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INTRODUCTION

 
The Wacker catalyst, homogenous PdCl2-CuCl2 aqueous solution, has been reported to oxidize the carbon monoxide at ambient temperatures in the presence of water (1-9). In the supported PdCl2-CuCl2 catalyst system, the characteristic of the supports is a critical parameter for its catalytic performance. Choi and Vannice (3) observed the higher activity over hydrophobic carbon than over hydrophilic alumina. They also discussed the water effect over these two supports. Kim et al. (4) reported that the activity of alumina-supported PdCl2-CuCl2 showed a marked dependence on the partial pressure of water whereas the carbon-supported catalyst showed no such dependence, although its presence was still required. Lloyd and Rowe (1) has claimed that Cu(NO3)2 serves as a promoter for this catalyst when supported on alumina and used for CO oxidation. 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 a homogeneous PdCl2-CuCl2 catalyst (1,2). Choi and Vannice (3) investigated the mechanism of CO oxidation by kinetic and infra red studies. They suggested that the active species on the catalyst surface were PdClCO, CuClCO and possibly Pd-Cu complex. From the X-ray absorption fine structure(XAFS) study, Lee et al. (6,7) examined the PdCl2-CuCl2/Al2O3 catalysts and found that the active phase of palladium was Pd(II) 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 Cu2Cl(OH)3 particles. However, Yamamoto et al. (8) characterized the PdCl2-CuCl2 catalysts supported on activated carbon and reported that CuCl2 were found to be partially reduced by the reduction sites on the support surface to Cu(I) species coordinated with three Cl- anions. In this paper, the effects of supports and Cu(NO3)2 as a promoter on supported Wacker-type catalysts are studied. In particular, the relation between the catalytic activity and sold phase of copper is discussed.

 EXPERIMENTAL


The catalyst was prepared by a wet impregnation method to impregnate supports with an aqueous solution of palladium and copper. Support materials were -Al2O3 (Alfa, BET surface area: 170m2/g), activated carbon (Aldrich, BET surface area: 1075m2/g), silica (Aldrich, BET surface area: 300 m2/g) and H-type mordenite (HM, Si/Al = 5.29, BET surface area: 449 m2/g). The metal precursors were PdCl2 (Sigma, 99.9%), CuCl2(2H2O (Aldrich, 99.9%) and Cu(NO3)2(3H2O (Aldrich, 99.9%). 


The catalytic oxidation of carbon monoxide was examined in a fixed-bed flow reaction system under atmospheric pressure. Reactants and products were analyzed by an on-line gas chromatography (HP5890A, molecular sieve 13X column) and CO infrared analyzer (Thermo Environmental Instrument Inc.).

X-Ray powder diffraction patterns were obtained at room temperature using a M18XHF(MAC Science Co.) with Ni-filtered Cu Kradiation(1.54056Å). The X-ray tube was operated at 40kV and 200mA. 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 2 angle were scanned at a rate of 4omin-1. 

RESULTS

Effects of Supports

 
The rates of CO oxidation over PdCl2-CuCl2 catalysts showed different behaviors at low temperatures close to room temperature (RT) and at high temperatures close to 373 K(Fig. 1). The reaction rates are expressed in moles of CO converted per mole of Pd per second. They are true turnover rates because Pd was found to be the main active component of the catalyst and to be present as a molecular species containing a single Pd atom (4,6,7). Carbon was clearly a superior support to other supports tested both in activity and its maintenance. The TOF value at 318 K is similar to the activity reported by Choi and Vannice (3) at RT over carbon-supported PdCl2-CuCl2 catalysts. The stable CO conversion was achieved over Al2O3 as well. However, the activity of silica- and HM-supported catalysts decreased rapidly with time on stream.  At high temperatures, carbon and alumina were again effective supports. However, carbon-supported catalyst started at a lower rate than that of alumina-supported catalyst, yet the rate increased steadily with reaction time. The XRD patterns of Al2O3-supported catalyst shows that CuCl2(2H2O was a dominant solid phase before reaction and a part of it transformed into CuCl after reaction at 318 K. However, CuCl2(2H2O changed into Cu2Cl(OH)3 after reaction at 423 K, the temperature, at which this catalyst showed the highest rate of CO oxidation among four catalysts with different supports. For silica-supported catalysts, CuCl2(2H2O phase transformed into the CuCl phase after reaction at all temperatures tested. Carbon-supported catalysts showed CuCl2(2H2O and Cu2Cl(OH)3 phases before the reaction. A part of CuCl2(2H2O transformed to Cu2Cl(OH)3 after reaction at 318 K, and the transformation was almost complete after reaction at 423 K. Hence, it is evident that different behaviors of PdCl2-CuCl2 catalysts supported on different supports correlate well with their solid copper phases; catalysts showing strong XRD peaks of Cu2Cl(OH)3 show high activities of CO oxidation.

Effects of Cu(NO3)2 as a promoter     

 
Cu(NO3)2 was added as an additional copper precursor to carbon-supported PdCl2-CuCl2 catalyst.  At 303 K and 318 K, there was an induction period for PdCl2-CuCl2-Cu(NO3)2 catalyst to reach a steady state and the CO conversion over this catalyst at steady state was ca. 50% higher than that over PdCl2-CuCl2 catalyst. At high temperatures of 373 K and 423 K, the induction period disappeared and its activity decreased slightly before reaching a steady-state value.  XRD patterns of this catalyst system shows that this catalyst had the Cu2Cl(OH)3 phase before reaction and its peak intensity increased with reaction time at 303 K in line with the increase in activity of CO oxidation. The initial decrease in catalytic activity at the high temperature can also be explained by the decreased peak intensity of the Cu2Cl(OH)3 phase after reaction at 373 K.  For Al2O3-supported PdCl2-CuCl2-Cu(NO3)2 catalyst, the different reaction pattern from that of carbon-supported one was observed. The catalytic activity decreased with time at 318 K and increased at 373 K. XRD patterns of this catalyst indicated that Cu2Cl(OH)3 which was the dominant phase before reaction transformed into CuCl at 318 K whereas this CuCl phase was not formed after reaction at the high temperature. The rates of CO oxidation of carbon-supported PdCl2-Cu(NO3)2 catalyst without CuCl2 showed substantially lower than those for PdCl2-CuCl2-Cu(NO3)2/carbon catalysts. At 303 K, the catalytic activity increased at first and reached a steady-state value. This activity pattern was related to the increased peak intensity of Cu2Cl(OH)3. At the high temperature of 423 K, Cu(NO3)2 decomposed into CuO and the catalytic activity decreased. Again, the promotional effect of Cu(NO3)2 addition and the induction period observed for this catalyst at low temperatures are nicely accounted for by the formation of well-defined Cu2Cl(OH)3 phase. 

DISCUSSION

 
The effects of supports and Cu(NO3)2 addition on CO oxidation over Wacker-type catalyst were examined at different temperatures. A remarkably consistent relation between Cu phase and the catalytic activity was observed. Active catalysts under various reaction conditions that give rise good activities always showed well-developed Cu2Cl(OH)3 phase observed by XRD. Other copper phases, CuCl2, CuCl or CuO, were found unstable or inactive. In all cases, XRD did not show any palladium phase in agreement with our previous finding that palladium remains as a molecular species in these catalysts (6,7). For an identical support, the difference in the catalytic activity with increasing and decreasing reaction temperatures goes hand-in-hand with the change in XRD intensity of Cu2Cl(OH)3 phase. Alumina, silica and carbon have been known to have the characteristic surface hydroxyl groups. Rouco (10) studied the low-temperature ethylene oxyhydrochlorination over supported CuCl2 catalysts and reported that Cu2Cl(OH)3 was present only over -Al2O3 and that CuCl2(2H2O was present over -Al2O3 and SiO2. The involvement of basic hydroxyl groups, abundant on -Al2O3 but not so on the other two supports, has been suggested responsible for the preferred formation of Cu2Cl(OH)3 on -Al2O3. Rouco (10) also observed from the temperature programmed reduction (TPR) measurements that the peaks due to the two-step reduction of the cupric species are shifted to higher temperatures for copper chloride supported on -Al2O3 or SiO2 compared to -Al2O3-supported copper chloride. Apparently, Cu2Cl(OH)3 is easier to be reduced to cuprous species than CuCl2(2H2O, and therefore, the reduced Pd species can be more easily re-oxidized by Cu2Cl(OH)3 to become active sites for CO oxidation in the supported Wacker-type catalysts. Carbon-supported PdCl2-CuCl2-Cu(NO3)2 catalyst showed the higher steady-state catalytic activity than corresponding PdCl2-CuCl2 catalyst and the catalytic activity was directly related to the enhanced peak intensity of Cu2Cl(OH)3. However, there was an induction period at low temperatures. At high temperatures or when this catalyst was calcined at 473 K, the induction period disappeared and the strong Cu2Cl(OH)3 peak was observed initially. Mass spectroscopy analysis of the gaseous products generated during temperature-programmed oxidation of the catalyst showed the removal of NO and NO2. Therefore NO3- species appears to be removed in this induction period. The particle size of Cu compound calculated from the application of Scherrer equation to the (011) peak of Cu2Cl(OH)3 was 30nm 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)2 species on Cu2Cl(OH)3 particles. However, these inactive species can be transformed into active Cu2Cl(OH)3 by removing NO3- during the induction period as described above. To demonstrate a quantitative correlation between the catalytic activity and the peak intensity of Cu2Cl(OH)3 phase, the rates of CO oxidation at 318 K and 373 K were plotted against the peak height of (011) plane of Cu2Cl(OH)3 as shown in Fig. 2. Data for carbon-supported PdCl2-CuCl2-Cu(NO3)2 at different times on stream and after HCl treatment were used for the plot. Linear relations were observed but the slope varied with reaction temperature. There was some residual catalytic activity even without Cu2Cl(OH)3 phase in XRD. However, no catalytic activity was observed over Pd-free catalysts even if well-developed Cu2Cl(OH)3 phase was present. This indicates that Pd is the active species and Cu2Cl(OH)3 is its redox partner indispensable in the Wacker chemistry. 

CONCLUSIONS


The activity of supported Wacker-type catalysts in CO oxidation depends on the nature of support, the composition of copper precursors, and reaction temperatures. This complicated behavior of the catalysts is closely related to the nature of copper phase. All the above variables influencing the activity affected in a consistent manner the XRD intensity of Cu2Cl(OH)3 phase which is believed to be the active copper phase. Thus, its XRD intensity is linearly correlated with the catalytic activity and its behavior with respect to different reaction and preparation conditions is directly reflected in the change in catalytic activity of CO oxidation with respect to these variables. 
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FIG. 1. The rate of CO oxidation over supported PdCl2-             FIG. 2. The relation between the rate of CO oxidation

CuCl2 catalysts containing 2 wt% Pd and 12 wt% Cu                  at and the peak height of (011) plane of Cu2Cl(OH)3
different temperatures of 318 K (A), 373 K (B), and 423             phase in XRD patterns at different temperatures of 318 

K (C). The reactants, CO, O2 and H2O were fed to the                 K (

), and 373 K (

).PdCl2-CuCl2-Cu(NO3)2/carbon

catalyst at a concentration of 1 vol%, 10 vol% and 2.3 vol%       catalyst containing 2 wt% Pd and 12 wt% 

each in nitrogen: 
, Al2O3; 
,silica; 
, HM; and 
,              ([CuCl2]:[Cu(NO3)2]=1:2) was used at the same feed

carbon.                                                                                            condition as in Fig. 1..
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