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Abstract

AgBr/Al-MCM-41 catalyst was active for the photooxidation of acetaldehyde in the gas phase under visible and UV light. Upon
light illumination, continuous production of CO2 with a decrease in CH3CHO concentration was observed without the destruction of A
The crystallite sizes of AgBr increased, as seen from powder X-ray diffraction after photocatalytic reaction under both visible
irradiation. It appears that AgBr together with Ag0 is the photoactive species in the decomposition of CH3CHO, and the high-surface-are
Al-MCM-41 helps in high dispersion of AgBr on the support.
 2005 Elsevier Inc. All rights reserved.
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ent
gas
lytic
em-
nce

hods
llu-
wa
am
low
n of
entl

ld b
is-
92

s of

uni-
ters
eful

fin-
il)

ceu-
ials
cata-
1

osi-
,
ide

sed

this.
and

ed, in
con-
1. Introduction

The cleanup of polluted air has required the developm
of numerous technologies. Treatment of polluted air or
by catalytic treatment is a well-established process. Cata
combustion or catalytic incineration processes require t
peratures of 473–1273 K for efficient operations and he
are energy intensive. Furthermore, these traditional met
of treatment are not economically feasible at lower po
tant concentrations. Hence, extensive research is under
to find processes and technologies that operate under
bient conditions of temperature and pressure to treat
pollutant levels. Photocatalysis has attracted the attentio
some research scientists for several years and has rec
emerged as an advanced oxidation process (AOP)[1,2]. Gas-
phase heterogeneous photocatalysis is an AOP that cou
successfully used for improving indoor air quality. The d
covery of mesoporous materials by Mobil scientists in 19
attracted the attention of several research workers[3,4]. One
form of mesoporous material, MCM-41, has been a focu
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attention in the field of catalysis. MCM-41 possesses a
form arrangement of hexagonally ordered pores of diame
ranging from 20 to 100 Å. Such large pore systems are us
in the selective conversion of bulky molecules in the re
ing industry (for upgrading of heavy fractions of crude o
and in the manufacture of fine chemicals and pharma
ticals. Transition-metal-incorporating mesoporous mater
with high surface areas have been examined as photo
lysts [5–8]. We have recently reported that Cr–Al-MCM-4
is active as a visible-light photocatalyst for the decomp
tion of trichloroethylene in the gas phase[9]. Acetaldehyde
a toxic compound, forms in considerable amounts ins
of buildings upon oxidation of organic compounds relea
by furniture and carpets by incoming ozone[10]. A num-
ber of remediation processes have been suggested for
Deep photocatalytic oxidation of organic compounds
acetaldehyde, particularly over TiO2 nanoparticles[11–17],
has received perhaps the greatest attention so far. Inde
this process the oxidation can proceed at atmospheric
centrations of oxygen at room temperature.
The importance of silver halides in the photographic
process[18] and in photoelectrochemistry has shown how
these materials are unique. In the photographic process the
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absorption of a photon liberates an electron and a pos
hole. The electron then combines with the interstitial sil
ion, thus leading to the formation of a silver atom. Up
repeated absorption of photons, silver clusters are form
This reflects the fact that silver halides are unstable un
irradiation with light leading to a color change after ph
toreaction. Silver chloride-coated electrodes have been
for photocatalytic oxidation of water to O2 under UV–vis
illumination in aqueous solution in the presence of an
cess of Ag+ ions [19]. The light sensitivity in the visible
range is due to self-sensitization caused by reduced s
species. Calzafeeri et al. reported that thin silver chlo
layers on SnO2-coated glass plates evolved O2 in the pres-
ence of a small excess of Ag+ ions in aqueous solution und
near-UV illumination[20]. The role of Ag+ ions was to
supply AgCl species in order to perform continuous p
tooxidation of water. However, a suitable condition must
chosen to avoid the photodecomposition of the silver hali
A silver bromide emulsion dispersed on silica substrate
been studied by Noriyoshi et al. in the CH3OH/H2O sys-
tem for H2 evolution under UV illumination[21]. Silver
deposition on titania has been used for reduction[22,23]
and oxidation[24–29] reactions and has been proved to
crease photocatalytic activity, especially if it is present in
form of nanoparticles[30]. Recently, thin mesoporous titan
films incorporating silver nanoparticles have been repo
to have an increased effect on the photocatalytic degrad
of steric acid under UV irradiation[31].

In the present study, AgBr was well dispersed on an
MCM-41 support and was studied as a visible-light pho
catalyst for the decomposition of acetaldehyde in the
phase for the first time without involving self-sensitizatio
So far the reports in the literature pertain only to st
ies of silver halides as UV photocatalysts in aqueous s
tions[20–31].

2. Experimental

2.1. Synthesis of mesoporous AgBr/Al-MCM-41

The co-assembly process for forming mesopores ca
volve surfactant cations, aluminosilicate species, and
ammonia-coordinated metal complex, M(NH3)n

2+, where
M = Ag. The gel has a molar composition of 1 SiO2:x1
Al2O3:2.5 x2 Ag+:20 x1 NH4OH:0.14 CTAB:2.4 Et2NH:
100 H2O. AgBr/Al-MCM-41 was prepared by a metho
reported earlier in the literature[32]. Briefly, 10 ml of di-
ethylamine solution (Et2NH) was added to a solution con
taining 72 ml of deionized water, 2.04 g of cetylmethyla
monium bromide (CTAB), and 0.6 g of Al(NO3)3 · 6H2O
and stirred vigorously. Then 0.339 g of AgNO3 in 3.6 ml of
NH4OH (25 wt% NH3) was quickly added to the above mi

ture. The resulting solution was stirred, and 8.9 ml of tetra-
ethylorthosilicate (TEOS) was added to this solution drop-
wise over a minute. Finally the mixture was stirred at room
talysis 233 (2005) 405–410

.

temperature for 4 h followed by static heating at 110◦C for
4 days in a 250-ml polypropylene container. The prod
was filtered, washed with water, and dried overnight at ro
temperature. The samples were calcined in air at 630◦C at a
heating rate of 1◦/min. The resulting product was pale ye
low in color.

2.2. Characterization

Powder X-ray diffraction of AgBr/Al-MCM-41 was
recorded on a Scintag Diffractometer with a Cu-Kα radia-
tion of wavelength 1.5418 Å. XRD was used to identify t
crystal phase of the AgBr/Al-MCM-41. AgBr/Al-MCM-41
powders were analyzed from 2◦ to 7◦ (2θ ) and from 20◦ to
68◦ with a step size of 0.01◦ to assess the crystallinity of th
samples under study. N2 adsorption–desorption isotherm
were obtained at liquid nitrogen temperature (77 K) o
Nova 1000 Series apparatus. The specific surface areas
calculated according to the Brunauer–Emmett–Teller (B
method. Visible absorption spectra of the samples w
recorded on a Cary 500 Scan UV–vis NIR spectrophoto
ter with an integrating sphere attachment for their diffu
reflectance in the range of 200–800 nm.

2.3. Quantitative and qualitative analysis

A gas chromatograph equipped with a mass selective
tector (GCMS-QP5000 from Shimadzu) was used for q
itative and quantitative analysis. The following method w
used for qualitative identification and quantification of a
lyzed gaseous reaction products in the present study. Th
five microliters of the gaseous mixture to be analyzed
injected into the GCMS injection port that was maintain
at 150◦C. The column temperature was maintained at 40◦C.
We identified the separated products by comparison of
perimental and reference mass spectra, by following
characteristic masses and making a comparison of re
tion times of reaction products with the retention times
pure compounds. Photocatalytic testing of acetaldehyde
carried out with the combination of two vis–NIR long pa
filters (400 nm) and a colored glass filter (>420 nm) to elim-
inate ultraviolet radiation during visible light experimen
The reaction temperature was maintained at 298 K. The
source was a 1000-W high-pressure mercury arc lamp (O
Corp.). Broadband illumination was used in all of the UV e
periments.

3. Results

3.1. XRD, N2 adsorption, and UV–vis studies

A powder X-ray diffraction pattern of the catalyst from◦
◦
to 7 (2θ ) exhibited the same location of peaks as siliceous

MCM-41 [33], with the higher angle peaks assigned to
AgBr [34], along with the formation of Ag0 in smaller
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Fig. 1. UV–vis diffuse reflectance spectra of Al-MCM-41 in solid line a
AgBr/Al-MCM-41 in dotted lines after calcination at 630◦C.

amounts. The reflections at 100, 110, 200, and 210 i
cate a hexagonal structure for the mesoporous mate
The surface area of the AgBr-containing Al-MCM-41 sa
ple was 1150 m2/g, which is comparable to the surface ar
of pure Al-MCM-41 (1200 m2/g). The UV–vis spectrum
of the AgBr/AlMCM-41 (Fig. 1) has an absorption ban
around 303 nm corresponding to the direct band gap of A
(290 nm), whereas the Al-MCM-41 mesoporous materia
transparent in the wavelength range of 200–800 nm[35].

In the synthesis of AgBr/AlMCM-41, Et2NH is basic
enough to form MCM-41 while also permitting the disso
tion of the aluminum source, thus readily allowing the inc
poration of Al3+ into the framework. It is this feature in th
synthesis that allows the introduction of metal cation into
reaction media. The use of ammonia in the procedure is
the formation of complex cations with the metal ions, th
preventing precipitation under basic conditions. The amo
of bromide ion from CTAB is more than sufficient to preci
itate AgBr from the added AgNO3 during the synthesis. O
calcination, the surfactant molecule is eventually remov
and formation of a well-dispersed AgBr on Al-MCM-41 o
curs. The Ag0 could have formed during carbonization a
removal of surfactant since, under these conditions, a re
ing environment could be present in the pores. The ch
of Al-MCM-41 as the support was based on the fact that
MCM-41 exhibits higher hydrothermal stability compar
with pure siliceous MCM-41. We are also interested in
use of these Al-MCM-41 supports as photocatalysts for
mediation of dyes and surfactants (reactions to be ca
out in aqueous medium), and hence Al-MCM-41 was c
sen as the support. In addition, the incorporation of Al i

the framework of MCM-41 generally improves the acidity
and ion-exchange capacity of MCM-41, which are crucial
properties for catalysts.
talysis 233 (2005) 405–410 407
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3.2. Photocatalysis

Photocatalytic experiments were carried out in a cy
drical air-filled static reactor (305 ml total volume). Th
reactor is made of glass and has a quartz window. The A
containing Al-MCM-41 sample (50 mg) was placed in a c
cular glass dish to have a uniform surface and then mou
in the reactor. The reactor was cooled by circulating wa
and experiments were performed at 298 K under cons
stirring. One hundred microliters of liquid acetaldehyde w
added to the reactor containing the sample. Before irra
tion, the reaction was equilibrated for 30 min to allow v
porization of the aldehyde and monitored for change in
amount of acetaldehyde consumed or evolved CO2. Gaseous
samples (35 µl) were periodically extracted and analy
by GC-MS (Shimadzu GCMS-QP 5000). Gaseous sam
were injected into the GC-MS injection port, which w
maintained at 473 K. The column temperature was m
tained at 313 K. We identified the products by making
comparison of experimental and reference mass spectr
following the characteristic masses, and by making a c
parison of retention times of reaction products with reten
times of pure compounds. The UV source was a 1000
high-pressure mercury arc lamp (Oriel Corp.) with a 420-
cutoff filter for visible-light experiments. Upon visible-ligh
illumination (>420 nm) and in the presence of the catal
(Fig. 2a) there was a decrease in the concentration of
etaldehyde and a subsequent increase in the productio
CO2, which is the product of oxidation of acetaldehyde. T
reaction was also carried out under UV illumination (320
to 400 nm) (Fig. 2b). Photocatalytic reaction under UV i
radiation was examined with the use of a Pyrex glass
with a quartz lid. A 1000-W Hg lamp was used as a lig
source, and the cell was maintained at a constant temper
of 298 K. A 300-nm cutoff filter was used during the exp
iments. The initial reaction rates are comparable (withi
factor of 3) under visible-light and UV illumination. Tha
the reaction rates were comparable confirmed the exce
catalytic performance of AgBr/Al-MCM-41 as a visible ph
tocatalyst, and this is the first example we have seen w
such high activities under visible light have been observ
A balance between the consumed acetaldehyde conce
tion and the amount of CO2 formed could not be achieve
since, although CO2 was the only dominant gaseous produ
often less volatile products were also formed. Acetic a
was one of these other products, but most of this rema
strongly adsorbed to the surface of the catalyst. The r
tion is photocatalytic in nature. Indeed, as determined f
separate experiments, the turnover number, calculated
ratio of the carbon dioxide molecules formed to the num
of silver ions present in the sample, exceeded 100 during
course of the experiment.

It is generally reported in the literature that silver halid

decompose rather easily with absorption of UV light to form
silver metal. Thus, we were interested in the fate of our
dispersed AgBr and used XRD as a probe of the samples
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Fig. 2. Graph of concentration vs. time for evolution of CO2 and decrease in
concentration of CH3CHO using AgBr/Al-MCM-41 under (a) visible ligh
irradiation and (b) UV irradiation.

before and after they were subjected to photocatalysis
der visible light (Fig. 3). Initially the peaks were assigne
to AgBr with crystallite sizes of∼4 nm, whereas after th
photocatalytic reaction the peaks became sharp, indica
the crystalline growth of AgBr (22 nm) (calculated with t
Debye–Scherrer equation from the linewidth of the XR
data), along with Ag0 formation in smaller amounts. Th
low angle peaks of Al-MCM-41 and high angle peaks
AgBr were still intact. The presence of AgBr peaks af
the reaction suggests that AgBr is not destroyed by ex
sure to visible light. In addition to the crystalline growth
AgBr, we were able to more clearly identify the formati
of Ag0 in the XRD pattern after the photooxidation rea
tion. Ag0 formation has been reported in the literature
H2 production from water with the use of Ag/TiO2 [36] and
AgBr/SiO2 [21]. Now for the first time Ag0 has also been
observed during a gas-phase photooxidation experimen

der visible-light irradiation. So it is possible that either AgBr
or Ag0 is the active component of the catalyst, and this will
be explored further in our future work.
talysis 233 (2005) 405–410
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The high-surface-area silica seems to have two functi
(1) the facile sorption of CH3CHO for better adsorption o
CH3CHO, and (2) enabling and stabilizing the high disp
sion of AgBr crystallites during visible-light or UV expo
sure. However, the stabilization mechanism of AgBr is
very clear, and further experiments are needed to bette
derstand the photocatalytic behavior in gas-phase react
We do know that irradiation of the sample under vacuu
rather than in air, with visible light also caused Ag0 forma-
tion.

Interestingly, the calcined catalysts that were synthes
with the use of cetylmethylammonium chloride or cet
methylammonium hydroxide, when subjected to photo
alytic oxidation of CH3CHO under visible light, did not pro
duce CO2. We have also carried out the photooxidation
acetaldehyde in the gas phase with AgBr (2 wt%) impr
nated on Al-MCM-41 and found that it was not active und
visible light, and Ag0 was not observed on examination
the samples after photooxidation under visible light by XR
However, these catalysts were photoactive under UV irr
ation. The possible explanation for the AgBr/Al-MCM-4
catalyst being active for acetaldehyde photodecompos
under visible light may be the well-dispersed nature of
AgBr along with silver metal formed at the early stages
the reaction, which is detected clearly after photoreac
in the XRD. The silver formation is not observed on t
impregnated samples, however. It can be concluded, b
on these experimental results, that AgBr/Al-MCM-41 is
visible-light photocatalyst and that both AgBr and Ag me
nanoparticles are necessary. Interestingly, AgCl/Al-MC
41 and Ag2O/Al-MCM-41 are only UV photocatalysts. Th
mechanism of photocatalytic oxidation of acetaldehyde
this AgBr/Al-MCM-41 system is not known at this time b
very likely involves an excited-state silver ion (or silver p
oxo complex) extracting an electron (and proton) to form
acetyl radical, which then goes on in chain reactions w
oxygen to form oxidized products such as acetic acid
carbon dioxide[37].

4. Conclusions

High-surface area-mesoporous AgBr/Al-MCM-41 h
been synthesized successfully by the co-assembly pro
The catalyst was found to be useful in the photooxidatio
acetaldehyde, an indoor air pollutant. For the first time
report here comparable photoactivities for the decomp
tion of acetaldehyde under visible and UV irradiation. T
similarity in rates of the photodecomposition of acetal
hyde under visible and UV light is reported for the first tim
Both the fine dispersion of AgBr during the synthesis a

the formation of Ag metal nanoparticles during synthesis
and upon irradiation appear to be necessary for visible activ-
ity.
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Fig. 3. X-ray powder diffraction pattern of AgBr/Al-MCM-41 (a) before a
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