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a b s t r a c t

The catalytic decomposition of ozone was investigated over Pd–Mn/SiO2–Al2O3 catalysts in the ground
air. The catalysts were prepared by incipient wetness impregnation method and characterized by powder
X-ray diffraction (XRD), thermo gravimetric (TG) analysis, and N2 adsorption/desorption measurements
(Brunauer–Emmet–Teller method). The influence of calcination temperature on the catalytic activities,
and the lifetime test of the catalyst pretreated at 350 ◦C had been studied. XRD and TG results show that
when calcined in the temperature range of 300–450 ◦C, manganese carbonate (MnCO3) is partly decom-
posed to MnOx (x = 1.6–2.0) species in the catalysts. However, when calcined at 500 ◦C, MnOx partly turns
into Mn2O3 in the catalyst. The catalytic activity test indicates that the catalysts calcined at 300–400 ◦C
exhibit the best performance for O decomposition, and the completely conversion temperature of ozone
anganese dioxide with deficient oxygen

tom
atalytic decomposition
onolithic catalyst

3

(T100) is in the region of 30–35 ◦C, which is lower than surface temperature of water tanks of running
automobile. Under gas hour space velocity (GHSV) of 635,000 h−1 and reaction temperature of 40 ◦C,
after lifetime test for 80 h, the catalyst calcined at 350 ◦C keeps 90% conversion, which indicates that
they have excellent ability to resist deactivation. The catalysts calcined at 300–400 ◦C show great poten-
tial to be applied at lower temperature, especially in winter and at the stage of automobile engine cold
start.
. Introduction

It is well known that the ozone layer in the Earth’s stratosphere
an resist ultraviolet light to protect life on the Earth. However
hen it resides in the ground atmosphere, ozone is a harmful pollu-

ant that causes health problems to human beings. When the ozone
oncentration in the air is beyond 1 × 10−7 (volume ratio), people
ill feel uncomfortable. Increasing of the ozone concentration fur-

her will cause cancer even death [1,2]. Hydrocarbons and nitrogen
xides in automobile exhaust emissions will generate a certain con-
entration of ozone on the surface of the Earth with the effect of
unlight [3]. Another major source of high concentration of ground
zone comes from high-temperature, high-discharge mechanical
ork, such as air-condition, photocopiers, aircraft cabin, and so on

1]. To reduce the ground ozone and protect human lives, the United
tates and the World Health Organization constituted the laws to

imit the ozone concentration in the air which should be lower than
× 10−7 [4,5]. Chinese “indoor air quality standards” (GB/T 18883-
002) required that indoor ozone concentration should not exceed
.16 mg/m3 [6].

∗ Corresponding author. Tel.: +86 28 85418451; fax: +86 28 85418451.
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Ozone is relative unstable and can easily decompose to O2
molecule. The decomposition increases with the increasing of tem-
perature. Two approaches for ozone decomposition have been
established, namely catalytic decomposition and photocatalytic
decomposition. Currently, the former has been extensively stud-
ied in the world. For example, Terui et al. [7,8] calcined MnCO3
solid at different temperature to produce MnOx (x = 1.6–2.0) which
was used as the active component. Hoke et al. [9,10] used Pd, Pt
and MnOx (x = 1.6–2.0) as the active component, respectively, and
the prepared catalysts coated on wave-shaped heat patches of the
automobile water tanks. When cars run at high speed, the water
tanks use the waste heat of their surface (surface temperature was
45–105 ◦C) to treat ground O3. The PremAir catalyst from Engelhard
Corporation was used on the automobile water tanks, and the O3
conversion was about 80% [11]. In China, Au/Fe2O3 and manganese
catalysts were prepared to decompose high concentration O3 by
Hao et al. [12] and Liu et al. [13–15], respectively. He et al. [16] used
Au/TiO2 catalysts for the photocatalytic decomposition of O3 in air.
The experimental results show that at low relative humidity (RH),

MnO2 has the best capacity to treat O3 [17], but at high RH, H2O and
O3 molecules adsorb competitively on the surface of catalysts; the
pores are blocked, and the activity of MnO2 becomes poor. The addi-
tion of Pd can resist water and slow down the activity reduction of
the catalysts [18–20]. It is expected that the combination of Pd with

ghts reserved.
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temperature range of 200–400, 460–500 and 550–700 ◦C, respec-
tively, so the mass of calcination solid becomes unchanged nearly in
the three temperature range. It indicates that the phases of calcina-
tion solid become unchanged nearly in the three temperature range

Fig. 1. XRD patterns of the catalysts calcined at different temperature. PM300:
300 ◦C; PM400: 400 ◦C; PM450: 450 ◦C; PM500: 500 ◦C.
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nO2 in the same catalysts will contribute to O3 decomposition,
nd MnO2 in two active components Pd and MnO2 is main below
0% RH at room temperature [20]. It was reported that catalysts
ontaining MnCO3 but without Pd calcined at different temperature
ould exhibit different catalytic performance [8].

In the paper, the preparation and characterization of Pd–Mn/
iO2–Al2O3 catalysts was reported. The influence of different cal-
ination temperature on the catalytic performance to decompose
zone at low temperature was investigated.

. Experimental

.1. The preparation of support and catalyst

SiO2–Al2O3 support was prepared by peptizing method [21].
irst, sodium silicate (AR grade, Chengdu Kelong Chemical Reagents
actory, China) solution and HNO3 solution were mixed and
tirred to form SiO2 sol. Meanwhile, water and HNO3 were
ixed with pseudo-boehmite and then milled to form Al2O3 sol.

hen, the prepared SiO2 and Al2O3 sol were mixed, milled and
eposited. After washed, sprayed, dried and calcined at 600 ◦C

or 4 h. SiO2–Al2O3 support was obtained (specific surface area:
99 m2/g).

Activated MnCO3 (CR grade, Chengdu Kelong Chemical Reagents
actory, China) was prepared by heating MnCO3 solid at 300 ◦C for
h in air [8].

Pd–Mn catalysts were prepared by incipient wetness impreg-
ation method [22]. Palladium nitrate solution was divided into
wo parts with the volume ratio of 2:1, and impregnated on active

nCO3 and SiO2–Al2O3 support, respectively. After calcined at
00 ◦C for 2 h, the catalyst powder were mixed and milled to form
lurry. Then the resulting slurry was coated onto ceramic honey-
omb substrate (400 cell/in.2, Corning, America) with the volume
f 0.30 cm3. After dried at 120 ◦C for 2 h, the catalysts were cal-
ined for 2 h at 300, 350, 400, 450, and 500 ◦C, respectively. The
btained catalyst was denoted as PM300, PM350, PM400, PM450,
nd PM500, respectively. All catalysts had the same Mn content,
ith Pd:Mn = 1:100 (molar ratio), and the loading of washcoat is

50–265 g/L.

.2. Characterization of catalysts and MnCO3

Powder XRD data of catalysts were obtained by D/max-rA X-
ay diffractometer with Cu K� radiation (� = 1.5406 Å) operating at
0 kV and 180 mA. Samples were scanned in the 2� range from 10◦

o 90◦.
TG analysis data of MnCO3 solid were obtained by NETZSCH

G209F1 instrument under N2 atmosphere with a heating rate of
0 ◦C/min from 30 to 700 ◦C.

The BET specific surface areas of all catalysts were determined
y N2 adsorption/desorption method on a ZXF-6 automatic surface
nalyzer (Xibei Chemical Institute, China).

.3. Catalytic activity measurement

The test apparatus consists of the air compressor, O3 generator
JY-3 model, Qiangui purification equipment plant, China), the cat-
lytic reactor, and O3 analyzer (M4+ model, Bashang Technology
o. Ltd., China). The gas flow passing the reactor is 3.15 L/min.

The temperature of the 100% O3 conversion is defined as

he completely conversion temperature (T100). When the O3
oncentration passing into the reactor with (6.0 ± 0.2) × 10−7 (vol-
me ratio, 27 ◦C testing), GHSV = 635,000 h−1, RH = 55–65% (at
3–27 ◦C), activity test was performed with the heating rate of
–1.5 ◦C/min.
aterials 172 (2009) 631–634

3. Results and discussion

3.1. XRD and TG analyses

The catalysts PM300, PM400, PM450 and PM500 were charac-
terized by XRD, as shown in Fig. 1. The XRD patterns show that
MnCO3 solid did not decompose completely in all the catalysts
except PM500. The diffraction peaks should be ascribed to MnCO3
and MnOx for PM300, PM400, while be ascribed to MnCO3, MnOx
and Mn2O3 for PM450, while be ascribed to MnOx, Mn2O3 and SiO2
for PM500. MnCO3 solid decomposed to MnOx for PM300, PM400
and PM450, and MnOx partly transforms to Mn2O3 for PM500. In
other word, MnCO3 firstly decomposes to MnOx with the increas-
ing of temperature; then, MnOx gradually turns into Mn2O3 after
MnCO3 has been decomposed greatly at 450 ◦C. The results of XRD
are in good agreement with that reported by Kitaguchi et al. [8].

The decomposition behavior of MnCO3 solid was characterized
by TG measurement with a heating rate of 10 ◦C/min in N2 atmo-
sphere. As shown in Fig. 2, three approximate platforms exist in the
Fig. 2. TG curve of MnCO3 solid under a flow of N2 with a heating rate of 10 ◦C/min.
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Table 1
The textural performance of Pd–Mn/SiO2–Al2O3 catalysts calcined at different
temperature.

PM300 PM350 PM400 PM450 PM500

S
P
A

t
o
t
9
a
l
d
T
M
t
d
p
i
p

3

c
t
I
f
c
i
c
O
a
c

3

A
i
P
t
6

F
P
R
G

urface area (m2/g) 96.60 97.70 88.13 86.54 87.85
ore volume (cm3/g) 0.18 0.18 0.16 0.22 0.20
verage pore diameter (nm) 5.98 6.20 5.88 5.84 6.75

oo. The slight mass loss below 150 ◦C is likely due to the removal
f water molecules absorbed on the surface of MnCO3 solid. At the
emperature of 300, 350, 400 and 450 ◦C, it is 5.4%, 9.8%, 21.7% and
3.9% of MnCO3 decomposition, respectively (the result is obtained
ccording to mass reduction of the solid by TG). And a drastic weight
oss in the range of 400–460 ◦C is found which should be the great
ecomposition of MnCO3 solid with the increasing of temperature.
he results of TG and XRD analyses reveal: (1) MnCO3 solid turn into
nOx and form the mixture of MnCO3 and MnOx in the tempera-

ure range of 200–460 ◦C; (2) as soon as MnCO3 solid completely
ecompose, a small amount of MnOx turns into Mn2O3; (3) MnOx
hase is mainly present at about 460–500 ◦C; (4) most MnOx turns

nto Mn2O3 at the temperature range of 500–550 ◦C; (5) only Mn2O3
hase is presented at 550–700 ◦C.

.2. Texture of catalysts

The textural performances of the five catalysts at different
alcination temperature were characterized by N2 adsorp-
ion/desorption measurements and the results are listed in Table 1.
t is obvious that all of the catalysts exhibit similar specific sur-
ace area and the pore volume. However, with the increasing of
alcination temperature, the pore diameter first decreases then
ncreases. The texture of these catalysts had little influence on their
atalytic activity. The reason is that, at the condition of high GHSV,
3 molecules are only adsorbed on the surface of the catalysts for
very short time and cannot diffuse into the inner pores of the

atalysts to reach the reaction sites.

.3. Catalytic activity

The catalytic performances of the five catalysts were measured.

s shown in Fig. 3, the activity of the catalysts increases with the

ncreasing of reaction temperature. The T100 of PM300, PM350,
M400, PM450, and PM500 is 34, 32, 34, 38 and 40 ◦C, respec-
ively. The conversion at 27 ◦C is 79.3%, 88.3%, 80.0%, 66.7% and
1.6%, respectively. These results show that the catalysts calcined at

ig. 3. The curve of O3 conversion of the catalysts calcined at different temperatures.
M300: 300 ◦C; PM350: 350 ◦C; PM400: 400 ◦C; PM450: 450 ◦C; PM500: 500 ◦C.
eaction condition: O3 concentration of entrance = (6.0 ± 0.2) × 10−7 (volume ratio),
HSV = 635,000 h−1, RH = 55–65%.
aterials 172 (2009) 631–634 633

300–400 ◦C have the best activity for ozone decomposition. Espe-
cially at room temperature (i.e. 27 ◦C), the conversion over PM300,
PM350 and PM400 is about 80%, and the T100 of the catalysts is
relative low (at 30–35 ◦C); and the catalysts can treat ground O3
completely by the waste heat on the surface of water tanks. These
results indicate that these catalysts can be applied in ozone decom-
position at lower temperature, especially in winter and at the stage
of automobile engine cold start. And the catalysts are also used on
the heat patches of the air-conditioner to decompose O3, which
the air-conditioner produces in work. So, the catalysts calcined at
300–400 ◦C make the contribution to environment-protection and
saving energy sources.

From characterization and catalytic activity measurements
above-mentioned, we can see that the Mn species in the calcination
solid, instead of texture, plays an important role for O3 decompo-
sition. The reason is that MnCO3, MnOx and Mn2O3 have different
catalytic activity for O3 decomposition [8]. Especially when a small
amount of MnCO3 solid in the catalysts decomposes to MnOx at
calcination temperature of 300–400 ◦C, the mutual effect between
MnCO3 and MnOx is likely to exist in the catalysts and results in
the best activity. Therefore, the mutual effect can contribute to O3
decomposition and be responsible for the activity of the catalysts.

3.4. Lifetime test of PM350

At 40 ◦C (test conditions as above), PM350 catalyst still keeps
excellent performance of O3 conversion by 90%. So, it has excel-
lent ability to resist deactivation after the lifetime test of 80 h. The
higher the test temperature is, the longer the lifetime of the cata-
lyst become. When the automobile run at normal conditions, the
surface temperature of water tank is about 90 ◦C, under which the
lifetime of the catalyst will lengthen greatly. So, the catalysts cal-
cined at 300–400 ◦C exhibit great potential to be applied in water
tank of automobile in future.

4. Conclusion

A series of catalysts can effectively decompose O3 in ground air.
Four conclusions can be made in this work. (1) The compositions
of the calcination solid play a crucial role in the catalytic activity.
(2) The catalysts calcined at 300–400 ◦C have the best performance.
T100 of them is relative low (at 30–35 ◦C). (3) They can be applied
to decompose O3 when the automobile are running, especially in
winter and at the stage of engine cold start. (4) The catalysts have
excellent ability to resist deactivation. Therefore, the catalysts have
wide application in the reduction of ground O3 at lower tempera-
ture.
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