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Supported Wacker catalysts exhibited high activity for low temperature CO oxidation, but high con-
centrations of water in the reaction gas could lead to the deactivation of the catalyst. The
PdCl2-CuClz/Al:03 catalysts were prepared, and a high relative humidity deactivation mechanism
was suggested after characterizing the fresh and spent catalyst by X-ray diffraction, N, absorp-
tion-desorption, X-ray photoelectron spectroscopy, Hz-temperature programmed reduction and in
situ diffuse reflectance infrared Fourier transform spectroscopy. The results showed that the water
could adsorb and condense on the surface of the catalyst, which arouses the aggregation and trans-
fer of Cu species into the internal pores of the catalyst. This weakens the interactions between the
Pd and Cu species and reduces the re-oxidation ability of Pd° to Pd2+, which blocks redox cycling and
results in the decrease of CO oxidation activity.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

CO is a toxic gas that is usually generated from chemical
production processes, vehicles exhausting emissions, and in-
complete combustion of fossil fuels. Catalytic oxidation is an
efficient method for CO removal, especially at low tempera-
tures. CO oxidation at lower temperatures has received wide
attention as important practical applications in CO gas sensors,
air purification, gas masks and closed system ventilation such
as in submarines and spacecraft [1].

Composite oxides and noble metal catalysts can be used in
CO oxidation. Oxide catalysts such as Hopcalite catalyst and
Co304 can improve the CO oxidation activity. Co304 can oxidize
CO even at -77 °C [2], but the trace water may cause catalyst
deactivation [3]. Au, a typical noble catalyst, not only shows
excellent CO oxidation activity [4], but also resists water [5].

Problems with Au catalysts, such as sensitivity to preparation
conditions, halogen poisoning [6] and potential deactivation
during storage [7], still limit its wider applications. Supported
Pd catalysts show excellent performance for CO oxidation.
When the Pd loading amount was 4 wt%, CO could be com-
pleted converted at -15 °C [8]. The supported Pd catalyst also
has water resistance and halogen tolerance.

Supported Wacker-type catalysts (PdClz-CuClz) have high
CO oxidation activity. PdCl2-CuClz/Al203 prepared by NHs coor-
dination-impregnation can completely convert CO at -30 °C [9]
in 0.04% CO and 0.1% H20. The reaction mechanism for CO
oxidation on supported Wacker-type catalysts was similar with
that of homogeneous catalysts [10]:

CO +PdCl, + H,0——>CO, + Pd(0) + 2HCI
Pd(0) + 2CuCl,——>PdCl, + 2CuCl
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2CuCl + 2HCI +1/ 20, ——>2CuCl, + H,0

The active phases of Pd and Cu are the Pd2+ and Cuz2Cl(OH)3
species. Cu2CI(OH)3 can accelerate the oxidation of lower va-
lence Pd that would promote the redox cycle [11]. In this reac-
tion cycle, some results showed that the rate determining step
(RDS) was of the re-oxidation of Cu*[12]. Pd? oxidization to Pd*
by Cu2+ was also suggested to be a RDS [13].

Having water in the feed gas is inevitable for most practical
applications. However, the presence of water has been report-
ed to promote CO oxidation on supported Wacker-type cata-
lysts [14]. The presence of water increases the CO oxidation
rate by 2-3 times [15], but the excess water could adsorb onto
the catalyst surface, covering the active sites and increasing the
mass transfer resistant. For the hydrophilic support (such as
Al203), capillary condensation of water can also occur inside
the pores, which causes deactivation of the catalyst [12]. It was
also reported that losing Cl- ions can also cause catalyst deacti-
vation as Cl- ions are essential to maintain the redox cycle. CO
oxidation activity is directly related to the coordination number
of Cl- ions surrounded Pd2+[16]. Previous research also con-
firmed that the deactivation of the catalyst was related to the
state of the Cu species [17].

In this paper, differences in the structure, surface and redox
prosperities of fresh and spent catalysts are studied to investi-
gate the deactivation mechanism for CO oxidation on
PdClz-CuClz/Al20s3 catalysts at high relative humidity (100%).

2. Experimental
2.1. Catalyst preparation

Supported Wacker-type catalyst (PdClz-CuClz/Al203) was
prepared by the NHs coordination-impregnation method,
where the content of PdCl2 and CuClz was represented by their
weight ratios, which was 1.5% and 3.3% respectively. The cat-
alyst was labeled as 1.5 wt% Pd-3.3 wt% Cu/Al20s. CO oxida-
tion activity of a fresh catalyst, denoted as F, was evaluated at
25 °C, with 100% relative humidity of feed gas, and a weight
hourly space velocity (WHSV) of 15000 ml/(g-h). When CO
conversion decreased to 10%, the deactivated catalyst was
regenerated in air at 50 °C for 10 h, and then the same evalua-
tion experiment was repeated. After several deactiva-
tion-regeneration cycles, the obtained catalyst was labeled as D.
The same preparation were employed on both catalysts PdCl.
/Al203 and CuClz2/Al203, denoted as 1.5 wt% Pd/Al203 and 3.3
wt% Cu/Al203.

2.2. Water adsorption experiment

A water adsorption experiment was conducted at ambient
temperature in a quartz U-tube reactor; 0.2 g catalyst was used.
50 ml/min N2 was directed through a water vapor saturator,
and then flowed into reactor. The weight of the reactor was
measured at a fixed time to obtain the water adsorption rate.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of sample
were performed on a Brook D8 focus diffraction spectrometer
with Cu K, radiation at room temperature. The following pa-
rameters were used; incident wave length 0.15 nm, electric
current 40 mA, power voltage 40 kV, scanning angle 10°-80°,
scanning rate 2°/min.

Elemental analysis of Pd and Cu was carried out with induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES)
instruments (Varian 710ES, Varian Co. Palo Alto, US).

X-ray photoelectron spectroscopy (XPS) spectra were ac-
quired with an AXIS Ultra DLD spectrometer using Mg-K« (hv =
1253.6 eV) radiation. Charged samples were avoided by setting
the binding energy of adventitious carbon (C 1s) to 284.8 eV.

N2 adsorption-desorption isotherms were measured using
an ASAP 2010 apparatus at 77 K, where the samples were de-
gassed at 200 °C before each measurement.

Temperature-programmed reduction (Hz-TPR) of an unre-
duced catalyst was carried out in equipment made by Penxiang
Co. (Tianjing, China). A sample of 100 mg was used and the
experiments were performed by heating the sample under 5%
Hz/N2 flow rate (45 ml/min) from ambient temperature to
450°C at a rate of 10°C/min. A TCD detector recorder the Hz
consumption with CuO used as the reference for calculation.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) of CO adsorbed onto the catalyst was meas-
ured on a Nicolet Nexus 670 spectrometer. The DRIFTS spectra
were obtained at 25°C. (1) The mixture gases of 0.15% CO + Ar
flowed through the sample cell and the spectra recorded every
2-5 min; (2) Oz (5% and 20%) was added to the mixture gas
(1) above, and the spectra recorded every 2-5 min; (3) ~0.6%
H20 was added to the mixture gases (2) above, and the spectra
recorded every 2-5 min.

3. Results and discussion
3.1. Testing of the catalyst

A 0.15% CO was completely oxidized at -10 °C using fresh
catalyst (1.5 wt% Pd-3.3 wt% Cu/Al203-F) when the content of
Hz0 in the feed gas was 0.1% H20 and the WHSV was 15000
ml/(g-h). The stability of the catalyst was investigated at 25 °C,
100% relative humidity and WHSV 15000 ml/(g-h), with the
results shown in Fig. 1. The CO oxidation rate gradually de-
creased with increased reaction time, decreasing from 93% to
10% in 25 h. The activity of deactivated catalyst could be re-
covered after their regeneration in dry air and the stability of
the regenerated and fresh catalysts were similar as a function
of reaction time. Although the initial CO conversion on the re-
generated catalyst did not noticeably decrease after several
deactivation-regeneration cycles, the deactivation rate of cata-
lyst was found to accelerate.

3.2. Water adsorption rate on catalysts with different
composition

The water adsorption rates of catalysts with different com-
positions are shown in Fig. 2. For the pure Al203 support, the
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Fig. 1. Stability of 1.5 wt% Pd-3.3 wt% Cu/Al:0s catalyst. Reaction
conditions: 25 °C, 0.15% CO, ~3.1% H20, WHSV 15000 ml/(g-h).

water adsorption rate reached 9% in the first 2 h. With in-
creasing adsorption time, water adsorption also increased
slowly. Saturated water adsorption (10%) was obtained after
10 h. The saturated water adsorption was 13% on PdClz/Al203
and 20% on 3.3 wt% Cu/ Alz03, which was induced by the high
solubility and easy melting of CuClz. The saturated water ad-
sorption of 1.5 wt% Pd-3.3 wt% Cu/Al203 was between that of
Pd/Al203and Cu/Al203, which suggested that the deposition of
Pd species inhibited Cu species in adsorbing water.

3.3.  XRD characterization

The XRD patterns of fresh and spent 1.5 wt% Pd-3.3 wt%
Cu/Al203 catalysts are shown in Fig. 3. For fresh catalysts, only
the characteristic peaks of the y-Al203 phase could be observed,
and no Pd or Cu species were detected. It was indicated that the
Pd and Cu species were highly dispersed on the alumina sur-
face. Some Pd loading may be below the detection limit of the
XRD equipment. On spent catalysts, Cuz(OH)3Cl and CuCl could
be clearly detected, indicating highly dispersed Cu species are
aggregated on the support surface. The presence of CuCl may
be caused by the reduction of CO.

Water absorption (%)
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0 2 4 6 8 10 12 14 16 18 20
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Fig. 2. Water adsorption rate of the catalysts with different composi-

tion: (1) 3.3 wt% Cu/AL03, (2) 1.5 wt% Pd-3.3 wt% Cu/Al:03, (3) 1.5
wt% Pd/Al203, (4) AlOs.
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Fig. 3. XRD patterns of fresh (F) and deactivated (D) 1.5 wt% Pd-3.3
wt% Cu/Al;0s catalysts.

3.4. BET surface area and composition of catalyst

The surface area of the catalysts were measured by N2 ad-
sorption-desorption, and are listed in Table 1. The surface area
of the fresh catalyst (173 m2/g) was smaller than that of the
support (200 m2/g), which is likely to be attributed to the ac-
tive species blocking some pores of the catalyst. The surface
area of the spent catalyst (197 m2/g) was larger than the that of
the fresh catalyst. From the results in Figs. 2 and 3, it can be
noted that the adsorption and condensation of water on the
catalyst surface may induce the dissolution and aggregation of
Cu species. Simultaneously, partial Cu species transferred from
the surface opens the internal pores blocked by the active spe-
cies, which increases the surface area of the spent catalyst. The
loadings of Pd and Cu species onto the fresh and spent catalysts
are kept the same, as shown in Table 1. This indicates that the
active components were not lost during the reaction.

The XPS spectra of Pd and Cu on the fresh and spent 1.5
wt% Pd-3.3 wt% Cu/Al203 catalyst are shown in Fig. 4, and the
surface composition and the chemical state are listed on Table
1. For the fresh catalyst, Pd exists in the form of Pd?+ and Cu
exists in the forms of Cu* and Cu?*. The molar ratio of Cu/Pd on
the surface (3.35) was close to the catalyst composition (3.68),
which suggests that there is a uniform distribution of Pd and Cu
species on the fresh catalyst surface.

There were obvious differences in the chemical state of Pd
and Cu between the fresh and spent catalysts. As well as Pdz+,
Pd+ and Pd° were also detected on the spent catalyst surface.
This was because of the partial reduction of the catalyst by CO
in the feed gas. Simultaneously, the surface concentration of Pd
increased from 0.23% to 0.72%, while the concentration of Cu
decreased from 0.77% to 0.59%. With the BET results, it can be
suggested that some Cu species dissolved in the condensed
water on the surface and migrated into the pores. This would
expose the previously covered Pd species. The aggregation and
migration of Cu species can break the close-knit structure of the
Pd-Cu species and decrease their interactions. This can hinder
the oxidation of Pd by Cu2+, which then blocks the recycling of
CO oxidation [11]. There was no noticeable difference in the
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Fig. 4. Pd 3d and Cu 2p XPS spectra of fresh catalyst (F) and deactivated 1.5 wt% Pd-3.3 wt% Cu/Al;03 catalyst inactive (D).
Table 1
Specific surface area and composition of fresh (F) and deactivated (D) 1.5 wt% Pd-3.3 wt% Cu/Al:Os3 catalysts.
Sample Aser Pda Cu> Pdz+b Pd+b Pdob Cu2+b Cutb Cuz/Curb Cu/Pd® Clb
P (m?/g) (Wt%)  (wt%) (at%) (at%) (at%) (at%) (at%) (mol/mol) (at%)
F 173 1.5 33 0.23 — 0.2 0.57 0.35 335 2.08
D 197 14 32 0.22 0.35 0.15 0.15 0.44 0.34 0.82 2.09

aObtained by ICP-AES analysis. » Obtained by XPS analysis.

amount of Cl- for the fresh and spent catalysts, which suggests
that loss of Cl- was not the main reason for deactivation.

3.5. Hz-TPR

To further investigate the interactions between the Pd and
Cu species, the effects of Cu content on the redox properties of
the catalysts were studied under the same conditions as those
used for fixed Pd loading, with the results shown in Fig. 5 and
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Fig. 5. TPR profiles of Pd-Cu/Al:0s with different compositions.

Table 2.

The TPR of Pd/Al203 reveals a peak around 39 °C. Two re-
duction peaks (237 and 308 °C) found for CuCl2/Al203 can be
ascribed to the reduction of Cu2+ to Cu* and Cu* to Cu. The TPR
of the Pd-Cu/Al203 samples exhibited two peaks in the range of
100-200 °C and 200-350 °C. The lower temperature peak can
be attributed to the reduction of the Pd species (peak A) and
the strong interaction of the Cu and Pd species (peak B), while
the higher temperature peak (Peak C) indicates the reduction
of the isolated Cu species [9]. It was indicated that introducing
the Cu species decreased the reduction of the Pd species and
enhanced the reduction of Cu species. With increased Cu load-
ing, the reduction peaks of the catalysts were shifted to a higher
temperature.

It was indicated that for all the catalysts, the H2 consumption
of the Pd species were kept constant with the same Pd loading.
The calculated Hz consumption of the catalysts with different
composition showed that the amount of Cu species is strongly
related to that of the Pd species. With increased Cu amount, the
Pd species was also increased (Peak B). Combined with the CO
oxidation activities of the catalysts, it was suggested that the
rate of activity increases with an increased amount of Cu spe-
cies, which corresponds to Peak B.

Compared with the H2-TPR profile of the fresh catalyst, the

Table 2
Hz consumption amount in TPR and catalytic activity for Pd-Cu/Al203
with different compositions.

Hz uptake (pumol/g) CO conver-
Sample A B C B/A _ sion® (%)
1.6%Pd-1.8%Cu 122 177 61 1.45 80.7
1.5%Pd-3.3%Cu (F) 127 211 132 1.66 82.5
1.6%Pd-5.1%Cu 128 378 292 2.95 83.3

1.4%Pd-3.2%Cu (D) 127 180 191 1.42 —
aCO reaction conditions: 0.15% CO, 0.6% H:0, WHSV 15000 ml/(g-h),
temperature 0 °C.
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Fig. 6. In situ DRIFTS spectra of fresh (F) and inactive (D) 1.5 wt%
Pd-3.3 wt% Cu/Al:0s catalysts.

spent catalyst showed more complex reduction behaviors be-
cause of a significant difference in the chemical states of Pd and
Cu species. The aggregation and transformation of Cu species in
the presence of H20 decreased the interactions between the Pd
and Cu species, and inhibited CO oxidation.

3.6. Insitu DRIFTS

To further investigate the deactivation mechanism of the
catalysts, in situ DRIFTS technology was employed to study the
properties of CO adsorption and oxidation on fresh and spent
catalysts, with the results shown in Fig. 6.

Figure 6(F) shows that the CO adsorption peaks of Pd2+-CO
(2160 cm-1) [18] and Cu*-CO (2120 cm-1) were observed on
the fresh catalyst in the presence of 0.15% CO/Ar. With in-
creased contact time, the Pd2*-CO peak decreased, but new
peaks of Pd20-CO (1993 cm-1) and Pd+-CO (1933 cm-1) [19]
were detected. The peak intensity of Cu*-CO also significantly
increased. This could be ascribed to the partial reduction of the
Pd and Cu species by CO in the reaction gas. The adsorption of
Cu2+-CO could not be observed as the adsorption of CO on Cu2*
was unstable [20].

After 5% 02 was introduced into the feed gas, the adsorp-

Deactivation at ambient temperature

with high concentration of H,O

tion peaks of Cu*-CO, Pd20-CO and Pd+-CO decreased noticeably,
particularly for the Pd20-CO and Pd*-CO peaks. However, the
Pd2+-CO peak increased. With Oz concentration increasing to
20%, the peaks of Pd20-CO and Pd+-CO further decreased, but
the Pd2+-CO peak continued to increase while the Cu*-CO peak
was almost the same. It was indicated that the presence of Oz in
the feed gas promoted the oxidation of Cu* to Cu?+, which fur-
ther accelerated the oxidation of the Pd species with low va-
lences, namely Cu2++ Pd+/Pd?— Cu*+ Pd2+.

When ~0.6% water was introduced into the mixture gases,
all the CO adsorption peaks decreased rapidly. Only weak
Pd2+-CO peak and broad peaks of Cu*-CO and Pd+-CO were ob-
servable after 15 min.

Figure 6(D) showed that only the Cu*-CO and Pd*-CO peaks
were observed for the spent catalyst in the presence of 0.15%
CO/Ar, and peaks intensified with contact time. XPS results
showed the presence of 0.22% Pd2* on the surface of the cata-
lyst, but no Pd2+-CO peak was detected; this may be induced by
the reduction of Pd2+ by CO. The aggregation of the Cu species
weakens the interactions between the Pd and Cu species, which
blocks the re-oxidation of Pd species by Cu species and leads to
the disappearance of the Pd2+-CO peak.

After 5% Oz was added in the gas mixture, the peaks of
Cu*-CO and Pd+CO decreased noticeably. However, Pd2+-CO
peak could still be observed. When the CO concentration in-
creased to 20%, the Pd2+-CO peak was strengthened, while the
peaks of Cu*-CO and Pd+CO gradually decreased, Pd+CO in
particular. Similar trends were noted for the fresh catalyst
where the presence of water promoted the oxidation of Cu+.
With the XRD and XPS results, it was suggested that the pres-
ence of water leads to the aggregation and migration of Cu spe-
cies, which decreases the surface concentration of Cu?* and
weakens the interactions between Pd and Cu species. This re-
duces the re-oxidation ability of the Pd species, blocking the
redox cycle and accelerating the deactivation of the catalyst.

4. Conclusions

This paper studied the stability of PdCl2-CuClz/Al203 for CO
oxidation under high relative humidity. The structure and sur-
face properties of fresh and spent catalysts were characterized
to determine their deactivation mechanism. At high relative
humidity (100%), the water in the feed gases could be ad-
sorbed and condensed on the catalyst surface, which promoted
the aggregation and migration of the Cu species. A suggested
migration model is shown in Fig. 7. The transfer of the Cu spe-
cies into the internal pores decreased the surface Cu/Pd ratio
on the catalysts and weakened the interaction between Pd and
Cu species. This reduces the redox properties of the catalyst. It
can be concluded that the existence of Pd species with lower
chemical valence on the catalyst surface and decreasing of the

Fig. 7. Deactivation mechanism model diagram.
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The transfer of Cu species to the internal pores of the support in the presence of water weakens the Pd and Cu species interactions, which
causes catalyst deactivation.
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HEALFIFE-T77 °CI BT AT CO 58 A 4 1B {H 1% i 1k 5]
MK B2, BV R /K (0 77 78 AR 0] 5 B0 AL R
RGP S R A B B AR R R K AUt AL,
AMLEA R ERICOMAL AT MM, 1 HAA RIFr$t
KRR E PP, B ) % & U, B v d R AL, e A
JBORIVSE FH 3o R s 5 i . S AR i Rt B R
U (AR IR COEAL G 1, 24Pd 6 2 & A%, COE 4%
AR TTiA-15 °CBL S 4, ARG H A — 2 3t
VIS S RN A

A1 % 7 Wacker f# 1k 751 (PACI,-CuCly,) X+ CO% 1k th .
AR = RS T, 7680 T AE PR &% AR B
# T PACl,-CuClL/AlL O AL 5, 75745 0.04% COF10.1%
H O/ S R AS5R F, COSE 4 FE AL IR FE F ik AT i5-30 °CPl,
171 4% 8 Wacker it 14 7] | CO %84k 1 S 80 ML B 5 1 41
Wacker i £k 71 ft1 FE AL EL:

CO +PdCl, + H,O——CO, + Pd(0) + 2HCI
Pd(0) + 2CuCl, —— PdCl, + 2CuCl

2CuCl + 2HCI +1/ 20, —2CuCl, + H,0
o, SN RS T s P B T, T M Cul Rl E H AN
#& LACU,CI(OH)s JE A AETE, B IAAAEA A T & Pd )
R A NTTR ST X EZ N B SR 0 | M P VA 1]
Pl 5 R Cu i B AL, A AR P Cu®
A G PEP R T,

TESEBRE I, S R AUR A AN il S AEPEH,0, X T
B Wacker A4 5, T 7K BIAAAE AT DA E S B
fREAT T 7R K VR S TS COSRAN S I 13 8 g - Jg 2% At
T E2~3fE M T B MK IRAEAE, N4 S 8H,01E 8

AR T R B R 2, 7 i 1 rp oy, OSSR BB R
FIHEI0; TR HLO 3 AT 7 25 7K 1 B 3844 (L AL Os) i FLIE
PR AE B S, Y FE AL FL3E, 2t 5l A ki T
AW SR, & T RIS 2 S S A1) 2 T 1 R
R —, NS o (R AL S A 8 2R BT 6 75 B4, 1T
LA A 57035 1 5 P ] ) C) G o7 50 B 2 AR DT, 3RAT)
B AR R B, AL 235 5 R T Cull R O TEAEIRAS
B YIAR I S PR AR W Cun(OH)Cl) 58 45 LA K He i Ak
JRCUCIH 2> T B AL FTE M A

TE R HA TAE LA b, AR SCHIF 5 s bH 6 FEE (1009%6) (1)
SRS 2 At T PAC1L-CuClL/ ALO 3 1l 5 fi g 1 . Ttk
AFNE IR JE M BE 225, DRI AL 2 % L.

2. SED

2.1, EUFIRH&

KM & % & R Bk & T Wacker b 7
PdCl,-CuCl,/Al,Og, H:Hd1PdFICu i & 1 70 & &4 5l N
1.5%H13.3%, #5ic }91.5% Pd-3.3% Cu/Al,O,. e i 1k,
FIBRIC . H4 8 8 46 A 72 25 °C, AH X 2 100%, &
# 15000 ml/(g-h)Z& 14 T i#E 1T COA M S5, M COR b %
B R 10% J 15 1k SR 9K S5 B i A0 7R #E 50 °C 8 Kb
1210 h, dkEELEAH [ 26140 T 3EATCOSR ML ERE. & 2K
KA HIIE IR, BUH AL, A5 ohD. R By i1
W 7K 5126 F11.5% Pd/AILO5H13.3% Cul/AlLO AL,

2.2, EFIRKSEIE

AR R, K550 mI/min (N 1L 7K 7 R 88, S8 J5 i3k
ANZEA0.2 gFf S RTU T A0 08 S 45, A8 B — LIS ) % e
L AT AR, 45 BIAH SR K .

2.3. EUFIMRIE

K H Brook D8 XA 5 A (XRD) X AL A1 3EAT T 43
B, Cu K, #5285 (1 = 0.15 nm), % ¥ 40 mA, & £ 40
KV, I~ 313575 10°~80°, F1443# 5 2%/min.

K F Varian 710ES Y 45 55 144 & i 5t 3% (ICP-AES)
AR 5E AL EPAICU &

K I AXIS Ultra DLD %4 X 5 28 5% FL 7 fig 3 50 B 1%
(XPS) X AL I THI e 2 dEAT 140 i, {8 F i taMg K,
(hv=1253.6 eV) N ¥R IR, =il T REEE, 48471575
BRIPIC 1s= 284.8 eV A N AR IEAF: i 2 [ [ HL A 200
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K HINOVA 42006 78 NPt B - it B 43 B ASORT 44 44 711
(T EE T AR EAT I 5 . NRe- i PR SI2 B0 7E VR G P (77 K)
T, B Z00 200 CCHY LS TRALEE,

SUR-FE 7 TR IE JR 5256 (Ho- TPR) E K IS 30 A 4
A IRA SR RS i 2E BT, FREL0.1 gff i
TR N, #E5% Ha/N; (45 ml-min )R &<, BL10
°C/minfE - THiR 2450 °C. TCDRMFES &, JFLACuON
ZIt, B THEMEARIE L S R T R A A

K R AL 21418 J 5 61 (DRIFTS) 8 78 T 2K 36 Al
S AR B COPE RE, S5 7E Nicoler 670044 2T 4 (11 1%
X AT, 725 °CIE R A2 1E &, #40.15% CO/ArR A<
MR NBE SIS, B R 2~5 minsRAE i & —k; WA
Ja, £ ERIR -GS IOy, 37 50,0 2 (5% H1120%)
XA TR W B CO T RE IR SE MR B J 72 IR RS 1 5N
~0.6%7K Z& ", MLEEH, O X 8 A4 771 fR CO T B 1) M.

3. ZER5ITR

31 TR AR

7£.0.15% CO, 0.1% H,0, %= 15000 ml/(g-h) J & 4%
£, Bt 91.5% Pd-3.3% Cu/AlLOs-FHiE k7] FCO%E 4
AT E 10 °C. HE— 5 %2 T 125 °C, MHXHIE
100%, Z=3# 15000 ml/(g-h) Z& 14 T #4655 - CO%A Ak J b7
fesE P, G5 WL, AT LA Y, BE A ORI TA] R ZE K,
COMAL ZAE25 hiA M93%i% i B4 £11100%. Fof 23T AL
BEAT VA AL B, 72 AH [R] 26 A0 T B AT AR e I,
T 1 1 288 5 0 e i AL R O R AR ). 22 R R TG-S AL
TEIR G R, EARVE A G HE AR WD E M B A AR, (1
N SEBUEIINLS
3.2. ARFHELTTIRKERAF M

AN [ 2E RS2 R AR TR 7K 26 (1) S B 245 SR DL 12, o] DU
H, ALOER R I B 2 hsf W 7K 2238 21 9%; - 4k 25 1 < W b
R[], R 7K 2 1) 3 TS 52 I, 2210 h g 2 A T8 B
HFI K 2N 10%. AR PACIL )5, AL WK g 1mg
AR, MK 2 13%. | T CuCLIVE MRS K, 2
W, IR 13.3% Cul ALOsfHE AN 7K 3 20%. 1 1.5%
Pd-3.3% Cu/ALO, ¥ 7K & 71 /1 T-Pd/AlL,O4 1 Cu/AlL,O4
AL (8], 158 BHPAPI A ) 5] ATESEFNFR S B REAIK T Cu
Y oK e
33, EUFIKIERIEXRDIRIE

AR 46771 (1.5% Pd-3.3% Cu/AlOs-F) 2K 3 fHE 1L
71 (1.5% Pd-3.3% Cu/Al,03-D) I XRD it L &3, 7] L&
Hh BT AR AL ) B R A B T y-ALOS I RFAEAT ST 1, 3X

A g A2 K PA AN Cuty il i B2 43 BE AL O U R T, 1
AJ e R D Pd Fr & K /I H XRD (A R A 5. %o
TR AL F, B T y-ALOs LA AL, B W 5 E T
Cup(OH);CIFICUCIFI TS 6. X 15 W vy JBE 73 BAPE B Ak 3
THI PRI Cup Al el T 32 B S RS K 23 R i, AE 3R SR
R AT BERNHM B, CuCliy BT fE 2 Tk
FIRE S5 WS T COIE i T8
34, fEUFIAEL REIR KBRS

K FH N - it B 5 T 1.5% Pd-3.3% Cu/AlLO4fi 1L
AR, 45 35 FR1. mTLUE H, B L7
LR RT3 mPlg, BA A LA (200 mP/g) A BT P
IX AT B A DR A A 77 3R T e v M 2 0 s, S BGH A AL
TE Wb ZEFT B SR I T M Ak 7 B 2 T AR (197 m?g) Il
AR, 45A B2 B3R LAk, RS GR HKTE
72 T Bk ANURR i, AT A P AR Cud e R kE 1
ORI 58, T AT 3 B0 53 4 A M R A 5 17) FLTE
LA, TS 5 A6 4 3 2 130 40 FLTE S BT R B ok,
HBETH R 7 AR LE R AR, ICPEE SRR, [V AT fE
AL R PA AN Cufy B e A — B (W3R L), T B IR
HHK > AR T80T G VR 2y (IS, (H R AL LR K.

&1 49 55 1 11T 5 1.5% Pd-3.3% CulAlO4fi: 44, 71 2 i
PAFICUXPSit, AR M A +3R1. ATLLE L, B
T4k 7R TP LAP® 2 A7 1E, Cud i LA Cu™ RICu® JE
X AFAE; KM CulPd JBE /R EL Ay 3.35, 5 48 14 7] 44 A 41 &
(3.68) BT, 3 i W 4 4 771 _EPAANICuUFr) 73 #2421,

RAEEAL T R T PAYIFH R T P ob, IS #)Pd* 1
PA°IAFLE, FIIAA A S B 2 o COAE 4 71 2 A= 35
R ATEL R R AP & & 0 35 T, MO e 0 7 11
0.23%34 %20.72%, 1 3 I = Cu 25 2 M0.77% % 520.59%,
R Cu/Pd LU I 2 BEAIK. X AT BB A2 8 2 Cud R 7E R THI UL
FUR K HR R 1 FLIE TR, S 8UR A8 Cuty Fh
PR ERIN. 456 ML LUAA, HTCul)
FRPE AL R 1 B R AR, H155 T & 5Pdfh 2 I8
fB i R EL A L, AR A APk Cu® ™ AL B i
APd, #] 7 COMEAL A A IR AT, 33 T 3 00 A 771
TR BRI, XPS&h SRR, I A 5 Ak 7R T CIk
FEAFAANTK, DR G A 771 2R P 3 2 J KA 2 R F-C Y
TRPTEL.
35. H,-TPRZR

R0 T g PEPA-Cu) A [a]AH FAE L, R $EPd
RN, %8 Cuty B X T Pd-CulALO, i 1k 71 H A ik
W R RER R, 45 RS RIR 2R,
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HH 5 R 61, ol ALO 1k 571] {438 J5 U I FE 939 °C;
CUCI,/ALO, i 14, 71| £ 237 £1308 °C Hi HL 1 W5 AN ik J5i i,
23 B % BT Cu?* —Cu®, MICu™— Cu. R T A [7) 41 1k 1)
Pd-Cu/AlLO,f# k.71, 43 Jll £ 100~200 F1200~350 °C [ 35
PRSI 1 1 AN I R0 AR I R U AT IS R o Pd )
Tt (W A) LA K 55 P[] 477 558 AH FLAE F (1 Cut) # (W& B) 1)
R JE R i I Ji 0 (1 C) AT VA J A ST Cul il i 3 S ).
XU B Culty 51 N385 1 Pd-Culi] (A8 T AR FH, AT AR
T PAYRR VAL SR RE, ZIHR T Cut Rt ik SR RE. B
FECuF BN, FTARE S I SR A ) R RS 3.

T T B R0 S U (R R U S LA AT LUK IR, BT
AL 7 P& B[R], DR Pd ) 8 S 3 AR {4 AN 25
bt 2 Ak 77 Cu s S 3G N, B4R 5 P (R A7 76 5 AH HL
E FH B CutyFh (W B) F =38 i, (R L BT o5 L 51 (B/(B+C))
BN A EATEE T LUE 2, B 5 Pd 2 [FA7TE
SEAH HLAE FH (1 Cud P 4 5 38 0 (B/A LA 34 ), COF4 4k,
RIS G

SR, G JE AR 7 2N R IR g, X F 22
PR g AL R R T PA R Cut Rl AR T IR AS A2 7 28 4k, T
B TE SN ASSH K VR BIAE R, Culn R re (i Ak 77 35 T 1)
RERIERE, W59 7' SPAYyFh 2 8] [ HE A A AH R H,
BT 5 0 AR A Vi 12
36. KIEBIREMNLFIDRIFTSRAE

N TRk B R AR R I O R R, SR JE AL
DRIFTSTE AT 5T 1 4 3% Bl J5 A4 771 22 171 CO FR W B 1 52
SiVERE, 45 R UTE6HTR.

1 6 7] %0, 38 N0.15% COJAr= 44 & , 18 J7 i {1k,
7 A& 2 Pd**-C0O(2160 cm ) ATCu*-CO(2120 cm™)
(IR Bl BE 25 S MR ] (1 JE K, PA®*-CO [ I 55 i %
%, [ I A4S0 2] 7 B 45 Pd,°-CO(1993 cm ™) FlIPd*-CO
(1933 em ™R B0, F H.Cu*-COU it i 3 th 15 3 1
.33 B R ASUSR CO T A A4 751 26 1T ) CuATPd
PIRh 403k J5. ST, COTECU® L (MR I AN R4 5,
IR 82 3 Cu?*-COM e 2,

TE R AR H 5] NB%0, )5, 46 7 # T Cu™-CO, 4F
51 2 Pd,’-CO M PA*-CO 4 5l ik B W2 A5 5 5 1tk [A] I,
PA**-CO Wy [} U 38 5t . 42 75 O, ¥ £ &5 20%, Pd,-CO Ail

Pd*-COHR 51 W Fr) 588 5 3t — 21 FAR, [F] B PA*-CO [ 3
FE 4k 238 i, 177 Cu”-COHRBNIE AR LAV B . IX 6 HH O,
(5] N FIF-Cut AL s Cu b, T Cu® b i 4 %
AR HHE MM AP AL, BICu® + Pd/Pd° — Cu* + Pd?*,

AE 2 BESSR BIN~0.6% 117K 25 S R KR, T
) COWR i U 241 1R A2 55, 15 minJ J ik B Fa e, {30
2 31 JF 5 1 55 19 Pd**-COWK f} i K Cu*-COFIPd*-CO T
FS PR B 0.

X TS AR TR, 2438 N0.15% COJa, M4k 772
KL 2 Cu*-COMPA*-CO iR Bh g, HLBE = S Joi i ]
) 4 K T 3 5. (H R XPS 45 S ] 1, i 4 7 2 T A7 A
PA?* ) 22 T K 5 90.229%. 13X 3 B J2 B 5, CO AT 5: 3
P (38 . FR T 2R3 AL 2 T Cud A it R 4R L L 5
P (8] AH ELAE F 9855, (AR 7 P LA Cu
Yoh Ak, IITTFER I _E & HBPA**-COTR B,

5] N5% O, 7, 2 i% {1k 7] L.Cu*-COFIPd*-COMK Fff
W 10 588 P S50 25 AT, ) B A 00 81 /0 B (9 PA®*-C O, 4k 48
TNO,¥K JE % 20%, Pd**-COWR I 6 14 55, 1T Cu*-CO, 4 5
SEP™-COM 8 B 3t — 3D BRSO fb I AE 1L, /K11
FINE B Cu i A Ak, 1R BT [ COWL B U4 5
MIEAF GG, 45 A XRDAIXPSH 45 R0 LK, OSSR
T H O 3 2L T A6 2R T Cut Fh i) SR AR AT #2,
R CU™ & B AR, IR IRES T Pd15 Cu Ia] (4 L
VEF, (E AL 7R RN S P Rl B AL IR RE 706055,
BHASG T S8R SR AE 2R B34, AT S BURAL ) 7.

4, ZHig

WEFE 1A AR JE (1) 26 A1 T, PACLL-CuCl,/AlLO;
Ak 57 - COS b F e 1k, 88 3 0o b 2% 375 i J HE A 5
(R 28 AL RN THI PR 0T, 445 SR BH ey AH VAR FE (100%0) 25 44 T,
SRR KT 8 R A 70 2 T R PR I e, (it 1 e
Cuph i) SR AL AN 1A B M LI P I A% GLIE R 1 2 0L I
7), {3 A AR 2R T Cu/Pd L 9] BRAR, sk 55 T A 77 &
& M) AP 5 CulalAH FLAE H, BRAK T AL A A e
JEERE, TS BSOS MR P LUBR AN S 77 1E T AL
FeTH, FLAEH AL P [ 5 B3 3 R BE, S AR AR
JEAE IR SZ B, R A v 1 B A1



