the content
causing diffusion problems due to pore-filling because, as
the water content increased further to more than 2.3%, the
catalytic activity also increased. We also observed the same
simple increase in catalytic activity with increasing water
contents over both hydrophilic alumina and hydrophobic
carbon. The result is not consistent with the result at low
temperatures [10]. A strong and complicated dependency
of activity on water content was observed for hydrophilic
supports showing a maximum activity at an intermediate
water content. On the other hand, there was virtually no
dependence of the activity on the water content for the hy-
drophobic supports, although the presence of water was still
required for CO oxidation to proceed. Thus, it appears that
high temperatures have made the hydrophilic support less
susceptible to pore-filling.

For carbon-supported PdCl,—CuCl; catalysts, Yamamoto
et al. (15) observed the partial reduction of cupric species
and Pd(l1) species and concluded that Pd metal particles
were responsible for the low-temperature activities of CO
oxidation at >400 K and that Cu(l) chloride species showed
the activity only at >570 K. They used a low loading of
Cu (1.2 wt%), compared with the 12 wt% Cu used in this
work. Furthermore, there was no clue that thier catalysts
had the low-temperature CO oxidation activity comparable
to that of our catalysts. Desai et al. (8) and Kim et al. (10)
reported that the CO oxidation activity increased with the
amount of Pd and Cu in alumina-supported PdCl,—CucCl,
catalysts. For carbon-supported PdCI,-CuCl, catalysts, the
same phenomena were also observed (16). Therefore, the
active copper phase defined by the Yamamoto group cannot
be directly related to that in our carbon-supported PdCl,—
CuCl; catalysts, which show remarkably high CO oxidation
activities even at low temperatures.

The addition of Cu(NO3), has been reported to en-
hance the catalytic activity for CO oxidation (6). We tested
other Cu precursors, such as Cu(OH),, Cu(CH3;COO),, and
CuCO3-Cu(OH); and their mixtures with CuCl,. However,
Cu(NOs3), was found to be the most active promoter (11).

The carbon-supported PdCI,—CuCl,—Cu(NOs3), catalyst
showed a higher steady-state catalytic activity than the cor-
responding PdCI,—CuCl; catalyst and the catalytic activity
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was directly related to the enhanced peak intensity of
Cu,CI(OH)3. However, there was an induction period at
low temperatures. At high temperatures or when this cata-
lyst was calcined at 473 K, the induction period disappeared
and the strong Cu,CI(OH); peak was observed initially.
Mass spectroscopy analysis of the gaseous products gen-
erated during temperature-programmed oxidation of the
catalyst showed the removal of NO and NO,. Therefore
the NOj species appears to be removed in this induction
period. The particle size of the Cu compound calculated
from the application of the Scherrer equation to the (011)
peak of Cu,CI(OH)3;was 30 nm and did not change with the
peak intensity. Hence, it appears that the increased catalytic
activity was not related to the increased dispersion of Cu
species in this catalyst system. The initial low activity can be
explained by the presence of inactive Cu(NO3), species on
Cu,CI(OH);3 particles. However, these inactive species can
be transformed into active Cu,CI(OH); by removing NO3
during the induction period as described above.

To demonstrate a quantitative correlation between the
catalytic activity and the peak intensity of the Cu,CI(OH)3
phase, the rates of CO oxidation at 318 and 373 K were
plotted against the peak height of the (011) plane of
Cu,CI(OH);zin Fig. 15. Data used for the plot were derived
from different catalyst compositions, supports, treatments,
and reaction conditions. A significant correlation was ob-
served, but the slope varied with the reaction temperature.
There was some residual catalytic activity even without the
Cu,CI(OH)3 phase in XRD. However, no catalytic activity
was observed over Pd-free catalysts even when the well-
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FIG. 15. The relation between the rate of CO oxidation and the peak
height of the (011) plane of Cu,CI(OH)3 phase in XRD patterns of cata-
lysts used at 318 K (open symbols), and 373 K (closed symbols). The reac-
tion conditions are the same as in Fig. 5. PACl,~CuCl,-~Cu(NOj3),/carbon
at different times on stream (O, @®); PdCl,—~CuCl,/carbon (A); PdCl—
CuCly/Al,O3 (O); PACI,—~CuCl,—Cu(NOg),/carbon after SO, treatment
(V).
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TABLE 1

Effect of Feed Compositions on the Peak Height
of Cu,CI(OH)3 in XRD Patterns?

Feed compositions
0O,(H20) in vol%

Peak height of (011) plane
of Cu,CI(OH)3” in cps

0.0 (4.2) 1800
10.0 (4.2) 2200
20.0 (4.2) 2100
10.0 (0.0) 2500
10.0 (1.7) 2300

2 PdCIl,-CuCl,~Cu(NO3),/AC (2 wt% Pd, 12 wt% Cu)
was treated with 1% CO, O,, and H,O in N, balance at
353 K for 10 h with space velocity (9000 L/hr kg cat.).

b Baseline corrected.

developed Cu,CI(OH)3; phase was present. This indicates
that Pd is the active species and Cu,CI(OH)3 is its redox
partner indispensable in the Wacker chemistry. As shown
in Table 1 the peak intensity of the Cu,CI(OH)3 phase was
related somewhat to dioxygen pressure, but not to water
pressure. Thus, it can be concluded that the formation of
Cu,CI(OH)3 is due mainly to the interaction between Cu
precursors and the surface hydroxyl groups of supports.
Water in feed does not play a direct role in the process.
However, the presence of dioxygen is essential for restor-
ing reduced Cu(l) species to Cu(ll) species as required in
Wacker chemistry. Thus, the weakened Cu,CI(OH)3; phase
in the dioxygen-free condition can be explained by the con-
sumption of the phase for the reoxidation of Pd(0) to Pd(l1),
yet itself not being able to be restored due to the absence
of dioxygen.

The alumina-supported PdCl,—CuCl,—Cu(NO3), catalyst
showed decreasing activity at low temperatures in spite
of the initial presence of the Cu,CI(OH); phase. It was
found that a part of the Cu,CI(OH); phase transformed into
the CuCl phase during the reaction. However, this catalyst
showed increasing activity with reaction time at high tem-
peratures. At these temperatures the stable Cu,CI(OH)3
phase was restored. Thus, the stability of the Cu,CI(OH);
phase is temperature-dependent over Al,Os3. Desai et al.
(8) reported that CO conversion decreased with time over
PdCI,—CuCl,— Cu(NO3),/Al, O3 catalysts due to the loss of
small amounts of HCI from the catalysts under the reaction
condition, with consequent loss of activity for reoxidation
of Pd(0) to Pd(Il) and that prechlorination increased the
catalyst stability significantly. His observation could also be
explained by the stability of the Cu,CI(OH); phase as de-
scribed in this paper.

The carbon-supported PdCl,—Cu(NOs3), catalyst without
CuCl; showed much lower activities of CO oxidation than
PdCI,—CuCl; catalysts. Hence, two copper precursors show
a synergy in activity when they are present together. The
PdCl,—Cu(NOs), catalyst showed time-dependent activity
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at low temperatures that was again closely related to the
change in copper phase. As described, the XRD intensity of
the Cu,CI(OH)3 phase was enhanced with time on stream at
the low temperature with the concomitant increasing cata-
Iytic activity. The source of chlorine to form Cu,CI(OH);
is believed to be PdCl,. At the high temperature, how-
ever, Cu(NO3),; decomposed into CuO and the catalytic
cycle of Wacker chemistry became ineffective, as indicated
by extremely low CO conversions. Therefore it could be
concluded that Cu(NO3), helps the formation of the active
phase Cu,CI(OH)3; which is stable at high temperatures and
that the presence of both CuCl, and Cu(NQO3); is essential
for this synergy effect.

HCI and SO, are common air pollutants which are emit-
ted with CO in the combustion of fuels containing sulfur and
chlorine compounds. These are also well-known poisons to
metal catalysts. Therefore their effect on our catalyst sys-
tem is a necessary consideration in the practical application
of CO oxidation processes.

The carbon-supported PdCl,—CuCl,—Cu(NOs3), catalyst
was deactivated to some extent by the presence of HCI
in the feed and the loss of the catalytic activity became
more serious when HCI concentration was higher. The de-
activation by SO, was even more severe. X-ray diffraction
showed that these gases inhibited the formation of the ac-
tive Cu,CI(OH)3; phase. No copper phase was observed by
XRD in catalysts deactivated by HCI or SO,. This tendency
was also observed when HCl and H,SO,4 were added during
the preparation of the catalysts. Because Wacker-type cata-
lysts were reported to oxidize SO, to H,SO4 in the presence
of H,O (6, 19), effects of H,SO,4 addition during the catalyst
preparation were examined. The addition of excess H,SO,
caused the appearance of the new solid phases such as
CuSQy - 5H,0, CuSO4 - H,0, and Cu,SOq4. Inorder to probe
the formation of a noncrystalline copper phase, XANES
was employed because it should be sensitive to local bond-
ing. According to the XANES, broad 1s — 4p peaks repre-
senting the Cu,CI(OH)3; phase were observed before and
after the reaction with a clean feed at 313 K. However, peak
shapes changed after poisoning by HCI and SO,. These ob-
servations are consistent with XRD patterns that showed
the disappearance of the Cu,CI(OH); phase. The addition
of HCI or SO; causes the shift of the Cu K-edge energy in
XANES to lower values, indicating the reduction of copper
species. In particular, the Cu K-edge energy of the catalyst
deactivated by SO, is similar to those of reference Cu(l)
compounds. The possible phase might be an amorphous
Cu,SO,4 phase because the phase was observed in XRD of
catalysts to which H,SO,4 was added during preparation.

CONCLUSIONS

The activity of supported Wacker-type catalysts in CO
oxidation depends on the nature of support, the compo-
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sition of copper precursors, the presence of poisons such
as HCl and SO,, and the reaction temperatures. This com-
plicated behavior of the catalysts is closely related to the
nature of the copper phase. All the above variables in-
fluencing the activity affected in a consistent manner the
XRD intensity of the Cu,CI(OH)s; phase which is be-
lieved to be the active copper phase. Thus, its XRD in-
tensity is closely correlated with the catalytic activity and
its behavior with respect to different reaction and prepa-
ration conditions is directly reflected in the change in cata-
lytic activity of CO oxidation with respect to these vari-
ables.
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