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a b s t r a c t

AgBr was creatively immobilized on a magnetic substrate (SiO2-coated Fe3O4 nanoparticle, SFN) to
achieve magnetic separation after visible light-driven photocatalytic oxidation (PCO). The resulted Ag/
AgBr/SFN was characterized by TEM, vibrating sample magnetometer and other techniques. It is found
that the average diameter of the Ag/AgBr/SFN particle is less than 20 nm. The typical superparamagnetic
behavior of Ag/AgBr/SFN implies that the catalyst can be magnetically separated. The physicochemical
features of the used Ag/AgBr/SFN after visible light irradiation were not dramatically changed by X-ray
diffraction, UV–Vis diffuse reflectance spectra and Fourier transform-infrared analysis. SiO2 interlayer
was proven to slightly increase the degradation efficiency for an azo dye Acid Orange 7. UV–Vis spectra
and HPLC analysis indicated that the dye was oxidized and decomposed. The photoactivity of Ag/AgBr/
SFN was partly maintained after successive PCO under visible light. In order to evaluate the roles of
e�–h+ pairs and reactive oxygen species, the quenching effect was examined by employing Ag/AgBr/
SFN and commercial TiO2 (P-25) under visible light (k > 400 nm) and UV-A irradiation, respectively.
Active h+ and the resulting �OH played the major roles for degradation. The effect of active h+ and �OH
were proven to be highly dependent on the concentration of photocatalysts. The effect of �OH was more
obvious for P-25, while that of active h+ was more predominant for Ag/AgBr/SFN.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Sustainable and ever-increasing interests have been focused on
photocatalytic degradation of toxic substances for the purification
of water and air using titania. Being one of the key AOPs (advanced
oxidation processes), photocatalytic process is subjected to exten-
sive studies and considered to be potentially applied for decontam-
ination. Nevertheless, there are still two fundamental drawbacks
hindering its development. One is the recovery of photocatalyst.
It is difficult to recover and reuse these catalysts due to their small
size especially in slurry system, which needs the further filtration
step of high cost. The other is the inefficient utilization of visible
light. TiO2 only absorbs wavelengths at the near-UV region
(k < 400 nm), which consists of only 5% of solar spectrum. How-
ever, visible light covers as much as 45% of the total solar energy.
ll rights reserved.
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Photocatalysts are preferably used in slurry system due to its
high surface area and decontamination efficiency (Chung et al.,
2004). In order to solve the problem of recovery and reuse of used
photocatalysts, these photocatalysts were usually immobilized on
inert substrates such as sand, zeolite, resins and even metal sub-
strates by coating, soaking, precipitating or spinning methods
(Matthews, 1987; Anpo et al., 1997; Kominami et al., 2001).
Though the immobilized photocatalysts were easy to be recovered,
the remarkable reduction on their photocatalytic activities was ob-
served to a considerable extent due to the lack of effective surface
area and low mass transfer rate (Chung et al., 2004). Recently, mag-
netically separable photocatalysts were suggested and proven to
be a good solution for the catalyst separation (Chen et al., 2001;
Gao et al., 2003; Xu et al., 2007). The size of the photocatalyst could
be intentionally manipulated by controlling the size of the mag-
netic core materials. Thus, magnetic nano-sized photocatalysts
can be synthesized to increase their effective working area and
improve their photoactivities.

The magnetic photocatalysts always refer to those with a
ternary structure including a magnetic core, a silica membrane
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mid-layer and photocatalysts outer-layer. The SiO2 mid-layer was
also proven to be a great need. The bandgap of SiO2 is as much
as 9.0 eV. Consequently, the passive SiO2 layer can not only inhibit
the oxidation of the Fe3O4 core by the holes photogenerated by the
out-layer, but also can weaken the adverse effect of c-Fe2O3 such
as conglomeration (Gao et al., 2003). It was proven that the SiO2

mid-layer helped to improve the photoactivity by inhibiting the
charges injection from the out-layer photocatalyst (Xu et al.,
2007). As a result, the nano-sized ternary structure of magnetic
photocatalyst was preferably selected for practical use.

Titania has been frequently employed as the out-layer photo-
catalyst in literature (Chen et al., 2001; Beydou and Amal, 2002;
Chung et al., 2004), which renders the difficulty of lack of photoac-
tivity when utilizing visible light. Others (Zou et al., 2001; Kim
et al., 2004; Fu et al., 2005) have reported interesting work on effi-
cient utilizing of visible light by employing non-titania photocata-
lyst. Moreover, the use of silver halides such as AgBr, a series of
photosensitive materials for photography, emerges to be capable
of inactivating pathogenic material and destruction of azo dye un-
der visible light (Rodrigues et al., 2005; Hu et al., 2006; Elahifard
et al., 2007; Lan et al., 2007; Zang and Farnood, 2008). However,
there are few studies on the immobilization of these typical non-
titania photocatalyst on magnetic support for decontamination un-
der visible light so far. In this study, magnetic AgBr was prepared
by immobilizing AgBr on SiO2-coated Fe3O4 nanoparticles (SFN)
in order to achieve both photocatalyst recovery and visible light
utilization.

In addition, a large number of oxidizing species are involved in
photocatalytic oxidation (PCO) and they are expected to play the
key roles in decontamination. These reactive oxygen species (ROSs)
such as �OH and H2O2 are basically transformed from the initial
generation of charge carriers, active holes and electrons. Genera-
tion of �OH is widely accepted as a characteristic of AOPs (Andre-
ozzi et al., 1999). However, to date, it is still unclear in which
roles these oxidizing species play in aqueous PCO reaction under
different reaction conditions. The visible light-induced and ultravi-
olet-induced PCO reaction may differ for the generation of oxidiz-
ing species. Photocatalyst concentration is another influencing
factor for PCO. In this research, the roles of active holes and ROSs
was comparatively investigated using magnetic AgBr and P-25
(TiO2) under visible light (k > 400 nm) and UV-A irradiation,
respectively. Most of the oxidizing species have a short lifetime
and their instantaneous measurement becomes difficult. As a re-
sult, a series of scavengers were employed and the quenching ef-
fect was investigated as a diagnostic tool to evaluate their roles
by decolorizing an azo dye, Acid Orange 7 (AO7). AO7 is commonly
selected as an organic contaminant for evaluating a degradation
process and AO7 degradation has been studied in detail (Stylidi
et al., 2004; Velegraki et al., 2006). As a result, it is convenient to
study AO7 degradation to investigate the roles of these oxidizing
species involved.
2. Experimental

2.1. Preparation of Fe3O4 nanoparticles and silica-coated Fe3O4

nanoparticles

The magnetic Fe3O4 nanoparticles were synthesized by method
of chemical co-precipitation. First, 100 mL distilled water was
heated up to about 70 �C. FeCl3�6H2O and FeSO4�7H2O with a molar
ratio of 2:1.6 were added to the solution with vigorous stirring
(Meng et al., 2005). Then, 2 M NaOH was added drop-wise into
the above solution until the pH reached approximately 11. The
resulting solution became black and was constantly stirred at
70 �C for 1 h to ensure complete growth of the nanoparticle crys-
tals. Before the precipitate was magnetically separated, the solu-
tion was cooled in air to room temperature (�25 �C). The
precipitate was then rinsed with distilled water in order to obtain
a product with a neutral pH. Finally, the black Fe3O4 particles were
rinsed with absolute ethanol three times, and the particles were al-
lowed to dry at �25 �C.

The SFN were prepared by the following procedure. First,
approximately 1 g of Fe3O4 nanoparticles was dispersed in 20 mL
of 0.1 M sodium dodecyl sulfate (98.5%, Sigma). The slurry was
sonicated for 10 min, followed by 30 min of vigorous stirring. Sub-
sequently, 20 mL of absolute ethanol, 6 mL of concentrated ammo-
nia and 5 mL of tetraethyl orthosilicate were added successively to
the solution. The reaction was allowed to proceed for 3 h at 50 �C
before the nanoparticles were magnetically separated and rinsed
with distilled water. Finally, the resulting particles were rinsed
with absolute ethanol three times and dried at room temperature,
yielding grey silica-coated Fe3O4 nanoparticles.

2.2. Preparation of magnetically separable Ag/AgBr/SFN

The magnetic Ag/AgBr/SFN was prepared by a deposition–pre-
cipitation method similar to procedures found in literature (Hu
et al., 2006). First, 0.5 g of SFN was added to 100 mL of deionized
water, and the suspension was dispersed with the aid of ultrason-
ication for 30 min. Then 0.6 g of cetylmethylammonium bromide
was added to the solution and was stirred magnetically for over
30 min. Subsequently, 0.105 g of AgNO3 in 2.3 mL of NH4OH
(25 wt.% NH3) was quickly added, and the magnetic stirring was
maintained at room temperature for over 12 h. The suspension
was centrifuged, washed and dried at 110 �C for 1 h. Finally, the
product was calcined at 500 �C in air for 3 h.

2.3. Characterization

TEM images were recorded on a Tecnai F20 (FEI, 200 kV) micro-
scope coupled with an energy dispersive X-ray (EDX) (Oxford
Instruments) spectrometer. Powder X-ray diffraction (XRD) pat-
terns were recorded on a Bruker D8 Advance X-diffractometer
(Cu Ka, k = 0.15406 nm). The UV–Vis diffuse reflectance spectra
(UV–Vis DRS) were obtained by employing a UV–Visible spectro-
photometer (Perkin–Elmer). Magnetization with the applied mag-
netic field was measured by vibrating sample magnetometer
(VSM-7300, Lakeshore, USA). Fourier transform-infrared spectros-
copy (FT-IR) investigations were made on a FT-IR spectrometer
(Nicolet Impact 420).

2.4. Degradation of Acid Orange 7 under visible light irradiation

AO7 was obtained from Sigma (purity >80%) and used without
any purification. Commercial TiO2 P-25 was kindly provided by De-
gussa Co. (Germany). Catalase for quenching was a fluorescent cat-
alase detection kit (Cell Technology, Mountain View, USA).
Isopropanol (R.D.H., Germany) used was of GC assay grade. Ultra-
pure azide was purchased from United States Biochemical Co.
(USA).

The PCO of AO7 (20 mg L�1) was carried out in a flask under vis-
ible light irradiation produced by a 300 W Xenon lamp (Beijing
Changtuo Scientific and Technological Corporation, Ltd., Beijing,
China). A UV cut-off filter was employed to remove the light with
wavelength shorter than 400 nm. The visible light
(369.5 mW cm�2) was focused on a 50 mL beaker from one side
and passed through the Pyrex glass to induce the PCO reaction.
Vigorous stirring was maintained to prevent settling of the mag-
netic photocatalyst. P-25 and UV lamps (15 W, maximum emission
at 365 nm) were used for UV-induced PCO reaction. The light
intensity for UV-A irradiation was fixed at 0.39 mW cm�2. All the
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reaction mixture was stirred at dark for over 60 min to reach
adsorption/desorption equilibrium and continued stirring was
maintained during the whole PCO process. The pH of reaction solu-
tion was adjusted with HCl or NaOH as required, and determined
with a pH meter (Thermo Orion 420A Benchtop meter, USA). The
reaction temperature was increased from room temperature to
about 40 �C when the reaction was ceased at 60 min. All the reac-
tions were conducted at least in duplicate.

The concentration of AO7 was determined by measuring the
absorbance at a fixed wavelength of 484 nm, which corresponds
to the maximum absorption wavelength of AO7 in visible region.
The UV–Vis spectra of the samples were recorded from 200 to
700 nm using a UV–Vis spectrophotometer (Cary 100 Scan, Varian).
Analyses of AO7 and its degradation products were carried out on a
HPLC (Waters 996 photodiode array detector and 2695 separations
module) analysis. The other experimental parameters can be re-
ferred to our previous study (Li et al., 2006).

3. Results and discussion

3.1. Characterization

3.1.1. TEM of SFN and Ag/AgBr/SFN
Fig. 1a and b shows the typical bright-field TEM images of the

SFN and Ag/AgBr/SFN powder. It is clearly seen that the average
diameters of the Ag/AgBr/SFN particles are less than 20 nm from
the light patches. Compared with SFN in Fig. 1a, the morphologies
of Ag/AgBr/SFN were almost not changed after Ag/AgBr immobili-
zation on it. In addition, the dark core structure is obvious, as ob-
served from Fig. 1b, and the other can be assigned to the other
parts of core–shell structure such as the outer-layer coating of
Ag/AgBr and the mid-layer SiO2 and c-Fe2O3. This suggests a good
combination between Ag/AgBr and SFN particles. The selected-area
electron diffraction pattern (inset of Fig. 1b) demonstrates the dis-
tinct diffraction rings of the crystalline structure, which is the typ-
ical spinel structure of the inner Fe3O4 nanoparticles (Matthews,
1987; Kominami et al., 2001). By EDX analysis, the atomic ratios
of Si and Fe on SFN are 24.1% and 7.5%, respectively. In accordance,
the Si and Fe contents were found to be 30.0 and 19.1 wt.%, respec-
tively. Other research indicated that the silica content in TiO2/SiO2/
c-Fe2O3 was only 1.9 wt.% (the mass ratio between TiO2 and silica-
coated SiO2/c-Fe2O3 was 1:1) even though the incomplete SiO2

membrane still improved the photocatalytic efficiency (Rodrigues
et al., 2005). This indicates the existence of a SiO2 mid-layer in
Ag/AgBr/SFN will help to restrain the adverse effect of charge car-
rier recombination as well. For Ag/AgBr/SFN, the atomic ratios of Si,
Fig. 1. Representative TEM images o
Fe, Ag and Br are 54.7%, 40.7%, 2.9% and 1.7%, respectively, as mea-
sured by EDX analysis. This reveals that Ag0 was generated in the
Ag/AgBr/SFN during the preparation of the visible light active
catalyst.

3.1.2. Magnetic properties of Ag/AgBr/SFN
The magnetic properties of the Ag/AgBr/SFN and SFN powders

were investigated with a VSM. The representative magnetic hyster-
esis loops of Ag/AgBr/SFN and SFN measured at room temperature
and illustrated in Fig. 2, which suggests a typical superparamag-
netic behavior with zero coercivity and remanence. This super-
paramagnetism is very useful in technical applications, and these
photocatalysts can be separated from water when an external
magnetic field is applied. A comparatively lower magnetic property
of the Ag/AgBr/SFN particle is observed in comparison with that of
the SFN powder. This indicates the existence of Ag/AgBr coating on
SFN to some extent.

3.1.3. XRD, UV–Vis DRS and FT-IR measurement
Both Ag/AgBr/SFN and SFN totally became orange in color after

being calcined at 500 �C for 3 h, indicating that a large amount of
Fe2O3 was generated due to calcination. Only two wide, weak
peaks are clearly observed for XRD patterns of SFN, revealing the
nanocrystalline nature of SFN. Typical peaks occurring at 63.1�
and 35.7� (Joint Committee on Powder Diffraction Standards
(JCPDS), No. 25-1402) also show that the SFN surface was oxidized
by calcinations and c-Fe2O3 phase was formed. The main phases
are pure maghemite (Lan et al., 2007). The characteristic diffraction
peaks of amorphous SiO2 between 20� and 30� are not so obvious
as demonstrated in literature (Xu et al., 2007). The diffraction
peaks attributed to AgBr are obviously detected (JCPDS No. 79-
0149), while the characteristic diffraction peak of Ag0 at 64.4� is
also clearly observed in the fresh Ag/AgBr/SFN sample, indicating
the existence of an Ag/AgBr structure. The existence of Ag/AgBr
structure has been documented by other studies using the similar
preparation procedures (Hu et al., 2006; Zang and Farnood, 2008).
After visible light irradiation, the intensities of AgBr peaks were not
dramatically reduced. No relevant peaks of SiO2 were observed for
both used SFN and Ag/AgBr/SFN, which implies the amorphous
SiO2 interlayer and AgBr outlayer were well dispersed and stable
enough, but not fragmented due to vigorous stirring and PCO
reaction.

The UV–Vis DRS of fresh Ag/AgBr/SFN, used Ag/AgBr/SFN and SFN
were measured for comparison in Fig. 3. It is obvious that they all ap-
pear to show a good absorbance of visible light even with the mag-
netic support SFN. For fresh Ag/AgBr/SFN and SFN, their absorbance
f (a) SFN and (b) Ag/AgBr/SFN.
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in the visible region is similar due to the strong absorbance of SFN
support. As proven by XRD patterns, there is evident c-Fe2O3 phase
that exits on the photocatalyst surface. SFN appears to be orange col-
or and the strong absorption can be attributed to that of c-Fe2O3.
This indicates that both Ag/AgBr/SFN and SFN are potentially photo-
active in the visible region. AgBr is a pale yellow solid, and its color is
not as dark as that of the orange c-Fe2O3. However, the absorption of
fresh Ag/AgBr/SFN is a little higher than that of SFN, especially from
600 to 800 nm. It can be deduced that it is the existence of Ag0 that
made its absorbance stronger, which is consistent with the EDX
analysis. In addition, the used Ag/AgBr/SFN exhibits an especially
stronger absorbance from 600 to 800 nm than both fresh Ag/AgBr/
SFN and SFN, which suggests the increased content of Ag0 after pho-
tocatalytic reaction. The increased metallic silver content on AgBr/
TiO2 was also observed after cyclic run irradiation by other study
(Zang and Farnood, 2008), which caused a decrease of photoactivity
but a considerable photoactivity was still maintained.

The FT-IR spectra of Ag/AgBr/SFN and used Ag/AgBr/SFN were
detected in the range from 400 to 2500 cm�1. The used Ag/AgBr/
SFN was not subjected to any post-treatment. It is observed that
there was not obvious FT-IR difference for Ag/AgBr/SFN before
and after photocatalytic reaction, which indicates that the mag-
netic photocatalyst was stable enough to some extent. The charac-
teristic absorption bands at around 800 and 1100 cm�1 are
attributed to the symmetric vibration and asymmetric stretching
vibration of Si–O–Si, respectively (Dutoit et al., 1995). On the one
hand, it reveals the existence of SiO2 on the catalyst surface,
though SiO2 is generally regarded as an interlayer between Ag/
AgBr and magnetic core. On the other hand, it also suggests the
coexistence of SiO2 with Ag/AgBr and Fe2O3 on the photocatalyst
surface. The orange color of Fe2O3 has suggested the existence of
surface Fe2O3 besides the XRD indication. In addition, the bending
vibration of adsorbed water was observed at 1613–1645 cm�1, but
the typical absorption bands of aromatic groups were not evidently
demonstrated.

3.2. Degradation of AO7

3.2.1. Effect of SiO2 mid-layer
In order to investigate the effect of SiO2 interlayer, Ag/AgBr/FN

(without SiO2 interlayer) was prepared and its degradation effi-
ciency was compared with that of Ag/AgBr/SFN. The apparent rate
constant (pseudo-first-order) for AO7 degradation was enhanced
from 2.6 � 10�2 min�1 in the absence of SiO2 interlayer to
3.3 � 10�2 min�1 with the interlayer. It reveals that the SiO2 inter-
layer is capable of improving the photoactivity of the magnetic
photocatalyst, which is consistent with other studies (Chen et al.,
2001; Xu et al., 2007). However, the apparent rate constant using
SFN (1.4 � 10�3 min�1) achieved 1.4 � 10�3 min�1, which was
especially lower compared with those of Ag/AgBr/FN and Ag/
AgBr/SFN. This suggested that though Fe2O3 was expected to be
photoactive under visible light, the contribution of Fe2O3 to the to-
tal photoactivity of Ag/AgBr/SFN was not dominant. Meanwhile, it
can be deduced that AgBr is mainly responsible for the photoactiv-
ity of Ag/AgBr/SFN.

3.2.2. Effect of initial solution pH
For metal oxide such as TiO2, the solution initial pH could influ-

ence adsorption and degradation efficiency through affecting the
surface complexation and the electrostatic interactions between
the adsorbate and the oxide surface. As a photocatalyst, Ag/AgBr/
SFN is different from metal oxide because AgBr is mainly responsi-
ble for the degradation. The degradation efficiencies of Ag/AgBr/
SFN were investigated under pH 5.0, 7.0 and 9.0. It is observed that
the color removal at 60 min decreased gradually from pH 5.0 (93%)
to pH 9.0 (82%). Apparently, solution pH did not significantly influ-
ence the degradation using Ag/AgBr/SFN at around neutral pH,
which is similar to the performance of P-25 under UV irradiation
(So et al., 2002). On the other hand, it indicates that Ag/AgBr/SFN
is comparatively stable for PCO.

3.2.3. Destruction of AO7
The UV/Vis spectral changes of AO7 degradation at pH 7 was re-

corded within 120 min, as illustrated in Fig. 4a. AO7 has four absor-
bance bands in which two in visible region and the other two in
ultraviolet region. In visible region, a major band locates at
484 nm and a shoulder band at 430 nm due to the hydrazone form
and azo form of AO7, respectively. The other two bands at 230 and
310 nm in ultraviolet region are ascribed to the benzene and naph-
thalene rings of the dye, respectively (Stylidi et al., 2004).

The four bands were weakened simultaneously by PCO using
magnetic Ag/AgBr/SFN, which indicates that the structure units
corresponding with the four bands were destructed rather than
accumulated. However, there was a new absorbance band at
254 nm generated in the ultraviolet region at the very beginning,
though the decay in visible region occurred concurrently. The
strongest absorbance intensity at 254 nm was achieved at about
20 min and then shrank step by step. Quinonic compounds were
speculated to contribute to the peak, which have a characteristic
UV–Vis absorption at around 255 nm (Huang and Yu, 1988).

The degradation intermediates of AO7 were monitored by HPLC
and their variations are presented in Fig. 4b. For AO7, it has a typ-
ical chromatogram peak with a retention time tR at 7.0 min, as can
be seen from the chromatograms of the AO7 solution before reac-
tion. When photocatalytic reaction occurred, it is obvious that the
intensity of AO7 dramatically declined and intermediates with tR at
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Table 1
Scavengers used and oxidizing species quenched.

ROSs
quenched

Scavenger
dosage

KI h+/adsorbed �OH 0.01 M
Isopropanol �OH 0.01 M
Catalase H2O2 935 000 units L�1

Azide 1O2 0.025 M
Double-quenching (KI + isopropanol) h+/�OH 0.01 M KI and

0.01 M
isopropanol

Table 2
kapp after quenched by a series of scavengers. Experimental conditions are same as
those in Fig. 4.

kapp

(�10�2 min�1)
R kapp/kapp

(no quenching) (%)

No quenching 3.3 0.93 100
KI 0.4 0.98 11.8
Isopropanol 2.8 0.99 86.9
Catalase 2.5 0.93 75.8
Azide 2.8 0.99 87.0
Double-quenching (KI + isopropanol) 0.4 0.99 11.2
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2.0 and 3.0 min were generated concurrently. At 45 min, the chro-
matogram peak of AO7 almost disappeared and those of the inter-
mediates began to shrink gradually with the prolonged reaction
time. The above suggests that AO7 was completely decomposed
by PCO using Ag/AgBr/SFN.

3.2.4. Recovery and reuse of Ag/AgBr/SFN
By means of magnetic separation, the used Ag/AgBr/SFN can be

recovered immediately by a magnet for successive use. The recov-
ered catalyst was not subjected to any further treatment and used
for PCO reaction by addition of AO7 solution. The degradation effi-
ciency declined continually from 94% to 39% in the six runs of
recovery and reuse. The recovered Ag/AgBr/SFN became a little
darker than the newly-prepared Ag/AgBr/SFN, which revealed the
increased content of Ag0 on the used Ag/AgBr/SFN due to PCO. This
is consistent with the results of UV–Vis DRS. The similar experi-
mental results were demonstrated using AgBr/TiO2 and a decline
of photoactivity was observed as well (Zang and Farnood, 2008).
The above indicated that AgBr was not stable enough during
PCO. Even this, a limited photoactivity of Ag/AgBr/SFN was still
maintained after six runs of PCO reaction.

3.3. Roles of oxidizing species

3.3.1. Predominant roles of active holes and the resulting hydroxyl
radicals

During PCO reaction, the generation of e�–h+ pairs is the begin-
ning of all the oxidation processes. Active h+ is the primary oxidiz-
ing species directly produced by photocatalyst under illumination.
A series of ROSs are subsequently generated on the basis of active
holes and electrons. These ROSs including �OH, H2O2, 1O2, �HO2 and
�O�2 are capable of oxidizing organic and biological pollutants to
achieve water and air purification. They are indispensable for
PCO reactions because these reactions will come to a stop without
active h+ and ROSs. As a result, the generation of ROSs will directly
determine the performance of PCO.

In order to evaluate the effect of these primary oxidizing spe-
cies, a series of quencher were employed to scavenge the counter-
part active holes and ROSs, as presented in Table 1. Their
quenching effect has been a diagnostic tool for evaluating the roles
of these oxidizing species, and their dosages were referred to the
previous studies (Martin et al., 1995; Sun and Pignatello, 1995;
Rabani et al., 1998; Ilisz and Dombi, 1999; Wu et al., 1999; Ishib-
ashi et al., 2000; Chen et al., 2005; Zhang et al., 2008). As a conse-
quence of quenching, PCO reaction will be partly suppressed and
kapp (apparent rate constant) is lowered. The more the kapp is re-
duced, the more important the role the oxidizing species play is
in the reaction. Though the roles of ROS are only quantitatively
determined by indirect method, it has been employed by many
researchers due to lack of direct determination.

Table 2 shows the kapp (pseudo-first-order) when the reaction
was quenched by KI, isopropanol, catalase, azide. The roles of the
counterpart species quenched can be calculated and indicated by
kapp/kapp (no quenching) (Zhang et al., 2006). Obviously, the kapp

of KI quenching decreased to only 12% of no quenching, indicating
the overwhelming role of h+/adsorbed �OH for AO7 degradation.
The weak quenching effect of isopropanol, catalase and azide
implies that other ROSs such as �OH, H2O2 and 1O2 played
comparatively insignificant roles for AO7 degradation. �OH (Eø

ð�OH; Hþ=H2OÞ = 2.72 V/NHE) is more reactive than other oxidizing
species. However, it is worthwhile pointing out that �OH was not
the prevailing oxidizing species generated by Ag/AgBr/SFN under
visible light. Active h+ was confirmed to be the dominating oxidant,
which is consistent with other studies (Mao et al., 1991; Ishibashi
et al., 2000; Chen et al., 2005). Therefore, though �OH was largely
produced in this PCO reaction, the degradation of AO7 by active
h+ process was more dominant.

In addition, double-quenching using both KI and isopropanol
was conducted so as to judge the total effect of both active h+

and �OH. �OH involved in double-quenching consists of those ad-
sorbed on the photocatalyst and those generated in bulk solution.
Compared with KI quenching alone, the kapp by double-quenching
was only reduced slightly <1%. This suggests that the effect of �OH,
generated in bulk solution, was almost negligible. Due to the
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Fig. 5. Effects of KI and isopropanol on kapp for AO7 degradation using P-25 (TiO2)
and Ag/AgBr/SFN at 100 and 500 mg L�1. Experimental conditions: [AO7] = 20 mg
L�1, visible light >400 nm, pH 7.
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longer lifetime of active e– compared to that of active h+ (Hoffman
et al., 1995), �OH generated in bulk solution is accepted to be pro-
duced by the following equations:

e� þ O2 ! �O�2 ð1Þ
�O�2 þHþ ! �OOH ð2Þ
�OOHþHþ þ e� ! H2O2 ð3Þ
H2O2 þ e� ! �OHþ OH� ð4Þ

As a result, �O�2 and H2O2 come from conduction band electrons
and they constitute the main products of active e�. However, as
seen from the quenching results, the effect of these products of ac-
tive e� in bulk solution was very limited as well. Besides, heteroge-
neous photocatalysis consists of three steps: adsorption of
organics, surface reaction and desorption of final products. PCO
reaction is accepted to mainly occur on the catalyst surface (Ishib-
ashi et al., 2000; Hu et al., 2003). Due to the short lifetime of active
h+ and the resulting �OH on the photocatalyst, the contribution of
oxidizing species in the bulk solution could be especially insignif-
icant, which is consistent with the analysis made above. Totally,
the effect of active h+ and the adsorbed �OH was dominant for
PCO and it mainly occurred on the catalyst surface.

3.3.2. Effect of photocatalyst concentration on the roles of oxidizing
species

AgBr is well accepted as a high-quality photosensitive and
imaging material, and it is widely applied as source materials in
photographic films (Belloni et al., 1999). In Ag/AgBr/SFN, silver bro-
mide is mainly responsible for its photoactivity. Different from the
traditional titania-based photocatalyst, Ag/AgBr/SFN may demon-
strate a special performance in PCO reaction under visible light.
For comparison, the quenching test was conducted under UV-A
irradiation using TiO2 (P-25) with a concentration of 100 and
500 mg L�1. Both P-25 and Ag/AgBr/SFN achieved similar degrada-
tion efficiencies in the same concentration. KI and isopropanol
quenching were conducted due to their leading roles of active h+

and �OH in PCO reaction.
For isopropanol quenching, as illustrated in Fig. 5a and b, the

kapp of P-25 and Ag/AgBr/SFN (100 mg L�1) decreased to 51% and
60% of no quenching, respectively. The contribution percentage
of �OH on P-25 was about 1.2 times that on Ag/AgBr/SFN. Neverthe-
less, the kapp of P-25 and Ag/AgBr/SFN at 500 mg L�1 increased to
69% and 87% of no quenching, respectively. Therefore, the contri-
bution percentage of �OH on P-25 and Ag/AgBr/SFN both declined
with an increase of catalyst concentration from 100 to 500 mg L�1.
Accordingly, the contribution percentage of �OH on P-25 was about
2.4 times that on Ag/AgBr/SFN at 500 mg L�1. It implies that the ef-
fect of �OH was more obvious on P-25 compared with Ag/AgBr/SFN,
despite the fact that the effect of active holes was still dominant for
P-25 at 500 mg L�1.

For KI quenching, the kapp of P-25 and Ag/AgBr/SFN
(100 mg L�1) decreased to 62% and 18% of no quenching, respec-
tively. The contribution percentage of h+/adsorbed �OH generated
on Ag/AgBr/SFN was about 2.2 times that on P-25. On P-25 and
Ag/AgBr/SFN, the contribution percentage of h+/adsorbed �OH both
increased with an increase of catalyst concentration from 100 to
500 mg L�1. The contribution percentage of h+/adsorbed �OH gener-
ated on Ag/AgBr/SFN still achieved about 1.2 times that on P-25 at
500 mg L�1. Due to the weak effect of �OH in most cases, the total
effect of h+/adsorbed �OH is mainly attributed to active h+. These
suggest that the effect of active h+ is more predominant for Ag/
AgBr/SFN than for P-25 especially at high catalyst concentration.

Generally speaking, the contribution percentage of �OH was ob-
served to be especially lower than that of active h+ under the reac-
tion conditions examined for both photocatalysts. However, the
contribution percentage of �OH and h+/adsorbed �OH on degrada-
tion using 100 mg L�1 P-25 amounted to 49% and 38%, respectively,
which demonstrates that �OH is more dominant than active h+ at
low concentration of P-25. Meanwhile, for Ag/AgBr/SFN, the contri-
bution percentage of active h+ was evidently enhanced from 82% to
88% when its concentration increased from 100 to 500 mg L�1.
Other study (Chen et al., 2005) reported that the active h+ play a
major role in AO7 degradation using P-25 (1000 mg L�1) under
UV-A irradiation, which indicates that the effect of active h+ is
more dominant for high catalyst concentration as well. These point
out that the effect of �OH is more obvious at low concentration of P-
25, while that of active h+/adsorbed �OH becomes more dominant
with the increasing photocatalyst concentration for both catalysts.

4. Conclusions

Magnetic Ag/AgBr/SFN was prepared and used for degradation
of AO7 under visible light irradiation. It is found that the PCO reac-
tion did not dramatically changed the physicochemical features
Ag/AgBr/SFN. SiO2 interlayer is capable of improving the photoac-
tivity of Ag/AgBr/SFN and SFN substrate demonstrated a very weak
photoactivity. A limited photoactivity of Ag/AgBr/SFN was still
maintained after successive runs of PCO reaction under visible
light. The roles of active �OH and h+/adsorbed �OH were highly
dependent on the concentration of photocatalysts. The effect of ac-
tive h+ was more predominant for Ag/AgBr/SFN especially at high
catalyst concentration, while that of �OH was observed to be more
obvious for TiO2 (P-25) at low catalyst concentration.
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