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Abstract CeO,-ZrO, solid solution was supported on Si-modified alumina Ce-Zr-O Si-Al,O; by the reverse microemulsion method.
Its structure thermal stability and oxygen release capacity were studied by N, adsorption XRD TPR Raman spectroscopy and
XPS. The crystalline phase of Ce-Zr-O on Si-Al,O; was the same as that of unsupported CeO,-ZrO, Ce-Zr-O  but its thermal stabil-
ity oxygen release capacity at low temperature and total oxygen storage capacity were higher. As the support of a Pd catalyst for
methane combustion Ce-Zr-O Si-Al,O; had better properties than Ce-Zr-O Si-Al,O; and the mixture of Ce-Zr-O + Si-Al,O;. Us-
ing the 0.2%Pd 10 % Ce-Zr-O Si-Al,O; catalyst Ty, for methane combustion was only 345 C  which was 175 C lower than that
of Pd supported on other supports.
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It is well known that alumina and CeO,-ZrO,
solid solution are two important materials for three-

TWCs and VOCs

combustion catalysts !

volatile organic
-5

way catalysts
compounds Alumina
plays the role of a support and CeO,-ZrO, solid solu-
tion plays the role of a promoter. Generally these
two components are prepared individually and then
mixed in the catalyst. As the support of catalysts used
at high temperatures in reactions such as catalytic
combustion of hydrocarbons and catalytic purification
for the exhaust of vehicles alumina should have high
thermal stability because the high temperature can
cause activity loss by both structural change trans-
formation of transition alumina to corundum and
textural change loss of surface area and porosity

Therefore increasing the thermal stability of alumina
is of primary industrial interest. The stability of alu-
mina can be promoted by doping it with elements

such as alkaline earth metals rare-earth metals ®

® and by improving the synthesis

and silicon 7~
method or by a combination of the two 7" . As a
promoter of TWCs CeO,-ZrO, solid solution acts as
an' oxygen buffer” by reduction oxidation cycles be-
tween Ce* " and Ce* " 1

sion of precious metals and the alumina support '

which stabilizes the disper-

promotes water-gas shift and steam reforming reac-

16 and suppresses the strong interaction be-

17

tions
As an
Ce0,-ZrO, solid solution
must possess a single phase high thermal stability of

tween the precious metals and alumina
oxygen storage material

the structure and good textural such as a high sur-
and oxygen handling properties such as
high reducibility

Ce0,-ZrO, nanostructured CeO,-ZrO, solid solutions

face area
To achieve high performance of

were prepared by using an appropriate design and
doping with other elements 8720 .

Because the alumina support has a high surface
area and can maintain the high dispersion of active
PdO, to achieve an effective utilization of precious
and the synergistic action between Ce-Zr-O

and PdO can lead to high catalytic activity and ther-

metals

mal stability of the precious metal catalysts for the
combustion of VOCs

design and prepare a material with the advantages of

a question is whether we can

Ce-Zr-O and alumina. On the basis of our studies on
high thermal stability alumina and CeO,-ZrO, solid

solution 2!~ %

a CeO,-ZrO, solid solution supported
on Si-modified alumina was prepared and its physico-
chemical properties were characterized. It was an ex-

cellent support material for a Pd catalyst to catalyze

methane combustion.
1 Experimental

1.1 Catalyst preparation

The preparation of CeO,-ZrO, solid solution sup-
ported on Si-modified alumina included two steps.
The first step was the preparation of Si-modified alu-
mina which was the same as in Ref. 21 . Polyethy-
lene glycol octylphenyl ether CR was used as the
surfactant cyclohexane AR as the oil phase and
1-hexanol CR as the co-surfactant. Water surfac-
tant cosurfactant and oil phases volume ratio of
1.5:1:1.2:7.2 were mixed and this mixture was
divided into two parts. A 1 mol L aluminum nitrate

AR aqueous solution with a suitable amount of te-
traethyl orthosilicate was slowly added to one part of
the mixture solution under stirring until a clear and
one-phase aluminum nitrate reverse microemulsion

AR was slowly added to

the other part of the mixture to prepare an ammonia

was obtained. Ammonia

reverse microemulsion. The ammonia reverse mi-
croemulsion was slowly added to the aluminum nitrate
reverse microemulsion under stirring to pH = 8.5.
Then the precipitates were filtered dried at 100 C
for 12 h heated to 800 C at 15 C min in an electric
furnace and calcined in air at 800 C for 4 h.

The second step was the preparation of the sup-
ported CeO,-ZrO, Ce:Zr=1:1

aqueous solution of cerium nitrate and zirconium ni-

solid solution. An

trate was dropped into a mixed solution of polyethy-

lene glycol octylphenyl ether as surfactant  cyclo-

hexane as oil phase  and 1-hexanol as co-surfac-
tant to obtain the reverse microemulsions of the
salts. The ammonia H,O, reverse microemulsion was
obtained by dropping ammonia and H,O, into the
mixture of polyethylene glycol octylphenyl ether cy-
clohexane and 1-hexanol. The salts and ammonia
H,0O, reverse microemulsion were dropped syn-
chronously into a flask with the prepared Si-modified
alumina. This mixture was stirred for 1 h and the
precipitate was filtered dried at 100 C for 12 h and
then calcined at 900—1 100 C for 6—10 h. The sam-
ples prepared were denoted xCe-Zr-O Si-Al,O;
where x represented the mass content of CeQ,-ZrO,
solid solution. The mass content of Si in Si-Al, O3 was
controlled at 5.2% .

Supported Pd catalyst was prepared by an im-
pregnation method. Weighed PdCl, was dissolved in a
nitric acid aqueous solution and then the support

20—40 mesh was added into this Pd-containing so-
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lution under ultrasonic treatment. After being dried
in vacuum the supported catalyst was calcined in air
at 550 C for 5 h. The Pd loading was 0.2 %

fraction .

mass

1.2 Catalyst characterization

The BET surface area and pore diameter distri-
bution of the samples were measured at — 196 C by
nitrogen adsorption on a Micromeritics ASAP 2020
Sorptometer using The
XRD  patterns were recorded on a
Rigaku D max-2550 PC diffractometer operated at
50 kV and 180 mA with Cu K, radiation A =
0.154 056 nm . The Raman spectra of samples were

static adsorption. X-ray

diffraction

obtained on a LabRam-1B spectrometer of Dilor Com-
pany and 632.8 nm line of He-Ne was used. The
X-ray photoelectron spectroscopy XPS was per-
formed on a Thermo ESCALAB 250 spectrometer us-
ing monochromatic Al K, hv =486.6 eV . Electro-
static surface charging was observed in all investigated

samples owing to their poor electric conductivity. The

binding energy BE of adventitious C 1s 284.8
eV  was used as a reference.
Temperature-programmed reduction TPR  of

the samples was carried out in a conventional flow
system equipped with a thermal conductivity detector

TCD . The sample was pretreated in N, at 500 C
for 1 h before the TPR run. The composition of the
reduction gas was 8% H, N, 25 ml min and the
heating rate was 600 C h. The amount of hydrogen
consumption was quantified by the integration of all
the reduction peaks. The reduction degree was de-
fined as the ratio of Ce®" Ce* "+ Ce®*

lease and reduction degree were derived from hydro-

. Oxygen re-

gen consumption according to the reaction equation of
CeO, + H, =1 2Ce,O5 + H,O.

The catalyst activity was tested in a fixed bed
with a quartz glass reactor packed with 0.1 g catalyst

90 9% N,-8% O, volume and GHSV was 48 000 h .
The reaction gas was analyzed by gas chromatograph

GC with a TCD detector.
2 Results and Discussion

2.1 BET surface area of the samples

The BET surface areas of Ce-Zr-O Si-Al,O5 and

the mechanical mixture of CeO,-ZrO, and Si-Al,Os
Ce-Zr-O+ Si-Al,O; are listed in Table 1. For the
samples calcined at 900—1 000 C for 6 h the surface
area of Ce-Zr-O Si-AlL,O; was larger than that of Si-
AL O; and much larger than that of Ce-Zr-O + Si-
Al O;. The surface area of Ce-Zr-O Si-Al,O; reached
a maximum value when the amount of Ce-Zr-O on Si-
ALO; was 10%—15% . For the Ce-Zr-O Si-Al,O;
samples calcined at 1100 C for 10 h

area decreased obviously with an increase in the CeO,-

the surface

ZrO, content and was much lower than that of Ce-Zr-
O+ Si-AlL,O;. When the content of CeO,-ZrO, was
32.5% its surface area was only 73 m?
was still higher than that 38 m’ g
prepared by other researchers »
at 1 100 C.

The above results showed that there is an inter-
action between CeO,-ZrO, and Si-Al,O;
sulted in an increase in thermal stability and surface
area of Al,O; calcined at 900—1 000 C. The most
appropriate content of CeO,-ZrO, on Si-AlL,O; was
10%—-15% . After calcination at 1 100 C
action between CeO,-ZrO, and Si-Al,O; may disap-
pear. The presence of CeO,-ZrO, led to the loss of

g which
of the sample

after being calcined

which re-

the inter-

surface area and decrease in thermal stability of Si-

2.2 Structure analyses of the samples by XRD and
Raman spectroscopy

The XRD patterns in Fig 1 show that for all the

20—40 mesh . The feed gas consisted of 2% CH,- Ce-Zr-O Si-AlL,O; and Ce-Zr-O samples calcined at
Table 1 BET surface areas of Ce-Zr-O Si-Al,O; samples and mechanical mixtures of CeQ,-ZrO, and Si-Al,0;
Ce-Zr-0O + Si-Al,0; calcined at 900 —1100 C for 610 h
Apgr of Ce-Zr-O Si-ALO; m’ g Aggr of Ce-Zr-O+Si-ALO; " m? g
w Ce-Zr-O %
900 C 6 h 1000 C 6 h 1100 C 10 h 900 C 6 h 1000 C 6 h 1100 C 10 h
0 230 212 174
10 246 228 130 210 192 157
15 244 241 115 200 183 148
20 237 218 83 190 173 139
25 239 215 87 180 161 131
32.5 237 184 73 165 149 118
100 29 17 1

" Aper = Aper Ce0,-Zr0, X w Ce0y-Zr0, + Aper Si-ALO; X w SiALO; .
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Fig 1 XRD patterns of Ce-Zr-O calcined at 900 C for 6 h 1
and 1000 C for 6 h 2 and Ce-Zr-O Si-Al,0O; calcined
at 1000 'C for 6 h with Ce-Zr-O contents of 10% 3
15% 4 20% 5 and32.5% 6

1000 C for 6 h there are the diffraction peaks of a
single phase tetragonal Cej 5Zry 50,. The diffraction
peaks of y-alumina in the XRD patterns of the Ce-Zr-
O Si-Al,O; samples are weaker. This means that the
interaction between CeO,-ZrO, and Al,O; did not
change the crystalline phase of both CeO,-ZrO, and
Al,O; but improved their thermal stability.

The XRD patterns in Fig 2 show that the X-ray
diffraction peaks of 10 % Ce-Zr-O Si-Al,O; calcined at
900 C were the same as that of the sample calcined at
1000 C which indicate that its structure was un-
changed after being calcined at 1000 C. For 10%

Tetragonal Ce,5Zr)s0,
Tetragonal Cey,16Z10440,
Cubic Ceg 7521950,
y-ALO; ¥

4 > o

A

Intensity

20/(°)

Fig 2 XRD patterns of 10% Ce-Zr-O Si-Al,O; calcined
at 900 C for6 h 1 1000 C for6 h 2 and
1100 C for 10 h 3

Ce-Zr-O Si-Al,O5 calcined at 1100 T
phase separation of Ce-Zr-O occurred the diffraction
peaks at 20 =28.8° 33.4° 47.9° and 56.9° can be
ascribed to cubic Cey 7571y 25O, and those at 20 =
29.9° 34.2° 34.9° 49.7° 50.2° and 59.6° can
be ascribed to tetragonal Cey 1471y 54 O,. This is the

a crystalline

reason why the presence of Ce-Zr-O led to the loss of
surface area and decreased thermal stability of Ce-Zr-
O Si-AlL,O;5.

To confirm the type of the crystalline phase in
the samples Raman spectroscopy was used to analyze
the structures of 10% Ce-Zr-O Si-Al,O; and Ce-Zr-
O. The results are shown in Fig 3. The results show
that the spectrum of 10% Ce-Zr-O Si-Al,O; calcined
at 1000 C for 6 h was the same as that of Ce-Zr-O
calcined at 900 C for 6 h. The four vibration peaks
near 630 470 310 and 140 cm ™! can be ascribed to
tetragonal Cey 5Zry 5O, *°  which is consistent with
the results obtained by the XRD analysis. For 10%
Ce-Zr-O Si-Al,O5 calcined at 1 100 C for 10 h  the
vibration peaks near 630 588 474 313 261 and
142 ecm ! can be ascribed to tetragonal Ceqy 14 Zry. g4-
O, and cubic Cey 75Z1y 250, had only one peak near
470 em™ '  which almost overlapped the peak of
Cey 16Zr0 840, at 474 cm L.

470

Intensity

100 200 300 400

Wavenumber (cm ')

500

600

700 800

Fig 3 Raman spectra of 10% Ce-Zr-O Si-Al,O; calcined
at 1100 C for 10 h 1 and 1000 C for6 h 2
and Ce-Zr-O calcined at 900 C for 6 h 3

2.3 Measurements of the oxygen release capacity of
the samples by TPR

The oxygen release capacity of the sample was
studied by H,-TPR. The TPR spectra of the samples
calcined at 1 000 C for 6 h are shown in Fig 4 and
the reduction characteristics data derived from these
spectra are listed in Table 2. The results show that
the reduction peaks of Ce-Zr-O Si-Al,O; were differ-
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Fig 4 TPR spectra of Ce-Zr-O Si-Al,O; with Ce-Zr-O contents
of 10% 1 15% 2 20% 3 and 32.5% 4
and Ce-Zr-O 5 calcined at 1000 C for 6 h

ent from that of CeO,-ZrO,. The highest temperature
of the reduction peaks decreased much with an in-
crease in the Ce-Zr-O content on Si-Al,O; which in-
dicates that the reduction activity of Ce*' was im-
proved or the oxygen in Ce-Zr-O Si-Al, O3 can be re-
moved at a lower temperature. According to the dif-
ferent reduction temperatures Ce*’ can be classified
as surface Ce*" and bulk Ce*" . The former was re-
duced more easily than the latter. As the surface area
of Ce-Zr-O Si-Al,O; was much larger than that of Ce-
Zr-O  the amount of surface Ce** on Ce-Zr-O Si-
Al, O3 should be much more than that of Ce-Zr-O.
The amount of surface Ce*" is related to the oxygen
storage release capacity. This was the reason why the
peak temperatures of Ce-Zr-O Si-Al,O3 samples were
lower than those of Ce-Zr-O. For the Ce-Zr-O Si-
Al, O3 samples
was ~ 316 T
~400 C.
The results in Table 2 show that the reduction

the initial temperature of reduction

and the first reduction peak was at

degree amount of hydrogen consumption and oxy-
gen release of Ce-Zr-O Si-Al;O; were much higher

than those of Ce-Zr-O although there were differ-

Table 2 Reduction properties of Ce-Zr-O Si-Al,O;
calcined at 1000 C for 6 h

Reduction Hydrogen Oxygen
Sample degree consumption release

% mmol mol mmol mol
10% Ce-Zr-O Si-Al,O4 96 480 240
15% Ce-Zr-O Si-ALO; 92 460 230
20% Ce-Zr-O Si-AlLO; 86 430 215
32.5%Ce-Zr-O Si-ALO; 76 380 195
Ce-Zr-O 61 305 152

ences in these data between the samples of Ce-Zr-O

Si-Al,O5 due to the different amounts of Ce-Zr-O on
Si-Al,O5;. These results indicate that the hydrogen
consumption of Ce-Zr-O can be significantly increased
after being supported on Si-Al,O; and hydrogen con-
sumption was related to the total oxygen storage ca-
pacity .

2.4 Performance of the catalysts for methane com-
bustion

Fig 5 shows the catalytic activity of 0.2 % Pd
Ce-Zr-O Si-Al,O; for methane combustion. T, re-
action temperature of 10% methane conversion
Tsy and Tgy were 350 400 and 480 C
tively. However the catalytic activity was almost un-
changed with the different amounts of the CeO,-ZrO,
solid solution. Based on the larger surface area of
109% Ce-Zr-O Si-Al,O4

of the supported Pd catalyst for methane combustion.

respec-

it was chosen as the support

100

80 -
= I
S 60+
; L
>
z I
3
© 40
< L
=
= I
= I

20 |

0 [ n n ' n | n ' ' " | n ' " n | " : n n |

300 350 400 450 500

Temperature ('C)

Fig 5 Effect of Ce-Zr-O content on the performance
of Pd Ce-Zr-O Si-ALL,O; Ce-Zr-O Si-Al,O;
was calcined at 1000 C for 6 h and the cata-
lyst was calcined at 550 C for 5 h

The effects of the calcination condition of the
carrier on the performance of Pd catalysts for methane
combustion are shown in Fig 6. It can be seen that
Pd supported on 10% Ce-Zr-O Si-Al,O; calcined at
1 000 C for 6 h had higher catalytic activity that is
1000 C is a suitable condition of calcination for 10 %
Ce-Zr-O Si-AlL,O;. This is because a higher calcina-
such as 1100 C

loss of surface area separation of the Ce-Zr-O crys-

tion temperature can lead to the
talline phase and disappearance of the interaction be-
tween Ce-Zr-O and Si-Al,O;. A lower calcination
temperature cannot endow enough stability to the

support resulting in a decrease of the structure sta-
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Fig 6 Effect of calcination conditions of 10% Ce-Zr-O Si-Al,0;
on methane conversion over Pd 10% Ce-Zr-O Si-Al, O,
calcined at 550 C for 5 h

bility of the Pd catalyst and the Pd dispersion on the
support > .

Fig 7 shows the catalytic performance of Pd
10 % Ce-Zr-O Si-Al,O; unreduced and pre-reduced by
H, at 450 C for 1 h for methane combustion. The
results show that the reduction treatment of the cata-
lyst before use can improve its catalytic activity. T
over the pre-reduced Pd 109% Ce-Zr-O Si-Al,O; cata-
lyst was only 350 C  which was 130 C lower than
that over the unreduced catalyst.

100
8oL
§ L
s [
‘2 60|
5 L
>
Z L
s L
o 40+
< L
E L
(3 L
= 2L
L —®— Unreduced
I —0—Reduced by H, at 450 'C of 1 h
0 L PRI N ST SN T TR N SR SN ST S NN S S TR S W' PR 1
250 300 350 400 450 500

Temperature (C)

Fig 7 Effect of H, pre-reduction on the performance of
the Pd 10% Ce-Zr-O Si-Al,O; catalyst

To study the effect of the carrier on the catalytic
performance of Pd catalyst for methane combustion
10% Ce-Zr-O Si-AlLO; Ce-Zr-O Si-AlLO; and a
mechanical mixture of 10% Ce-Zr-O and Si-Al,O4
were used as the support. Their catalytic performance
for methane combustion is shown in Fig 8. They
were pre-reduced by H, at 450 C for 1 h. The results
show that the catalytic activity decreased in the order

100
80 |-
s |
S |-
‘w60 -
5 L
>
f=}
8 I
2 40
3 L
£
3
= ol —e— Pd/Si-AlLO;
L —4— Pd/Ce-Zr-O
| —v— Pd/Ce-Zr-O/Si-ALO;
ol —0— Pd/Ce-Zr-0+Si-ALO;
1 1 | 1 PERETE B

400 500 600 700

Temperature ('C)

200 300

Fig 8 Methane conversion as a function of the reaction

temperature over the reduced catalysts

Pd 10% Ce-Zr-O Si-Al,O; >Pd  10% Ce-Zr-O + Si-
ALO; >Pd Si-Al,O;>Pd Ce-Zr-O.

The results exhibit that as the support of Pd cat-
10% Ce-Zr-O Si-

AL Oz was the best because it possessed good oxygen

alysts for methane combustion

storage properties of CeO,-ZrO, solid solution and
larger surface area of Al,O; and also a much higher
thermal stability due to the interaction between CeO,-
ZrO, and Al,O;. For the Pd 10% Ce-Zr-O Si-Al,O4
catalyst the reduced sample had higher activity for
methane combustion based on the existence of Pd’*

1< 86" <2 or the co-existence of Pd’ PdO on the
support.

2.5 Studies of chemical states of the active sites by
XPS

In order to understand the chemical states of the
active sites on the catalysts Pd 10% Ce-Zr-O Si-
AL O; and Pd Ce-Zr-O were studied by XPS before
and after reduction. The results are shown in Fig 9.
The bands at 332.8-333.1 eV can be assigned to Zr
3p, > and the bands at 346.4-346.9 eV can be as-
signed to Zr 3p3 5, 27 .

The Pd 3d bands were overlapped partly by that
of Zr 3p
different in the four samples. For unreduced Pd Ce-
Zr-O and Pd Ce-Zr-O Si-Al,O; the bands located at
337.0 337.1 and 342.7 342.6 eV were similar
to that of Pd*" in palladium chloride ¥’ . For reduced
Pd Ce-Zr-O the bands at 337.3 and 342.9 eV were
also similar to those of Pd*" in palladium chloride
and the bands at 335.4 and 341.6 eV can be assigned
to Pd” ¥ which indicates that some Pd*" was re-

duced to Pd’. For reduced Pd Ce-Zr-O Si-AlL,O,

and the valence states of palladium were
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Fig9 Zr 3p and Pd 3d XPS spectra of Pd Ce-Zr-O a red-
uced Pd Ce-Zr-O b Pd 10% Ce-Zr-O Si-Al,O; ¢
and reduced Pd 10% Ce-Zr-O Si-ALL,O; d

the bands at 336.4 and 341.1 eV were similar to that
of Pd in Pd;Si ?’
+1 and +2.
The O 1s XPS spectra in Fig 10 indicate that
there were mainly 3 kinds of oxygen on the unreduced
and reduced Pd Ce-Zr-O catalysts. Their bands were
located at 529.8 531.6 and 532.9 eV which can

be assigned to bulk oxygen surface oxygen and ad-

and its valence state was between

sorbed oxygen respectively. After reduction by H,

the O 15 bands at 531.6 and 532.9 eV of Pd Ce-Zr-
O weakened obviously that is surface and adsorbed
oxygen was partly removed. For Pd Ce-Zr-O Si-
Al O;

on both the reduced or unreduced catalyst

Intensity

Intensity

(©

Intensity

(d

Intensity

I IS S S | P S T I S S Y

524 526 528 530 532 534 536 538
Binding energy (eV)

Fig 10 O 1s XPS spectra of Pd Ce-Zr-O a reduced Pd
Ce-Zr-O b Pd 10%Ce-Zr-O Si-Al,O; ¢ and
reduced Pd 10% Ce-Zr-O Si-ALO; d

only one band at 531.4 eV was observed which
showed that there was almost no difference between
the three kinds of oxygen species on Pd Ce-Zr-O Si-
AL O; resulting in that the oxygen properties of Pd
Ce-Zr-O Si-Al,O; was hardly changed after being re-
duced. Compared with the Pd Ce-Zr-O catalyst the
oxygen on Pd Ce-Zr-O Si-Al,O; was more easily re-
moved which is similar to the surface oxygen on Pd
Ce-Zr-O. This is one of the reasons why Pd Ce-Zr-
O Si-Al,O; has higher catalytic activity than Pd Ce-
Zr-O for methane combustion.

The XPS results above show that the support
properties affect the reduction of Pd active sites and

the difference between Ce-Zr-O and Ce-Zr-O Si-
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Al,O; may be due to the difference in their oxygen

storage release capacity.
3 Conclusions

A Ce-Zr-O Si-Al,O5 support material with better
properties has been prepared by the reverse micro-
emulsion method. The crystalline phase of CeO,-ZrO,
on Si-Al,O; was the same as that of unsupported
Ce0,-ZrO,. The interaction between CeO,-ZrO, and
Si-Al,O; resulted in an increase in thermal stability
and surface area of Ce-Zr-O Si-Al,Oj; such that it can
be used up to 1 000 T
in the oxygen storage release capacity of the catalyst.
The appropriate content of CeO,-ZrO, on Si-Al,Os
was 10%—15% . As the support of a Pd catalyst for
methane combustion Ce-Zr-O Si-Al,O; had better
properties than Ce-Zr-O Si-Al,O; and a mixture of
Ce-Zr-O + Si-Al,O;. With the 0.2% Pd 10% Ce-Zr-
O Si-Al,O5 catalyst Ty, was only 345 C  which is
175 C lower than that of Pd supported on other sup-

and an obvious improvement

ports.
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