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Photocatalytic conversion of NO on AgClrAl O catalystx 2 3
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Abstract

The rate of NO conversion under UV illumination was evaluated over AgrAl O and AgClrAl O catalysts at room2 3 2 3

temperature. The AgClrAl O catalyst is highly active for the conversion of NO . The conversion is enhanced in the2 3 x

presence of O and further enhanced when oxygen coexists with hydrocarbons. Diffuse reflectance spectra of AgClrAl O2 2 3

and AgrAl O show an absorption band at ;250 nm, and a weak and broad band at ;230 nm, respectively. The high2 3

photocatalytic NO conversion is achieved over the AgClrAl O catalyst. The conversion level of NO is maintained abovex 2 3 x

60% over 5 h in the presence of O and hydrocarbons under UV-irradiation. The absorption band at ;250 nm is ascribed to2

the band gap energy of crystallized AgCl particles on Al O . These results suggest that high photocatalytic NO conversion2 3 x

proceeds on crystallized AgCl particles formed on Al O . q 1999 Elsevier Science B.V. All rights reserved.2 3

Keywords: Photocatalytic conversion; NO ; AgClrAl O catalystx 2 3

1. Introduction

Application of photocatalysis has been re-
w xcently studied for the NO reduction 1–4 .x

w xIbusuki and Takeuchi 1 reported that dilute
NO in ambient air is effectively removed byx

photocatalytic oxidation on TiO . Anpo et al.2
w x2 found that NO is decomposed to N and O2 2

on CurZSM-5 under the UV irradiation in the
absence of oxygen. In addition, they showed
that NO is photocatalytically converted into N ,2

N O and NO on AgrZSM-5 in the presence of2 2
w xoxygen 3 .

Miyadera et al. found that an alumina-sup-
Ž .ported silver AgrAl O catalyst is highly ef-2 3

fective for the reduction of NO with propenex
w x w x5–7 and ethanol 6–8,22,9,10 . Recently,

Aoyama et al. have found that an AgClrAl O2 3
w x7,11 catalyst also exhibits high activity for the
reduction of NO with ethanol and propene.x

The present work is extended to study the
NO conversion on AgrAl O and AgClrAl O2 3 2 3

catalysts under photo-irradiation in a model gas
flow containing NO, NO and O or NO, O ,2 2

C H and C H . It is shown that the AgClr2 6 3 8

Al O catalyst exhibits high NO conversion2 3 x

under photo-irradiation.

2. Experimental

The AgrAl O and AgClrAl O catalysts2 3 2 3

were prepared by impregnation of g-Al O2 3
Ž 2 .powders 230 m rg, Condea Chemie with an
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aqueous solution of silver nitrate, and aqueous
solution of silver nitrate and ammonium chlo-
ride, respectively. The resulting samples were
then dried at 393 K for 3 h and calcined at 873
K for 2 h in air. The Ag content in these
catalysts was 2.0 wt.%. No appreciable differ-
ence in Ag or Cl content was observed between
bulk AgClrAl O dried at 393 K and calcined2 3

at 873 K.
The NO conversion was evaluated using ax

flow-type photochemical reaction system as
Ž .shown in Fig. 1. The catalyst 3 g was packed

in a reactor made of quartz and irradiated by
Ž .using a 500 W Xe lamp UXL-500D, USHIO .

Irradiation area was ca. 6 cm2 and light inten-
2 Ž .sity was ca. 60 mWrcm at 365 nm . A reac-

Žtion gas stream containing 10 ppm NO, 10% or
. Ž . Ž0% O , 5 ppm or 0 ppm C H , 5 ppm or 02 2 6
.ppm C H and balance N was flowed at a rate3 8 2

of 620 cm3rmin. The concentration of NOx
Ž .NOqNO in the outlet gas stream was mea-2

sured with a chemiluminescence based NOrNOx

analyzer.
The AgrAl O and AgClrAl O catalysts2 3 2 3

Ž .were characterized by X-ray diffraction XRD
Ž .using CuKa radiation MPX3, MAC-Science
Ž .and ultraviolet–visible UV–Vis diffuse re-

flectance spectra using a Shimadzu UV-2400PC
spectrometer before and after the NO reductionx

under photo-irradiation.

Products under photo-irradiation to the Agr
Al O and AgClrAl O catalysts in the pres-2 3 2 3

Ž .ence of NO 25 Torr were measured by a mass
Ž .spectrometer UPM-ST-200P, ULVAC .

3. Results and discussion

Figs. 2–4 show the NO conversion at roomx

temperature on the g-Al O , AgrAl O and2 3 2 3

AgClrAl O catalysts under irradiation with a2 3

500 W-Xe lamp. On the g-Al O , the rate of2 3

NO conversion is very low in the absence ofx
Ž .O Fig. 2a . On the other hand, reduction of2

NO occurs rapidly on the AgrAl O and thex 2 3
Ž .AgClrAl O catalysts Fig. 2b and 2c . Sixty2 3

to sixty five percent of NO is initially con-x

verted on the AgClrAl O catalyst while about2 3

10% of NO is converted on the AgrAl Ox 2 3

catalyst. By mass spectrometric measurements it
was shown that UV irradiation to the AgClr
Al O and AgrAl O catalysts in the presence2 3 2 3

Ž .of NO 25 Torr led to the formation of N O.2

NO conversion over the AgrAl O andx 2 3

AgClrAl O catalysts is enhanced in the pres-2 3
Ž .ence of oxygen Fig. 3 . Initial conversion of

NO is 70–75% on AgClrAl O . The conver-x 2 3

sion level of NO over AgrAl O and g-Al Ox 2 3 2 3

is much lower than that over AgClrAl O . It is2 3

Fig. 1. Schematic diagram of a flow-type photochemical reaction system.
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Fig. 2. Time-course of the photocatalytic NO conversion on thex
Ž . Ž . Ž .g-Al O a , AgrAl O b and AgClrAl O c catalysts. Test2 3 2 3 2 3

conditions: 10 ppm NO, balance N , flow rates620 cm3rmin,2

catalysts weights3.0 g.

Fig. 3. Time-course of the photocatalytic NO conversion on thex
Ž . Ž . Ž .g-Al O a , AgrAl O b and AgClrAl O c catalysts. Test2 3 2 3 2 3

conditions: 10 ppm NO, 10% O , balance N , flow rates6202 2

cm3rmin, catalysts weights3.0 g.

to be noted that the NO conversion is furtherx

enhanced in the presence of hydrocarbons along
Žwith oxygen on the AgClrAl O catalyst Fig.2 3

.4 . The conversion reaches 75–78% over
AgClrAl O , while that over AgrAl O or2 3 2 3

g-Al O is 11% or 3%. It was found that more2 3

than 10 mol of NO is converted for 1 mol of
AgCl in the long time experiments. Thus, it is
suggested that NO is photocatalytically con-
verted on the AgClrAl O .2 3

Fig. 5 shows the UV–Vis diffuse reflectance
spectra of the g-Al O , AgrAl O and AgClr2 3 2 3

Al O catalysts calcined at 873 K in air. The2 3

AgrAl O catalyst exhibits a broad and weak2 3

absorption band at ;230 nm followed by a
shoulder at ;300 nm and the spectra are dif-
ferent from those of g-Al O . On the other2 3

hand, an intense absorption band appears at
;250 nm for the AgClrAl O catalyst cal-2 3

cined at 873 K.
Fig. 6 shows the XRD spectra of the g-Al O ,2 3

AgrAl O and AgClrAl O catalysts calcined2 3 2 3

Fig. 4. Time-course of the photocatalytic NO conversion on thex
Ž . Ž . Ž .g-Al O a , AgrAl O b and AgClrAl O c catalysts. Test2 3 2 3 2 3

conditions: 10 ppm NO, 10% O , 5 ppm C H , 5 ppm C H ,2 2 6 3 8

balance N , flow rates620 cm3rmin, catalysts weights3.0 g.2
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Ž .Fig. 5. UV–Vis diffuse reflectance spectra from the g-Al O a ,2 3
Ž . Ž .AgrAl O b and AgClrAl O catalysts c calcined at 873 K2 3 2 3

in air.

at 873 K in air. No XRD peaks attributable to
crystallized silver metal or silver compounds are
seen in the spectra of the AgrAl O catalyst.2 3

w xWe previously reported 7 that oxidation of the
AgrAl O catalyst at 873 K induced an interac-2 3

tion between Ag and Al O , resulting in the2 3

growth of the disordered silver oxide particles
on Al O . Thus, the broad and weak absorption2 3

band at ;230 nm in Fig. 5b is attributable to
the silver oxides on Al O . The shoulder band2 3

at ;300 nm is ascribed to the Ag0 atoms
w xreported by Ozin and Huber 12 . On the other

hand, distinct XRD peaks attributable to crystal-
lized AgCl are observed for the AgClrAl O2 3

catalyst calcined at 873 K.
The present AgClrAl O catalyst calcined at2 3

873 K in air showed high NO conversion underx

UV irradiation. The absorption band observed at
;250 nm in the UV–Vis diffuse reflectance
spectra of AgClrAl O is attributed to the band2 3

wgap energy of crystallized AgCl particles 13–
x15 on Al O . Thus, it is suggested that crystal-2 3

lized AgCl particles on Al O play an impor-2 3

tant role in the high NO conversion on AgClrx

Al O under UV irradiation. The AgClrAl O2 3 2 3

catalyst calcined at 773 K in air showed low
NO conversion under UV irradiation comparedx

with that calcined at 873 K in air. By XRD
measurements, it was shown that calcination of

Ž . Ž . Ž .Fig. 6. X-ray diffraction spectra from the g-Al O a , AgrAl O b and AgClrAl O c catalysts calcined at 873 K in air.2 3 2 3 2 3
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the catalyst below 773 K results in the forma-
tion of large crystallized AgCl particles on

w xAl O 16 . In contrast, calcination at tempera-2 3

tures higher than 773 K leads to the formation
w xof highly dispersed AgCl particles 16 . The

dispersion was enhanced on calcination at 873
K. Thus, high NO conversion under UV irradi-x

ation observed on the AgClrAl O catalyst2 3

calcined at 873 K in air is ascribed to the
progress of the dispersion of AgCl on Al O .2 3

The rate of NO conversion decreased gradu-x

ally in the absence of O with reaction time2
Ž .Fig. 2 . On the other hand, the presence of
oxygen and hydrocarbons suppressed the lower-

Ž .ing of the rate Figs. 3 and 4 . The conversion
level of NO was maintained above 60% over 5x

h under UV irradiation in the presence of O2

and hydrocarbons over the AgClrAl O cata-2 3

lyst.
Fig. 7 shows the XRD spectra of the AgClr

Al O catalysts observed before and after NO2 3 x

conversion for 30 min in the presence of O2

under photo-irradiation. The photo-irradiation
results in the formation of crystallized metallic
Ag particles.

Fig. 8 shows UV–Vis diffuse reflectance
spectra of the AgClrAl O catalysts observed2 3

before and after the photo-irradiation. An in-
tense absorption band at ;210 nm and a broad
and weak absorption band at 300;500 nm
appear with the intense absorption band at ;
250 nm in UV–Vis diffuse reflectance spectra
of the catalyst after the photo-irradiation. The
absorption band at ;210 nm is attributed to the
4d10
™4d95s1 electron transition of isolated

q w xAg ions 3,17–19 whereas that at 300–500
nm is attributed to the Ag0 atom, Ag0 andn

nq w xAg clusters 12,20 . Thus, it is suggested thatm

the photo-irradiation leads to the formation of
isolated Agq ions which are followed by the
formation of Ag0 atom, Ag0, and Ag nq clus-n m

ters. The lowering of photocatalytic conversion

Ž . Ž .Fig. 7. X-ray diffraction spectra from the AgClrAl O catalyst observed before a and after b photocatalytic NO conversion for 30 min.2 3 x
Ž .Ø XRD peaks from metallic silver.
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Fig. 8. UV–Vis diffuse reflectance spectra from the AgClrAl O2 3
Ž . Ž .catalyst observed before a and after b photocatalytic NOx

conversion in the presence of O for 30 min.2

of NO on the AgClrAl O catalyst UV-irradia-2 3

ted is ascribed to the formation of Ag0 atom,
Ag0, and Ag nq clusters.n m

Fig. 9. Time-course of the photocatalytic NO conversion in thex
Ž .presence of O on the fresh AgClrAl O a and the AgClrAl O2 2 3 2 3

Ž .calcined again at 873 K in air b . Test conditions: 10 ppm NO,
10% O , 5 ppm C H , 5 ppm C H , balance N , flow rates6202 2 6 3 8 2

cm3rmin, catalysts weights3.0 g.

Fig. 9 compares NO conversion evaluated inx

the presence of oxygen for the fresh catalyst and
the catalyst calcined again at 873 K in air after
the photo-irradiated. The NO conversion isx

almost recovered to its initial one before photo-
irradiation by the calcination of the irradiated
catalysts at 873 K.

Fig. 10 shows UV–Vis diffuse reflectance
spectra observed for the fresh catalyst and the
catalyst calcined again at 873 K in air. The
UV–Vis diffuse reflectance spectrum for the
calcined catalyst is also almost restored to that
for the fresh catalyst. These results suggest that
the recovering of crystallized AgCl particles
leads to the increase in the rate of NO conver-x

sion. Under photo-irradiation, electrons and
holes are probably produced by photoactivation
of the crystallized AgCl on Al O . The Ag0

2 3

atom, Ag0 and Ag nq clusters are formed byn m

reaction between the created electrons and Agq

w xions 21 . Thus, it is suggested that the presence
of oxygen suppresses the formation of Ag0 atom,
Ag0 and Ag nq clusters, and stabilizes crystal-n m

lized AgCl particles formed on Al O .2 3

Presence of hydrocarbons enhanced the con-
version of NO as shown in Fig. 4. Hydrocar-x

Fig. 10. UV–Vis diffuse reflectance spectra from the fresh
Ž . Ž .AgClrAl O catalyst a and the AgClrAl O catalyst b cal-2 3 2 3

cined again at 873 K in air after photocatalytic NO conversion inx

the presence of O for 30 min.2
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bons probably react readily with holes produced
by photoactivation, suppressing the recombina-
tion of the created electron and hole. Thus, it is
suggested that higher NO conversion in thex

presence of hydrocarbons is ascribed to a more
efficient electron charge transfer into the p

anti-bonding molecular orbital of NO.
Further studies concerning the reaction mech-

anism and the stability of the AgClrAl O2 3

catalyst performance are currently under way.
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