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Abstract

The methane combustion behavior is investigated over Pd catalysts supported on G&sZathkl Ce—-Zr—M/AJO; (M =Mg, Ca, Sr,
Ba). Characterization of the catalysts is performed by BET, XRD, TEMTHR, G-TPO and CH/O,-TPSR techniques. Activity tests in
methane combustion show that the addition of trace alkaline earths to Pd/CecBrtatalyst obviously increases the catalytic activity of
the catalysts under lower reaction temperature conditions, and Pd/Ce—-Zr,@aé#hibits the highest catalytic activity and thermal stability
among all catalysts. The addition of Ca to Pd/Ce—zZi@Alinhibits the site growth and decomposition of PdO particles and improves the
reduction—reoxidation properties of the active PdO species, which increases the catalytic activity and thermal stability of the Pa@e—Zr/Al
catalyst.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sphere[12,13] In practice, alumina is usually adopted as
support in order to maintain favorable dispersion of active
Catalytic combustion has been demonstrated as one ofmetal to achieve valid utilization of precious mefted—16]
the most attractive alternatives for performing environmen- However, alumina supported palladium catalysts are not
tally friendly combustion of gaseous fudls-5]. Recently, stable enough for methane oxidation at the high tempera-
this technology has been widely applied in various industrial ture. For these reasons, addition of a promoter to increase
facilities, such as gas turbine, boiler and incinerator, and sothe thermal stability is reported to be an attractive alterna-
on[6,7]. Since many catalytic processes with environmental tive to enhance the performance of conventional catalysts
application require temperatures of the order 1000-2200  [17-20]
one of the recent requirements for catalyst materials is ther- It is well known that ceria is an excellent promoter
mal stability and durability under high temperature condi- for noble metal-based combustion catalysts, the role of the
tions, so the major difficulty is to develop a practical catalyst ceria being to act as phase-stabilizer fpalumina, dis-
and support that has both high-temperature stability and low- perse and stabilize the metal in a more active form, due to a
temperature activity8—11]. metal-support interactioj21,22] But with the temperature
Noble metal catalysts are the most active species for per-improvement, especially higher than 10@) CeQ readily
forming the complete oxidation of hydrocarbons. Palladium sinters at elevated temperatures resulting in catalyst deacti-
has been reported to be the most active species for the comvation. The addition of Zr and especially the formation of
bustion of methane, when operating under oxidizing atmo- Ce—Zr mixed oxide have been found to be effective in pre-
venting the Ce from sintering. Therefore, the Ce—Zr mixed
* Corresponding author. Tel.: +86 571 88273290; fax: +86 571 88273283, OXId€s as additives in alumina supported noble metal cata-
E-mail addresszhourenxian@zju.edu.cn (R. Zhou). lysts is of great technological importand, 23]
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Recently we have studied the effect of Ce and Zr modified 2.2.4. Temperature programmed reduction{HPR)

Pd/Al,O3 catalysts for methane combustion. A good thermal and temperature programmed oxidation,f{OPO)

stabilization of the alumina is found. A synergism between  The reduction properties of the supported Pd catalysts are

Ce-Zr and Pd leading to a better activity and thermal stabil- measured by means obH PR. Prior to experiments, 50 mg

ity in the methane combustion is also observed. In order to of the catalysts are pre-treated in air at 3Q0or 0.5 h before

further improve the catalytic activity and thermal stability, in the TPR. The reduction gasis 5 vol.% id N2, which is puri-

this paper we investigate the influence of the addition of alka- fied with deoxidizer and silica gel. The reaction temperature

line earths (Mg, Ca, Sr and Ba) on the methane combustionis programmed to rise at a constant rate ofCfmin and the

over Pd/Ce-Zr/AlO3 catalyst. flow-rate is 40 ml/min. Amount of bl consumption during
the H-TPR is measured by a thermal conductivity detec-
tor (TCD), and the effluent $O formed during H-TPR is

2. Experimental adsorbed with a 5 A molecular sieve.
The reoxidation properties of the reduced catalysts are
2.1. Preparation of the catalysts measured by means oL PO. An 100 mg of the catalysts

is used, and pre-reduced in Hitmosphere at 50@ for
Ce-Zr/AbO3 and Ce—Zr—M/A}O3 (M=Mg, Ca, Sr, 1h before the TPO experiments, and then cooled to room
Ba) supports are prepared by co-impregnation of pseudo-temperature. The oxidation gas is 5vol.% @ He. TPO
boehmite Gset =218 nf/g) with an aqueous solution of Ce  experiments are carried out with a flow rate of 40 ml/min,
and Zr nitrates, Ce, Zr and alkaline earths (Mg, Ca, Sr, Ba) increasing the temperature from room temperature to 1300
nitrates, respectively. The samples are dried at*@Gnd at a heating rate of 2@/min, and then decreasing the tem-
then calcined at 900C for 2 h. The total content of Ce and perature from 1000 to 30@ at a cold rate of 20C/min.
Zr as oxide state (Ce> ZrOy) is 18 wt.%, and the molar ~ Amount of G consumption during the £TPO is also mea-
ratio of Ce and Zr is 1:4. The content of alkaline earth (M) is sured by a thermal conductivity detector (TCD).
0.4 wt.% for Ce—Zr—M/A$Os3 supports.
Pd/Ce-Zr/AbO3 and Pd/Ce-Zr—M/AIO3; (M =Mg, Ca, 2.2.5. Temperature programmed surface reaction
Sr, Ca) catalysts are prepared by conventional impregna-(CHs/O2>-TPSR)
tion with an aqueous of $#PdCl, as metal precursors. The The temperature programmed surface reaction (TPSR) is
impregnated samples are reduced by hydrazine hydrate, fil-carried outin the same apparatus as the catalytic activity tests
tered and fully washed with deionized water, dried at400  analysis. The feed compositionis 0.5 vol.% methane, 2 vol.%
for 12 h and then calcined at 500 for 2 h. In orderto com-  oxygen and balance of nitrogen, and the space velocity is
pare their thermal stability, the catalysts are calcined at 110072 000 . The reaction temperature during the £6,-
and 1200C for 4 h, respectively. The content of Pd for all TPSR is increased from room temperature to 1@t a
catalysts is 0.5 wt.%. heating rate of 20C/min and decreased from 1000 to 3@
at a cold rate of 20C/min.
2.2. Characterization of the catalysts
2.3. Tests of catalytic activity for methane combustion
2.2.1. BET surface area
The surface areas of Ce—Zr8)3 and Ce—-Zr—M/A$O3 Catalytic activity tests for methane combustion are car-
(M=Mg, Ca, Sr, Ba) supports and supported Pd catalysts ried out using a conventional microreactor (i.d. 8 mm) under
are obtained from W adsorption isotherms (at the liquid atmospheric pressure. The powdered catalysts are sieved
nitrogen temperature) with the BET method, using a Coulter (40—60 mesh) and packed between the layers of quartz wool.
OMNISORP-100 apparatus. Prior to adsorption measure-A gas mixture of 1.5vol.% methane and 6.0vol.% oxygen
ments, the samples are degassed under vacuum for 2 h an nitrogen is passed over the catalysts at a space velocity of
200°C. 18000 hr. The analyses of the reactor effluent are performed
by on-line gas chromatography.
2.2.2. X-ray powder diffraction (XRD)
The phase composition of the various samples is deter-
mined by means of X-ray powder diffraction (XRD), 3. Results and discussion
using a Rigaku D/max-3BX. The operating parameters are:
monochromatic Cu K radiation, Ni filter, 40 mA, 40kV, 2 3.1. BET surface area
scanning from 20to 80°.
Table 1lists the BET surface areas of &bz, Ce—Zr/AbO3
2.2.3. Transmission electron microscopy (TEM) and Ce—Zr-M/A}O3 (with M=Mg, Ca, Sr, Ba) supports
The size of the metallic particles on the supported Pd calcined at 900C and supported Pd catalysts calcined at
catalysts is checked with transmission electron microscopy 1100°C, respectively. Froriable ] it can be seen that after
(TEM) using a JEM-2010 (HR) apparatus operated at 200 kV. calcinations at 900C, the addition of cerium and zirconium
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Table 1

Surface area of the supports and supported Pd catalysts

Supports SgeT calcined at Catalysts SseT calcined at
900°C (m?/g) 1100°C (mP/g)

Al,03 98 Pd/AbO3 25

Ce-Zr/AbO3 106 Pd/Ce-Zr/AlO3 49

Ce-Zr-Mg/AbO3 111 Pd/Ce-Zr-Mg/AlO3 52

Ce-Zr—-Ca/A}O3 112 Pd/Ce-Zr-Ca/AD3 54

Ce—Zr-Sr/AbO3 116 Pd/Ce-Zr-Sr/AlD3 60

Ce-Zr-Ba/AbOs3 118 Pd/Ce-Zr-Ba/AlO3 63

oxides to alumina results in an enhanced thermal stability of structure of alumina remainsalumina phase. Froifig. 2,

the supports, which maintains large surface area. The meait can be seen that after calcined at 121@Qthe peaks of the
surements of the BET surface area of the stabilized aluminaCe.Zr1_xO> solid solution become sharper and more intense,
reflect the significant influence of Ce and Zr up to 11G0 corresponding to an increase in size of the crystalline parti-
The surface area of the non-doped Pd@{ undergoes a  cle. But it is interesting to note that the crystalline structure
sharp decrease after calcinations at 1°l0@ue to sintering,  of alumina does not convert t@-alumina phase, which is
showing a specific surface area of only 25 In contrast, typical for this temperature. The results show that the pres-
the sample containing Ce and Zr exhibits surface areas ofence of Ce—Zr or Ce—Zr—M obviously improves the thermal
49 /g after equivalent thermal treatment. In addition, the stability of the alumina. No CeAl@phase is found in the
addition of alkaline earths can further improve the thermal samples calcined at 110CQ, which implies that the presence

stability of the Pd/Ce—-Zr/AlO3 support. of zirconia can prevent Cedrom interacting with ApOs.
3.2. XRD 3.3. Catalytic activity of methane combustion
The XRD patterns of Pd/Ce—Zr/#D3 and Pd/Ce-Zr—M/ Fig. 3 shows the light-off curves of methane com-

Al,03 catalysts calcined at 900 and 11@ are shown in  bustion over Pd/Ce-Zr/AD3; and Pd/Ce-Zr—M/AIO3
Figs. 1 and 2respectively. Fronfrig. 1, it can be seen that  catalysts calcined at 50C. From Fig. 3, it can be
there are no obvious peaks corresponding to Pd or PdO crystakeen that the addition of trace alkaline earths obviously
phase due to too low palladium loading for all the cata- improves the activity of Pd/Ce-Zr/ADs catalyst for
lysts. All the supports exhibit almost similar XRD patterns methane combustion under lower reaction temperature
after calcined at 900C. The tetragonal and cubic phases of conditions, and Pd/Ce—Zr—Cals exhibits the highest
CeZr1_xO> solid solution are observed in all the samples. catalytic activity among all catalysts. The tempera-
The supported G&r1_xO» solid solution shows mainly the  ture for the 20% conversionTfqy) of decreases in the
tetragonal phase due to high Zr loading, and the crystalline order: Pd/Ce—Zr/AO3 (345°C)>Pd/Ce-Zr-Ba/AlOz,
Pd/Ce—Zr-Sr/AlO3 (320°C) > Pd/Ce—Zr—Mg/AlO3, Pd/
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Fig. 1. XRD patterns of the catalysts calcined at 500 (a) Fig. 2. XRD patterns of the catalysts calcined at 1100 (a)
Pd/Ce-Zr/ApO3; (b) Pd/Ce—Zr-Mg/AdOs; (c) Pd/Ce—Zr-Ca/Al0s; (d) Pd/Ce-Zr/ApO3; (b) Pd/Ce—Zr-Mg/AdOs; (c) Pd/Ce—Zr-Ca/Al03; (d)

Pd/Ce-Zr-Sr/AlO3; (e) Pd/Ce—Zr-Ba/AlOs. Pd/Ce-Zr-Sr/AlOg3; (e) Pd/Ce—Zr-Ba/AlOs.
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Fig. 3. Light-off curves of methane oxidation over Pd/Ce—Zs¢ and
Pd/Ce-Zr-M/AyO3 (M =Mg, Ca, Sr, Ba) catalysts calcined at 5@

Ce—Zr-Ca/A}O3 (310°C). The temperature for the 90%
conversion Toou) decreases in the order: Pd/Ce—Zp®4
(430°C) > Pd/Ce-Zr—Sr/AlO3
Al20O3 (420°C)>Pd/Ce—Zr-Ba/AlO3 (410°C) > Pd/Ce-
Zr—Ca/ALOj3 (405°C).

Fig. 4 shows the light-off curves of methane combustion
over Pd/Ce-Zr/AlO3 and Pd/Ce—Zr—M/AIO3 catalysts
calcined at 1100C. FromFig. 4, it can be seen that the
activity for methane combustion slightly decreases for all
the catalysts after calcined at 11QD, and the values of
Toow and Tggy, increase. But the addition of alkaline earths
obviously improves the activity of Pd/Ce—Zri&b; catalyst
at lower reaction temperature, and thgy, decreases in
the order: Pd/Ce—Zr/AD3 (365°C) > Pd/Ce—Zr—Mg/AlO3
(350°C) > Pd/Ce—Zr-Sr/AlO3
Al203 (335°C) > Pd/Ce—Zr—Ca/AlO3 (330°C). The activ-
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Fig. 5. Light-off curves of methane oxidation over Pd/Ce—Zs@4 and
Pd/Ce-Zr-M/AyO3 (M =Mg, Ca, Sr, Ba) catalysts calcined at 12@

there is a large difference in the catalytic performance of the
catalysts for methane combustion. Thgyy, decreases in
the order: Pd/Ce—Zr—Ba/ADs (550°C) > Pd/Ce-Zr/A}O3
(525°C) > Pd/Ce-Zr—Mg/AdlO3 (490°C) > Pd/Ce-Zr—Ca/
Al;03 (460°C) > Pd/Ce—Zr-Sr/Al0s (400°C). But when
the reaction temperature rises to 625 the methane conver-
sion is 98% for the Pd/Ce-Zr—Cal; catalyst, 50% for
Pd/Ce—-Zr/AbO3 catalyst, and 40% for Pd/Ce—-Zr—Bajfl;
catalyst, respectively. The results show that the addition
of alkaline earths except Ba obviously improves the
thermal stability of Pd/Ce—Zr/AD3 catalyst for methane
combustion.

Fig. 6 gives TEM pictures of Pd/Ce—Zr/AD3, Pd/Ce—
Zr—Cal/AbO3 catalysts calcined at 500, 1100 and 1200
respectively. Fronfrig. 6, it can be seen that the average sizes

ity for methane combustion remarkably decreases for all the of Pd particle for Pd/Ce—Zr/ADs and Pd/Ce-Zr-Ca/AD3

catalysts after calcined at 1200 (seeFig. 5). Interestingly,
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Fig. 4. Light-off curves of methane oxidation over Pd/Ce—Zs@¢ and
Pd/Ce-Zr-M/AyO3 (M =Mg, Ca, Sr, Ba) catalysts calcined at 1@
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calcined at 500C are about 10 and 8 nm, respectively, and
the sintering of Pd particles and supports occurs obviously
after calcined at 1100 or 120C. This is due to the higher
pretreatment temperature leading to an obvious decrease in
surface area, which causes poor dispersion of palladium. For
Pd/Ce—Zr/AbO3 catalyst, the particle size of Pd becomes
larger with an average size of about 25 nm after calcined at
1100°C, and serious sintering and encapsulation phenomena
of Pd particles duo to significant agglomeration of support
occur after calcined at 120C, with an average particle size

of about 41 nm. For the Pd/Ce-Zr-Ca@ catalyst, the
dispersion of Pd patrticles is obviously improved because of
the addition of Ca, and the average size of Pd particle is only
about 14 nm after calcined at 1100. The size of Pd parti-
cles obviously increases after calcined at 1200too. But
many small Pd particles can still be observed. This indicates
that the addition of Ca would inhibit the sintering of Pd par-
ticles in Pd/Ce—Zr—Ca/ADj3 catalyst because of increasing
the thermal stability of its support, and thus improves the
thermal stability of the supported Pd catalyst.
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Fig. 6. The TEM photographs of the catalysts: (a) Pd/Ce—Z2@Akalcined at 500C; (b) Pd/Ce-Zr/AJO3 calcined at 1100C; (c) Pd/Ce—Zr/AJO3 calcined
at 1200°C; (d) Pd/Ce-Zr—Ca/AlO3 calcined at 500C; (e) Pd/Ce—Zr—Ca/AlD3 calcined at 1100C; (f) Pd/Ce—Zr—Ca/AlOs calcined at 1200C.

3.4. H-TPR

The reducibility of supported palladium catalysts is
an important factor influencing its catalytic property.
H>-TPR profiles of the Pd/ADs, Pd/Ce-Zr/A}Os and
Pd/Ce—Zr—M/A$O3 catalysts calcined at 50C are shown in
Fig. 7and values of the ficonsumption and peak temperature
maxima are shown ifiable 2 FromFig. 7andTable 2 it can
be seen that palladium oxide supported ogdyis more eas-
ily reduced and TPR profile of Pd/#D3 exhibits one hydro-
gen consumption peak at 1G representing the reduction of

PdO species finely dispersed on@k and a negative peak at
90°C generally attributed to the decompositon of palladium
hydride[24], while Ho-TPR profile of Pd/Ce-Zr/AlO3 cat-
alyst exhibits three hydrogen consumption peaks &C3fx
peak), 45C (8 peak), 102C (y peak) and a negative peak at
about 90°C. The positive peaks are attributed to the reduction
of PdO species, which indicates variation in the distribution
of PdO with support composition. According to the previ-
ous work in our research group, the reduction of PdO species
appears at 60-9@ for Pd/Ce—Zr-O catalyst{5,26] So

we suggest thatx peak may be the PdO dispersed on
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Table 2
H> consumption and temperature of TPR peaks for the catalysts calcineda 500
Catalysts o Peak B Peak y Peak
Hy consumption  Peak temperature  H, consumption  Peak temperature  H, consumption ~ Peak temperature
(wmol/gead) (°C) (nmol/geay) (°C) (nmol/gead) (°C)
Pd/Al,O3 46.1+0.88 11
Pd/Ce-Zr/AbO3 24.5+0.49 35 13.5:0.31 45 8.5£0.22 102
Pd/Ce-Zr-Mg/A}O3 17.1+0.37 18 13.8:0.35 44 14.9:0.37 97
Pd/Ce-Zr-Cal/AlO3 38.5+0.76 17 - - 14.6:0.36 101
Pd/Ce-Zr-Sr/AlO3 17.5+0.38 18 14.9:0.36 48 15+0.37 101
Pd/Ce-Zr-Ba/AlO3 17.94+0.39 18 15.3:0.37 40 14.8:0.37 100

alumina-rich grains and thpeak may be the PdO dispersed T, for Pd/Alb O3 catalyst is 322C), we find that the trend
on Ce—Zr-rich grains. There have been analogy reports in theof thea peak temperature decreasing after the addition of rare
Ho-TPR profiles of Pd/Ti@-Al,O3 catalysts by WanR7]. earths is similar to that of their oxidation activities increasing
For they peak, it is suggested that the stable PdO species areunder lower reaction temperature conditions. This suggests
present on the Ce—Zr/AD3 support due to the interaction that the catalytic activity may be related to the reducibility of
of Pd and ZrQ [28,29] In addition, we can see that the PdO species finely dispersed on alumina-rich grains, and the
peak shifts to lower temperature about decreasirfiglafter higher the reducibility of the PdO species, the higher the cat-
the addition of alkaline earths, indicating that the addition of alytic activities under lower reaction temperature conditions.
alkaline earths increases the reducibility of PdO dispersed This phenomenon also demonstrates that the reduction step
on alumina-rich grains. The steep feature of TPR patternsis the rate-determining step in methane combustion reaction
implies PdO be reduced through a self-catalyzing mechanismcatalyzed by supported PJ@8].
[30]. Addition of alkaline earths to the supported Pd catalysts  H>-TPR profiles of Pd/Ce-Zr/AD3;, Pd/Ce-Zr-Cal/
could lead to a change in the net charge density at the metal Al,O3 and Pd/Ce—-Zr—Ba/AD3 catalysts calcined at 110C
which could resultin an enhancementin hydrogen adsorptionand 1200C are shown inFigs. 8 and 9respectively. For
and hydrogenation activity of the cataly$8d,32] In addi- the catalysts calcined at 1100 (seeFig. 8), the hydro-
tion, the presence of alkaline earths on the support surfacegen consumption peak and hydrogen desorption peak in all
improves the dispersion of PdO species. So the PdO couldcatalysts become obviously sharper, indicating that the sin-
be reduced at lower temperature after the addition of alkaline tering phenomena of PdO species occurs after calcined at
earths. From the results Bfg. 3and our previous studies (the  1100°C. Hp-TPR profiles of the catalysts calcined at 1200
show evident distinctness as compared with the catalysts cal-
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Fig. 7. TPR profiles of the catalysts calcined at 360 (A) Pd/Al,Ogz; (B)
Pd/Ce-Zr/AbO3; (C) Pd/Ce—Zr-Mg/AdO3; (D) Pd/Ce-Zr—Cal/Al0s; (E) Fig. 8. TPR profiles of the catalysts calcined at 1100 (A)
Pd/Ce—Zr-Sr/AlOs; (F) Pd/Ce-Zr—Ba/AlOs. Pd/Ce-Zr/AbOs; (B) Pd/Ce—Zr—Cal/AlOs; (C) Pd/Ce-Zr-Ba/AlOs.
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Fig. 9. TPR profiles of the catalysts calcined at 1200 (A) . .
Pd/Ce—Zr/AbO3: (B) Pd/Ce—Zr—CalAlOs; (C) Pd/Ce—Zr—Ba/AiOs. Fig. 10 shows the results of TPO experiment over the

Pd/Ce—Zr/AbO3 and Pd/Ce—Zr—M/AIO3 catalysts calcined
cined at <1200C (seeFig. 9). The negative peak shifts to at 500°C and values of the £consumption and peak tem-
lower temperature, while the hydrogen consumption peak perature maxima are shown frable 3 From Fig. 10 and
at abovel00C disappears and the shape of hydrogen con- Table 3 it can be seen that TPO profiles of all catalysts show
sumption peak in the range of 10-70 is different from two negative peaks (named as first and third peaks, respec-
each other. The changes of the TPR profiles may be due totively) representing oxygen desorption and one positive peak
phase transformation of alumina support. The XRD results (named as second peak) representing oxygen consumption in
show that the crystalline structure of alumina converte-to  the range of 30—100CC during raising the temperature and
alumina phase after calcinations at 12@0 So the phase  one positive peak (named as fourth peak) representing oxygen
transformation of alumina causes a drastic decrease of theconsumption during lowering the temperature. We suggest
surface area, which results in significant change of the dis- that the negative peaks at about 100 and®5@re attributed
tribution of PdO on the supports. For the Pd/Ce—Zs(d to desorption of adsorption oxygen species and the decompo-
catalyst calcined at 120@, the phenomenon of particle sition of PdO species, respectively, while the positive peaks
of palladium encapsulation occurs. For all the catalysts are attributed to the reoxidation of metallic Pd species during
peak disappears, which suggests that PdO species on theaising/lowering the temperature. However, no oxygen con-
surface of Ce—Zr/AlO3 or Ce—Zr—M/AbO3 supports could  sumption peak is observed in the range of 30-3D@nd the
be migrated and decomposed into metallic Pd due to weak-area of PdO decomposition peak is obviously larger than that
ening the interaction of PdO and Ce—Zr oxides or Z&D of oxygen consumption peak at 350, while the amount of
high temperature of 120 [29]. A part of PdO species dis- H; consumption ofy peak Fig. 7) is almost double of that
persed on Ce-Zr-rich grains and had strong interaction with of O, consumption of second peak. The results show that Pd
ZrO, may be migrated on alumina-rich grains. The reduc- species finely dispersed on alumina-rich grains and Ce—Zr-
tion temperature of PdO species in the catalysts decreasesich grain corresponding and 8 reduction peaks ifrig. 7
in the order: Pd/Ce—Zr—Ba/AD3>Pd/Ce-Zr/AyOz>Pd/ have been oxidized at the balance of TPO beginning, and the

Table 3
O, consumption and temperature of TPO peaks for the catalysts calcined & 500
Catalysts Second peak Third peak Fourth peak
O, consumption Peak temperature O, consumption Peak temperature O, consumption Peak temperature
(mol/gear) 0 (rmol/geay) (0 (rmol/geay 0
Pd/Ce-Zr/AbO3 4.6+0.16 355 —22.1+0.33 860 15.9-0.31 675
Pd/Ce-Zr-Mg/A$O3 7.6+£0.25 350 —23.1£0.32 880 16.2:0.33 675
Pd/Ce-Zr-Cal/AlO3 7.4+0.26 350 —23+0.32 885 17.8:0.39 700
Pd/Ce-Zr-Sr/AO3 7.8+£0.27 350 —23.2£0.32 885 16.4:0.32 670

Pd/Ce-Zr-Ba/AIO3 7.5+£0.24 355 —22.8+0.34 860 16.10.35 670
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support. But the presence of Ca in Pd/Ce—-zZ#2y would
obviously improve the thermal stability of PdO and the abil-
ity of its reoxidation. For the catalysts calcined at 1200
(seeFig. 12, the oxygen desorption peak at about 100
and the oxygen consumption peak at 3@0disappear and

a positive peak representing oxygen consumption at about
200°C appears. This suggests that the oxidation of large
particle size of metallic Pd species becomes difficult due
to the decreasing of the ability of adsorbing oxygen. In
addition, the decomposition peak of PdO occurs obviously
changetoo. Relative intensity of the two decomposition peaks
Fig. 11. TPO profiles of the catalysts calcined at 1100 (A) takes place great change compared with that of the cata-
Pd/Ce-Zr/AbOs; (B) Pd/Ce-Zr-Ca/AlOs; (C) Pd/Ce—Zr—-Ba/AlOs. lysts calcined at 1100C. For the Pd/Ce—Zr—Ca/AD3 and
Pd/Ce—Zr-Ba/AlO3 catalysts, the decomposition of PdO

oxygen consumption peak at 350 may be attributed to the ~ {@kes place with maximum at 800 and 715 respectively.
reoxidation of stable metallic Pd species obtained in the TPR 1€ addition of Ca obviously increases the temperatures of
profiles ¢ peak). In addition, we can see that the PdO decom- PdO decomposition and its reoxidation. The above results
position peak shifts to higher temperature after the addition just prove the variation of catalytic activity for the catalysts
of alkaline earths except the addition of Ba, indicating that c@lcined at 1100 or 120@. , _
the presence of Mg, Ca, Sr improves the thermal stability of I.n.orde.rto mvestlgate the relation of mgthane combustlon
PdO. But the addition of different alkaline earths has different activity with properties of PdO decomposition and its reox-
influence on the reoxidation properties of metallic Pd. The idation, CH/O,-TPSR experiments of the Pd/Ce-Zrj@k
reoxidation property of metallic Pd is obviously improved in @nd Pd/Ce-Zr-Ca/AD; catalysts calcined at 110C are
presence of Caand its reoxidation temperature shifts to higherc@'Tied out (se&ig. 13. The results show that the presence

temperature than the corresponding temperature observed off €@ in Pd/Ce~Zr/Ai0s obviously decreases the beginning
Pd/Ce—Zr/AbO3 catalyst. temperature of methane combustion. However, it is interest-

Figs. 11 and 18how TPO profiles of the Pd/Ce—Zri; ing that there is a trend of Cfbxidation activity decreasing

Pd/Ce-Zr—CalAlOs and Pd/Ce—Zr—Ba/ADs catalysts cal- ?n the range of 750-900C duripg raisingthe temperature and
cined at 1100 and 120, respectively. FronFig. 11, it in the range of 850-66( during lowering the temperature,
can be seen that after calcined at 1100 areas of oxygen N pgmcular, there is no catalytic activity for Ql-d:ombus.—
desorption peak at about 100 and oxygen consumption thn in the range of 750—66. Companngthg TPSR profile
peak at about 350C decrease obviously and the latter shifts With the TPO of the Pd/Ce—-Zr/A0s catalyst, it may be seen
to higher temperature (about 500). In addition, TPO pro- thatthe act|V|ty_ (_jecrease in 'Fhe heating processis related with
files of all catalysts show two peaks of PdO decomposition the decomposition of PdO into the less active Pd. A strong
with maximum at about 780 and 82Q, and the tempera-
tures of PdO decomposition and its reoxidation during raising

O, consumption (a.u)

200 400 600 800 1000 800 600 400
Temperature (°C)

and lowering the temperature shift to lower temperature after 0% conversion (A)
calcined at 1100C, indicating that PdO species are more eas- (B)
ily decomposed and the ability of its reoxidation decreases
duo to the weakening of the interaction of Pd species and 5 S -
< £l
S c
2 £
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5 8 —~ ®|g
< T “
5 O o
5 )
3
5
O(\l
o)
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Temperature (°C)
Fig. 13. Comparison between the gHprofiles measured in a TPSR
Fig. 12. TPO profiles of the catalysts calcined at 1200 (A) experiment and the Oprofiles measured in a TPO experiment: (A)
Pd/Ce-Zr/AbOs; (B) Pd/Ce-Zr—Cal/AlOs; (C) Pd/Ce—Zr—-Ba/AlOs. Pd/Ce-Zr/AbOs3; (B) Pd/Ce—Zr—Ca/AlOs.
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drop of activity during the cooling-down step is due to that CB 719504) and Nature Science Foundation of Zhejiang
Pd is still at the metallic state, and the activity increases until Province (No. Z504032).
PdO reforms. At the same time, the presence of Ca improves
thermal stability of PAO and reoxidation property of Pd, thus
increasing their activities of methane oxidation and thermal References
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