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A Keggin polyoxometalate (POM, i.e., PW12O40
3-) and its

lacunary derivative are immobilized on an anionic exchange
resin through electrostatic interaction at pH 4.6 in an
aqueous dispersion. The resin-supported POM thus obtained
catalyzes the efficient degradation of cationic dye
pollutants in the presence of H2O2 under visible-light
irradiation. To evaluate the photocatalytic system, degradation
of a rhodamine B (RB) dye was investigated in detail
using UV-visible spectroscopy, high performance liquid
chromatography, and gas chromatography/mass spectrometry
techniques to identify the intermediates and final products.
Fluorescence lifetime measurements revealed the
electron transfer from the visible-light-excited RB molecules
to the POMs. Electron paramagnetic resonance measure-
ments, investigation of the effects of •OH and •OOH scavengers
on the photoreaction kinetics, and IR analysis indicated
that de-ethylation of RB was due to •OOH radicals, but the
decomposition of the conjugated xanthene structure was
caused by the peroxo species formed by interaction of H2O2
with the lacunary POM loaded on the resin. A total
organic carbon removal of ca. 22% was achieved, and
the recycle experiment suggested excellent stability and
reusability of the heterogeneous catalyst. On the basis of the
experimental results, a photocatalytic mechanism is
discussed.

Introduction
In recent years, polyoxometalates (POMs) have been a
category of fast developing oxidative catalysts in organic
synthesis and environmental remediation due to their diverse
properties in molecular composition, redox potential, and
solubility (1-5). The photochemistry and photocatalysis of
POMs have aroused much interest, and it is recognized that
POMs generally share the same photochemical characteristics
of semiconductor photocatalysts such as TiO2 (5, 6). Upon
UV irradiation, electrons are excited from the valence band
to the conduction band of TiO2, generating the electron-
hole pairs in which the positive vacancies are powerful
oxidants to destroy adsorbed organic substrates, while the
conduction band electrons are trapped by molecular oxygen

to form strong oxidative radicals such as •OOH and •OH that
also cause the effective decomposition or even mineralization
of organic substrates. Similarly, UV irradiation onto the POMs
leads to a ligand-to-metal charge-transfer excited state with
an oxidizing capacity over 2.5 V versus the normal hydrogen
electrode (NHE) (5) by which most organic substrates could
be easily oxidized. And at the same time, the reduced POMs
are highly reductive. Therefore, the photodegradation of
various organic pollutants (7-10) and the photoreduction
of inorganic metal ions (11-13) mediated by POMs have
been achieved.

With this understanding, most published works related
to the photocatalysis of POMs are concentrated on UV
irradiation, which only possesses less than 4% of the total
solar energy reaching Earth’s surface. Aiming at utilizing the
inexpensive and inexhaustible solar energy, we and others
(14-17) have investigated the photocatalytic behaviors of
semiconductor catalysts in the degradation of dye pollutants
under visible-light irradiation. In these cases, the mechanistic
aspects differ greatly from those in the systems with UV
irradiation. It involves electron injection from the photo-
excited dye pollutants to the conduction band of TiO2, then
the conduction band electron reacts with molecular oxygen
to form active oxygen species, causing decomposition of the
formed cationic dye radicals, but no valence band holes are
involved. Similarly, ground-state POMs are also possible to
act as electron relays by accepting electrons from organic
donors (18) or organometallic compounds (19), but the rapid
back electron transfer impedes the utilization of the charge-
separated states. If the electrons trapped on the POMs could
be removed effectively, then the reaction of the thus formed
positive organic radicals could be realized. In a recent work,
we have reported the photodegradation of a rhodamine B
dye in an aerated homogeneous solution of a Keggin POM
anion, namely, SiW12O40

4-, under visible-light irradiation, in
which only the de-ethylation reaction but not the ring
cleavage of the dye molecule took place, and almost no
mineralization of the dye pollutants was detected (20).

Considering the high solubility of POMs in aqueous media,
some research groups have put forward great efforts for the
recovery and reuse of POM catalysts: immobilization of
POMs on active carbon (21-23) and carbon fibers (24),
impregnation of POMs on TiO2 or silica gels (25-27),
intercalation of POMs into anionic clays (28), and the
combination of POMs with suitable counterions such as Cs+

(29) or organic dendrimers (30) to obtain insoluble catalysts.
Besides the easy recovery of the POM catalysts, some support
materials seem to enhance the catalytic reactivity of the
combined catalysts. For example, Ozer and Ferry (8) achieved
more rapid photodegradation of 1,2-dichlorobenzene by
loading POMs on NaY zeolite in aerated dispersions under
UV irradiation than in homogeneous POM solution; Hill and
co-workers (31) reported the more efficient oxidation of
sulfides and aldehydes in dark reactions by immobilization
of POMs on cationic silica nanoparticles. Moreover, the
surface effects of supports on the reaction pathways of POMs
have also been recognized. Choi et al. (32) reported that
immobilization of POMs on an inactive silica surface greatly
changed the distribution of products in the photodegradation
of 4-chlorophenol under UV irradiation and ascribed the
changes to the introduction of a solid support surface that
changed the surface chemistry and pathway of POM-
mediated reaction.

However, H2O2 has been widely used as a “green” oxidant
in organic synthesis and environmental remediation because
(i) it generates H2O as a sole byproduct, (ii) it has a high
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content of active oxygen species, and (iii) it has an oxidative
potential prevailing to molecular oxygen (1.76 V vs 0.695 V).
Many POMs have been developed as effective catalysts for
activating H2O2 in selective oxidation of various organic
substrates in dark thermal reactions (3, 4, 33-35). It is also
reported (36) that some POMs can catalyze efficient bleaching
of organic dyes with H2O2 in the dark at pH 10.0; however,
no information about the mineralization of these dye
pollutants was offered.

We report herein the immobilization of a Keggin poly-
oxometalate, PW12O40

3-, on an anionic exchange resin under
certain pH conditions in aqueous dispersion. The as-prepared
material is used as an efficient catalyst in the degradation of
organic dye pollutants with H2O2 under visible-light irradia-
tion, in which the resin support provides a microenvironment
for the preassociation of the catalyst, substrate, and oxidant
that greatly enhances the reactivity of POMs compared to
the homogeneous system. A rhodamine B (RB) dye, with the
molecular structure shown below, was used as a model to
examine the photocatalytic behavior of the photocatalyst.
UV-vis spectra and total organic carbon (TOC) measure-
ments showed that partial mineralization of the dye pollutant
was achieved along with slight content of de-ethylation on
the xanthene ring in the RB structure, which was further
confirmed by the intermediates and ring cleavage final
products detected by high performance liquid chromatog-
raphy (HPLC) and gas chromatography/mass spectrometry
(GC/MS) measurements. These results are significantly
different from those in the photodegradation of RB in the
presence of O2 (without H2O2) catalyzed by homogeneously
dissolved POM (SiW12O40

4-) under visible-light irradiation
(20). The catalyst was readily separable and could be reused
without obvious loss of catalytic activity. IR, electron
paramagnetic resonance (EPR), and fluorescence lifetime
measurements were used to explore the mechanistic aspects
of the photoreaction. On the basis of the experimental results,
a photocatalytic mechanism under visible-light irradiation
is discussed.

Experimental Section
Materials. R-Na3PW12O40‚xH2O was purchased from Aldrich
and used as received. R-Na4SiW12O40‚xH2O and Na2WO4‚2H2O
were of analytic pure grade and purchased from the Beijing
Chemical Reagent Company. Anionic exchange resin (D201
type) was kindly supplied by Nankai University. The target
dye pollutants rhodamine B (RB), malachite green (MG),
acridine orange (AO), sulforhodamine B (SRB), and orange
II (OII) were obtained from Acros Chemical Company. The
spin trapping reagent 5,5-dimethyl-pyrroline-oxide (DMPO)
was obtained from Sigma. The deionized and doubly distilled
water was used throughout this study, and the pH of the
solutions was adjusted by diluted aqueous solutions of HClO4

and NaOH.
Photoreactor and Light Source. A 500-W halogen lamp

(Institute of Electric Light Source, Shanghai, China) used as
the light source was positioned inside a cylindrical Pyrex
vessel surrounded by a jacket with circulating water. A cutoff
filter was used to remove wavelengths less than 450 nm
completely and to ensure irradiation only by visible light.

Procedures and Analyses. The procedure for POM loading
on the resin is as follows: The D201 resin was ground to
powder and then treated with 1 M HCl and 1 M NaOH in
sequence. After the resin was washed with pure water

thoroughly and dried under vacuum, a definite amount of
treated resin powder was suspended in water by magnetic
stirring. Solutions of POM were introduced into the suspen-
sion to a given initial POM concentration, and the volume
of the mixture was fixed to 50 mL. After being stirred
magnetically for 2 h to allow the adsorption/desorption
equilibration, the suspension was centrifuged, then dried in
air, and the concentration of the POM remaining in the
supernatant phase was determined spectroscopically.

Unless otherwise stated, all of the experiments were
carried out in Pyrex vessels (60 mL) in aerated dispersions.
At given time intervals, a 3-mL aliquot was drawn out,
centrifuged, and analyzed immediately using a Lambda Bio
20 UV-visible spectrometer (Perkin-Elmer) to determine the
concentration of the model pollutants. TOC determination
of the supernatant liquid was performed on an Apollo 9000
analyzer (Tekmar Dohrmann). The de-ethylation intermedi-
ates of RB were determined by an HPLC method. The HPLC
system consisted of a Dionex P580 pump, a UVD 340S Diode
Array detector, and an intersil ODS-3 C18 reverse column (5
µm, 250 × 4.6 mm2). GC/MS analyses were carried out on
a Finnigan Trace DSQ Ultra instrument equipped with a DB-5
MS capillary column (30 m × 0.25 mm). The temperature
program of the column was set as follows: at 60 °C, hold
time ) 1 min; from 60 to 250 °C, rate ) 5 °C/min. The samples
for GC/MS analyses were prepared as follows: After the
catalyst particles were centrifuged, the aqueous solution was
collected and evaporated to near dryness under reduced
pressure; methanol (10 mL each time) was added and
evaporated three times to remove water completely; finally,
the remaining residue was dissolved in 0.5 mL of methanol.
The EPR signals were detected on a Brucker model EPR 300E
spectrometer equipped with a Quanta-Ray Nd:YAG laser (355
and 532 nm), and DMPO was used as the spin-trapper for
the radicals. IR spectra were obtained on a DigiLab FTS 3500
Fourier transform IR spectrometer (Tekmar Dohrmann), and
the samples were all supported on anhydrous KBr pellets.
Fluorescence lifetimes were measured on a Horiba NAES-
1100 time-resolved spectrofluorometer by the time-correlated
single-photon counting method. To avoid the influence of
scattering light, the exciting and receiving wavelengths were
set at 500 and 590 nm, respectively.

Results and Discussion
Preparation and IR Spectra of the Photocatalyst. In this
study, the D201 anionic exchange resin employed as a solid
support for POMs is constructed of polystyrene with tri-
methylammonium groups at the side of the main chain. Since
the negatively charged POMs can interact strongly with the
alkylammonium groups through electrostatic interaction,
POMs are loaded on the resin by mixing with the resin powder
in an aqueous suspension. Therefore, the stability of the
Keggin anions in aqueous solution should be taken into
consideration. It is pointed out that Keggin anions are stable
only under low pH conditions; for PW12O40

3-, this pH range
is below 2.0, and it would decompose to some complicated
structures or undergo complete decomposition depending
on the pH beyond this range (37, 38). However, as reported
by Mizuno et al., the pH condition during POM catalyst
preparation is related closely to its catalytic activity in a study
of H2O2-based selective oxidation of organic substrates (4a).
In the present procedure of PW12O40

3- loading, pH conditions
varying from 1.0 to 7.0 were tried by the addition of various
amount of diluted HClO4 solution, and finally pH 4.6 was
adopted because the as-prepared catalyst showed the most
efficient catalytic activity. The maximum loading amount of
PW12O40

3- on the D201 resin is ca. 5.1 × 10-4 mol g-1 resin.
Infrared measurement is a useful method in the char-

acterization of POMs. Figure 1 showed the characteristic part
(1200-400 cm-1 region) in the IR spectrum of the POM-

VOL. 39, NO. 21, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 8467



resin (trace c) together with spectra of the resin (trace a) and
the parent POM (PW12O40

3-, trace b) for comparison. Cor-
responding to the earlier reported data, the IR spectrum of
PW12O40

3- has four strong bands at 1080, 981, 890, and 805
cm-1, which are designated to the stretching vibrations of
P-O, WdOt, W-Oc-W, and W-Oe-W, respectively (39). The
IR spectrum of the bare resin (Figure 1, trace a) also showed
some peaks, but when the same POM/resin ratio as in the
POM-resin catalyst was employed in IR measurements, the
vibrations of the resin were negligible compared to the strong
bands of the POM. Some significant changes happened to
the IR spectra of PW12O40

3- by loading on the resin (trace c).
Two new peaks emerged at ca. 1045 and 1110 cm-1; as
compared to the literature data for the characteristic P-O
vibration of the lacunary anion PW11O39

7-, which is positioned
at 1040 and 1085 cm-1 (38), shifts of 5 and 25 cm-1 were
observed. The P-O vibration at 1080 cm-1 decreased but by
no means disappeared, suggesting that there is still some
complete PW12O40

3- loaded on the resin surface. At the same
time, the characteristic peak at 981 cm-1, which is designated
to the stretching vibration of terminal oxygen and the W
atom (WdOt), shifted to 968 cm-1. However, vibrations of
the W center with corner-sharing (Oc) and edge-sharing (Oe)
oxygen atoms at 890 and 805 cm-1 seemed unchanged. All
of the shifts in the IR spectra should be attributed to the
effect of the resin support on the lacunary site and terminal
oxygen atoms of the loaded POMs. The changes upon
addition of H2O2 (trace d, Figure 1) will be discussed in the
text below.

Photodegradation of Dye Pollutants. For the strong
absorption in the visible-light region and excellent stability
under various pH conditions, RB was chosen as the primary
model dye pollutant to examine the photodegradation
behaviors of the POM-resin catalyst in the presence of H2O2

under visible-light irradiation (λ > 450 nm). The degradation
reactions were carried out after the establishment of the
adsorption/desorption equilibrium by magnetic stirring for
30 min in the dark. After the equilibrium was established,
about 20% of RB was adsorbed on the catalyst. The catalyst
with a maximum POM loading, which exhibited the highest
photoactivity for the degradation of dyes, was used in the
following experiments, because the reactions with catalysts
of 40%, 60%, and 80% of the maximum POM loading amount
were much slower. Another Keggin ion, namely, SiW12O40,4-

which was more stable in aqueous solution than PW12O40
3-

(37) and the metatungstate, WO4
2-, were also loaded on the

D201 resin and used as catalysts. However, they showed
limited activity under the otherwise identical conditions.

The kinetics of the degradation of RB under different
conditions is depicted in Figure 2. As shown in trace a, there
was little degradation of RB observed in the presence of both
catalyst and H2O2 in the dark, suggesting that visible-light

irradiation is essential for the degradation of dye pollutants.
Even under visible-light irradiation, RB was still difficult to
degrade in the H2O2-only solution (trace c) or in dispersions
with both resin and H2O2 (trace d) without POM in the system.
The results suggest that the photosensitized auto-degradation
of RB is a rather slow process, and no active sites are present
on the bare resin support for H2O2 activation. Although it
was reported that some POMs can activate H2O2 to bleach
dye pollutants at pH 10.0 in the dark (24), only weak
degradation of RB was observed (trace e) in homogeneous
PW12O40

3- solution in the presence of H2O2 at pH 2.5 even
under visible-light irradiation. This is probably due to the
fact that PW12O40

3- is labile in dilute aqueous solution at pH
2.5, and H2O2 might accelerate the decomposition of
PW12O40

3- to some unknown species (38). A control experi-
ment using WO4

2- instead of PW12O40
3- in a homogeneous

solution also showed negligible activity under otherwise
identical conditions. In the aerated dispersions without H2O2,
the POM-resin catalyst exhibited limited activity for the
degradation of RB under visible-light illumination (trace b)
within the experimental time scale, while prolonged reaction
time (20 h) resulted in the stepwise de-ethylation of RB as
we have described in a previous work (20) in aerated
homogeneous SiW12O40

4- solution. However, as shown in
trace f, upon addition of H2O2, the POM-resin catalyst
presented considerable efficiency for the degradation of the
RB dye under visible irradiation. During the photoreaction,
the characteristic absorption band of RB at 551 nm dimin-
ished quickly, and a slight hypsochromic shift of the band
was witnessed, due to the stepwise de-ethylation of N,N′-
diethylammonium groups in the RB structure (20). The initial
apparent rate constant was estimated to be 11.2 min-1,
following the first-order kinetic mode. It suggested the
efficient decomposition of the conjugated xanthene ring in
RB with a slight content of de-ethylation, which would be
further examined by liquid chromatography (LC) and GC/
MS measurements (see below). Before irradiation, the surface
of the catalyst was red owing to the adsorption of RB; after
exposure to visible light for 240 min, the supernatant phase
was completely discolored, but the complete decolorization
of the photocatalyst took some 120 min longer.

The photodegradation of some other dye pollutants by
the POM-resin catalyst was also examined to verify the
activity of the photocatalyst. Notably, the cationic dyes, such
as MG and AO, could also undergo quick degradation in the
presence of the photocatalyst and H2O2 under visible-light
irradiation, but when anionic dyes such as SRB and OII were
emlpoyed, hardly any degradation of these dye pollutants

FIGURE 1. IR spectra of (a) resin, (b) POM (Na3PW12O40), (c) POM-
resin, and (d) POM-resin/H2O2. FIGURE 2. Kinetics of degradation of RB under different conditions:

(a) POM-resin, H2O2, in the dark; (b) POM-resin, visible light; (c)
H2O2, visible light; (d) resin, H2O2, visible light; (e) POM, H2O2, visible
light; (f) POM-resin, H2O2, visible light. [RB] ) 2.0 × 10-5 M; [H2O2]
) 2.0 × 10-3 M; pH 2.5. Inset: UV-visible spectra changes of RB
in the supernatant during irradiation for trace f.
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was observed. As stated above, the POMs are negatively
charged, so they could interact with the positively charged
cationic dyes and might repulse the anionic dye molecules.
It is reasonable to infer that the interaction between the dye
pollutants and POMs is a prerequisite for their photodeg-
radation. Experiments with small molecules that have no
absorption in the visible region were also investigated. Even
in the case of those strongly interacting with the POM sites,
such as benzyltrimethylammonium chloride (BTAC), no
degradation was observed under visible irradiation, just like
what happened in the case of RB in the dark (trace a, Figure
1), suggesting the importance of visible-light sensitization of
the substrate.

From the kinetic study, one may conclude that visible
light induced photosensitization of the dye, the oxidant H2O2

and the interaction between the dye molecules and the POM
sites are all necessary for the efficient photodegradation of
dye pollutants in the present system. Meanwhile, the resin
support also plays an important role in the photocatalytic
system, in a way that the homogeneuous system without
resin support leads to a weak degradation of RB, while the
resin-supported POMs can efficiently catalyze the degrada-
tion of RB under the otherwise identical conditions. And a
reasonable explanation is that PW12O40

3- is unstable under
the reaction conditions, and the resin support prevents
further decomposition of the POMs by the strong electrostatic
interaction between POM and the alkylammonium groups
on the resin.

TOC Measurement in the Degradation of RB. The
mineralization degree of the RB dye was examined by the
measurement of the decrease in TOC and the formation of
CO2 in the system. TOC changes during the degradation of
RB under visible-light irradiation in the presence of the
photocatalyst and H2O2 are depicted in Figure 3. To minimize
experimental errors, the initial concentration of RB was
promoted from 2.0 × 10-5 to 1.0 × 10-4 M, so the irradiation
time needed for complete degradation RB also increased
from 240 min to 12 h. During visible-light irradiation, the
TOC value of the supernatant phase decreased gradually.
The maximum TOC removal of RB reached ca. 22% at the
point that the solution was discolored completely (12 h of
irradiation). After that, the TOC value of the supernatant
phase tended to keep constant. Consistent with the decrease
in the TOC, the evolution of CO2 (mineralization yield of RB
into CO2, ca. 24%) was also observed. From Figure 3, one
could conclude that (1) partial mineralization of the dye
pollutants did occur in the system and (2) the mineralization
took place only before the reaction system had been
completely discolored. Once the reaction system was dis-
colored, there were no substrates to be excited by visible-
light irradiation, which supplied energy for the photo-
degradation of RB, and the mineralization process ceased
subsequently. In this regard, it was consistent with the dye/
TiO2 system in aerated dispersions under visible-light ir-
radiation (14-16).

Recycle of the Catalyst. The stability and reusability of
catalysts are very important issues for practical applications.
Upon loading on the resin, the POMs could be readily recycled
by simple centrifugation after reaction. The stability and
reusability of the POM-resin were examined by repetitious
use of the catalyst. As shown in Figure 4, after seven cycles
for photodegradation of RB, the catalyst did not exhibit a
significant loss of activity. In addition, there was no POM
leaching from the resin support detected during the cycles.
This suggested that the POM-resin catalyst is considerably
stable during the photodegradation of the dyes. Some POMs,
especially PW12O40

3-, have been used as catalyst precursors
in homogeneous solution with concentrated hydrogen
peroxide as an oxidant (33, 40). In those cases, the original
POMs decomposed to some certain structures to form the
superoxo species, which accounted for oxidation of hydro-
carbons. In contrast, the addition of H2O2 did not cause
decomposition of POMs supported on the resin in the present
system. This is most likely because (i) the concentration of
H2O2 (10-3 M) used in the present system was much lower
than that in those cases using commercially concentrated
H2O2 (ca. 30 wt %, 10 M) and (ii) the positively charged
ammonium groups on the resin might provide a function to
stabilize to the supported POMs and prevent them from
further decomposition.

Identification of the Intermediates and Final Products.
Analyses of the reaction intermediates and final products
are useful for evaluating the efficiency of catalytic systems
and may reveal some details of the reaction process.
Intermediates of RB during the photodegradation were
monitored by HPLC equipped with a UV-visible diode array
detector, and the results are illustrated in Figure 5. The RB
dye used here is of 95% purity with a N,N-diethyl-N′-ethyl-
rhodamine (DER) percentage of ca. 5%, which is consistent
with HPLC analysis. During the photoreaction in the present
system, three intermediates were observed, namely, DER,
N-ethyl-N′-ethyl-rhodamine (EER), and N,N-diethyl-rhod-
amine (DR), corresponding to peaks b, c, and d in the inset
of Figure 5, respectively, which resulted from losing one and/
or two ethyl groups from the xanthene ring in the parent RB
structure, as we have definitely determined with an LC/MS
technique in a previous study (20). In Figure 5, with the quick
disappearance of RB, the concentrations of DER, EER, and
DR species increased slightly and then decreased with further
visible irradiation. This proved that de-ethylation of RB did
take place in the present system, but it was far from being
the dominant process as what was observed in an aerated
homogeneous SiW12O40

4- system without H2O2 (20). Instead,
decomposition of the conjugated chromophore structure of
RB should be the major process. It was confirmed by the

FIGURE 3. Temporal changes of TOC during the photodegradation
of RB: catalyst loading, 5 mg; volume, 100 mL; [RB] ) 1.0 × 10-4

M.

FIGURE 4. Catalyst recycle in repetitive degradation of RB (2.0 ×
10-5 M/run) by H2O2 (2.0 × 10-3 M/run) in the presence of POM-
resin (60 mg/L).

VOL. 39, NO. 21, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 8469



emergence of a new peak (monitored in the UV region, λ )
250 nm) with a retention time of ca. 5.5 min (peak e, inset
of Figure 5) after the reaction initiated. The peak was
supposed to represent some highly polar components that
could not be separated by HPLC, and these components
were most likely the small molecule intermediates resulting
from the cleavage of the xanthene ring in RB structure.

To obtain more information about the highly polar and
small molecular weight intermediates that could not be
separated and identified by HPLC, the degradation products
were analyzed further by a GC/MS technique. The major
final products detected are listed in Table 1. They were mainly
organic acids, such as formic acid, acetic acid, oxalic acid,
succinic acid, and phthalic acid. Phthalic anhydride detected
at a retention time of 17.2 min was probably formed from
phthalic acid during the sample preparation. These GC/MS
results provided solid evidence for the cleavage of the
conjugated xanthene structure of both RB and the de-
ethylated intermediates during the degradation reaction in
the presence of POM/resin catalyst and H2O2, and it is
significantly different with the photoreaction in an aerated
homogeneous POM solution in which neither cleavage of
the xanthene ring nor mineralization of the substrate was
observed (20).

Fluorescence Lifetime Measurements of RB. The steady-
state and time-resolved fluorescence analyses are usually
used to investigate the excited-state characteristics and the

photoinduced charge-transfer processes of the substrates.
RB has strong fluorescence in dilute aqueous solution because
of the conjugated xanthene ring in its molecular structure.
However, the fluorescence of RB could be gradually quenched
upon addition of POMs, due to the electron transfer from
the excited dye to the POMs. To clarify the charge-transfer
characteristics between the photoexcited RB dye and the
catalyst in the absence/presence of H2O2, we performed the
fluorescence lifetime analyses of RB under various conditions,
and the results were summarized in Table 2.

In the RB-only aqueous solution, the decay of the excited
dye molecules could be described as single-exponential
kinetics (τ ) 1.5 ns). Upon addition of POM, which could
interact strongly with RB through electrostatic attraction,
the fluorescence lifetime of RB seemed to be reduced to a
slight extent (τ ) 1.2 ns), and this could likely be caused by
the electron transfer from the excited RB molecule to POM.
Interestingly, when RB was adsorbed on the resin support,
its lifetime was prolonged dramatically from 1.5 to 6.0 ns,
suggesting that the resin support could stabilize the pho-
toexcited state of the adsorbed RB molecules. However,
introduction of H2O2 into the RB/resin system had little effect
on the lifetime of resin-adsorbed RB (entry 4, Table 2), which
further showed that the electron transfer from the photo-
excited RB molecule to the oxidant H2O2 was unfavorable,
and it was consistent with the inefficiency of the photodeg-
radation of RB in the resin/H2O2 system. In the RB/POM-
resin system, however, the fluorescence decay of RB deviated
markedly from the single-exponential kinetics to the double-
exponential decay kinetics. The long-lived component (τ )
5.4 ns) had a lifetime close to that of the resin-adsorbed RB,
while the short-lived component (τ ) 1.5 ns), most probably,
arose from the RB molecules interacting with the resin-
supported POMs. In comparison to the above-mentioned
binary systems, the complicated interactions between RB,
POM, and the resin support seemed to reduce the lifetime
of the resin-adsorbed RB molecules and slightly enhance
that of the RB molecules interacting with the POM sites on
the catalyst. When H2O2 was added into the RB/POM-resin
system (entry 6, Table 2), the lifetime of the short-lived
component was reduced from 1.5 to 0.8 ns, whereas the long-
lived component was further reduced from 5.4 to 4.8 ns.
Both lifetimes were reduced by addition of H2O2, implying
that charge transfers from the photoexcited RB molecules to
both the POM sites and the resin support of the catalyst were
facilitated by H2O2. Because we know that H2O2 has an
oxidative potential of 1.76 V and the reduced POM (PW12O40

4-)
has a negative potential (5, 37), it is reasonable that H2O2

could efficiently remove the electrons from the reduced POM
under acidic conditions. And it was consistent with the
experimental result that RB could be photodegraded ef-
ficiently in the POM-resin/H2O2 system under visible-light
irradiation.

Roles of O2, H2O2, and Related Radicals. By acceptance
of an electron from the photoexcited RB molecule, POM can
be reduced, and the regeneration of the reduced POM is
always a key step in the catalytic cycle. In some reported

FIGURE 5. Variations in the distribution of the intermediates from
the photodegradation of RB in the presence of POM-resin and
H2O2. Inset: HPLC chromatograms of the intermediates recorded at
250 and 505 nm at different time intervals.

TABLE 1. Final Products of the Photodegradation of RB
Detected by GC/MSa

a Note that all of the acids except phthalic anhydride were detected
in the form of methanolic esters because the samples were prepared
in methanol.

TABLE 2. Fluorescence Lifetimes of RB in Different Systems

entry reaction system lifetime (ns) percentage (%)

1 RB τ ) 1.5 ( 0.1
2 RB/POM τ ) 1.2 ( 0.1
3 RB/resin τ ) 6.0 ( 0.3
4 RB/resin/H2O2 τ ) 6.1 ( 0.3
5 RB/POM-resin τ1 ) 1.5 ( 0.1 Q1 ) 50

τ2 ) 5.4 ( 0.3 Q2 ) 50
6 RB/POM-resin/H2O2 τ1 ) 0.8 ( 0.1 Q1 ) 57

τ2 ) 4.8 ( 0.2 Q2 ) 43
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cases, O2 played an important role by accepting an electron
from the reduced POM, forming active oxygen species
(•OOH and •OH) and restoring the POM to its oxidized form
simultaneously (20, 41-45). Both inner-sphere and outer-
sphere mechanisms have been proposed. According to the
inner-sphere mechanism (41-43), the first step is that the
oxidants (O2, peroxides) interact with the reduced POMs to
form covalently bonded M-O intermediates, through which
intramolecular electron transfer from the reduced M centers
of POMs to the oxidants occurs, then the covalent bond
dissociates, forming the reoxidized POM and some active
oxygen species; while the outer-sphere mechanism (44, 45)
involves no covalent bond between POMs and oxidants, and
the electron-transfer process is much faster. It is reported
that some Fe3+- or V5+-substituted POMs were more likely
to follow the inner-sphere mechanism in which Fe3+ or V5+

might serve as active centers for coordination with oxidants
(42, 43). However, in most advanced oxidation technologies
(AOT) for (photo-)catalytic degradation of organic pollutants,
the oxidative •OH and •OOH radicals are considered to be
predominantly responsible for the degradation of the pol-
lutants (14-16, 46-48).

To obtain more insight into the roles of O2 and related
•OH and •OOH radicals in the present study, experiments
under O2 and N2 atmospheres were undertaken, and different
radical scavengers for •OH and •OOH radicals were introduced
into separate experiments. The results showed that under
both O2 and N2 (in the absence of O2) atmospheres degrada-
tion of RB exhibited almost the same rate as in an aerated
system in the presence of H2O2 and POM/resin catalyst under
visible-light irradiation, suggesting that the dissolved O2

played a minor role in the photodegradation of RB in the
present system. Isopropyl alcohol, an effective scavenger for
•OH radicals, and superoxide dismutase (SOD), an effective
scavenger for •OOH radicals, were also introduced into the
reaction system in separate experiments to examine the roles
of •OH and •OOH radicals. It was found that there was little
effect on the degradation rate of RB upon addition of either
isopropyl alcohol or SOD into the reaction system, suggesting
that the •OH and •OOH radicals were not the dominant active
oxygen species involved in the present reaction system. But
notably, detailed investigations into the reaction intermedi-
ates revealed some differences in these experiments. In the
experiments under O2 atmosphere or upon addition of
isopropyl alcohol, the three de-ethylated intermediates of
RB as in the aerated system were detected, and they exhibited
the same tendency in evolution as those in the aerated system.
However, under N2 atmosphere or upon addition of SOD,
neither EER nor DR intermediates could be detected; only
the DER, which had a percentage of 5% in the initial solution
due to impurities in the raw RB material, was detected and
exhibited a quick degradation along with RB in the photo-
reaction. These results suggested that the formation of de-
ethylated intermediates of RB might relate closely to O2 and
•OOH radical. Further investigation into this argument was
presented by the detection of •OH and •OOH radicals using
spin-trapped EPR measurements.

The EPR signals of the DMPO-trapped •OH radicals in the
photodegradation of RB are shown in Figure 6 A. No •OH
signals were detected in the dark (bottom spectrum, A), nor
was the characteristic signal of •OH observed under the
irradiation of a pulsed laser (λ ) 532 nm, 10 Hz) for even 120
s. By sharp contrast, when a trace of Fe2+ was introduced
into the otherwise identical system without POM/resin
catalyst (top spectrum, A), strong signals of the DMPO-•OH
adducts emerged even in the dark, in which the •OH radicals
were produced by the well-known Fenton reaction (46, 47).
Therefore, unlike other AOT systems, it is unreasonable to
attribute the degradation of the dye in the present system
to the attack of the substrates by •OH radicals, because the

EPR measurements directly rule out the participation of •OH
radicals in the present system. The role of a much weaker
oxidative radical, namely, •OOH, was also examined in
methanolic media, due to the facile disproportionation of
the superoxide species in water (49) that precludes the slow
reaction between DMPO and •OOH (k ) 10 and 6.6 × 103 M-1

s-1, respectively) (50). From Figure 6 B, one could see that
almost no signals could be detected in the dark, while under
visible-light irradiation, a set of DMPO-•OOH signals
emerged, and the intensity of the signals tended to grow
slowly with irradiation time. EPR measurements of •OH and
•OOH radicals were also performed in deaerated RB/POM-
resin/H2O2 dispersions, but at this time, no signal was
detected for both radicals. These EPR measurements revealed
that DMPO-•OOH signals could be detected only in the
presence of O2 under visible-light irradiation, suggesting that
charge transfer takes place from the photoexcited RB
molecule to POM and then from the reduced POM to the
dissolved O2, forming the •OOH radicals. When H2O2 was
employed instead of O2 as the oxidant under acidic condi-
tions, although neither •OH nor •OOH radical could be formed,
it could also efficiently remove the electron accumulated on
the reduced POM, facilitating the charge transfer from the
photoexcited RB molecule to POM, as suggested by the above-
mentioned fluorescence lifetime analysis.

The kinetic and intermediates studies under various
conditions, together with the EPR measurements, tend to
suggest that O2 takes part in the reaction system by accepting
electrons from the reduced POMs to form •OOH radicals,
which accounts for the de-ethylation of RB, resembling what
we have observed in an aerated homogeneous POM solution
(20), and no •OH radicals are involved in the whole system.
However, O2 has a minor influence on the degradation rate
of RB and plays almost no role in the decomposition of the
conjugated xanthene structure. Then the quick decomposi-
tion of the RB dye in the present system should be attributed
to the oxidant H2O2.

Discussion of the Possible Pathways. As was reported by
Ishii et al. (33) and Hill et al. (40), the precomplexation of

FIGURE 6. EPR signals of (A) DMPO-•OH adducts and (B) DMPO-
•OOH adducts for the RB/POM-resin/H2O2 system in aerated
dispersions in dark and under visible irradiation (λ ) 532 nm).
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H2O2 and POM in homogeneous solution resulted in both
decomposition of the parent POM and oxygen transfer from
H2O2 to POM, forming the seven-coordinate W-O peroxo
species, which was the real active species for selective
oxidation of organic substrates. It was further confirmed by
Server-Carrio and co-workers (34) that H2O2 could react with
lacunary POMs with certain heteroatoms, such as P5+, Si4+,
and Ga3+, to form four bidentate peroxo polyhedrons
surrounding the vacancy without the complete decomposi-
tion of the lacunary structure, which actually accounted for
the thermal oxidation of olefins and alcohols. In the present
system, the POMs loaded on the resin support exhibited
incomplete structure as PW11O39

7-, as proven by the IR
analyses shown in Figure 1, trace c, and the specific lacunary
structure of the POM on the resin makes it possible for the
complexation of POM with H2O2 at the lacunary sites. It is
consistent with the experimental results that the catalyst
prepared at pH 1.0, under which conditions the structure of
POM usually remained intact (38), and the catalysts prepared
at high pH conditions (pH > 6.0), at which the lacunary
structure underwent further decomposition (37, 38), exhibited
little activity for activation of H2O2, suggesting that the
lacunary structure of POM was essential for H2O2 activation
in the present study. This is further supported by IR
measurements of the catalyst (Figure 1, trace d). Upon
addition of H2O2, the peak at 805 cm-1 assigned to the
vibration of W-Oe-W split into two peaks at 839 and 789
cm-1, respectively. At the same time, the peak around 1045
cm-1, which is the characteristic band of the P-O vibration
of PW11O39

7- (38), decreased dramatically. However, the
characteristic bands of WdOt and W-Oc-W vibrations
changed little in position. This indicated that H2O2 could
react with the W-O octahedron of POM loaded on the resin,
most probably at the edge-sharing oxygen positions and the
lacunary positions (34) of POM loaded on the resin. The peak
emerging at 839 cm-1 was considered to be attributed to the
v(O-O) stretching of the peroxo species (3, 38). Furthermore,
a broad IR band appeared distinctly around 550 cm-1

compared to trace c, and it could be confidently assigned to
the vs(W(O2)) vibration (34).

It is clear from the above IR analyses that the seven-
coordinate W-O peroxo species were formed on the resin-
loaded POMs upon addition of H2O2. And the covalently
bonded (W(O2)) species represented an inner-sphere mech-
anism for the regeneration of reduced POMs in the present
study, in which no •OH and •OOH radicals were produced
as shown by the EPR measurements in a deaerated dispersion.
More importantly, the peroxo species should also be the only
active oxygen species that account for the decomposition of
RB, most probably through the interaction with the RB+•

radicals formed by injecting an electron from photoexcited
RB to POMs.

On the basis of the above discussions, the photodegra-
dation process of RB catalyzed by POM/resin catalyst with
H2O2 under visible-light irradiation can be summarized as
follows (eqs 1-4):

The initial step is the preassociation between RB and the
POM loaded on the resin, which makes it possible for the
electron transfer from RB to POM under visible-light ir-
radiation. As stated above that anionic dyes that are repelled
by the negatively charged POMs cannot undergo degradation,
this process is an important prerequisite in the present study.
Visible-light excitation of RB promotes an electron of the
dye to a higher energy level, and then the electron migrates
to the lowest unoccupied molecular orbital (LUMO) of the
POM, forming the reduced POM and RB+• radical (eq 2),
which could be inferred from the fluorescence studies and
further supported by the fact that the redox potentials of the
POMs (for PW11O39,7- no literature value is available yet, but
it should be close to that of PW12O40

3-, +0.15 V vs NHE) are
more positive than that of the photoexcited RB (RB*, -1.40
V vs NHE). In the presence of O2, the reduced POMs are
slowly reoxidized and the thus formed •OOH radicals that
are detected by EPR measurements, accounting for the
stepwise de-ethylation of RB (eq 3). When H2O2 is used as
an oxidant, it regenerates the resin-supported POMs (mainly
PW11O39

7-) more rapidly under acidic conditions in the
present system, via an inner-sphere mechanism by forming
the seven-coodinate W-O peroxo species. Moreover, the
interaction between the active peroxo species and the RB+•

radicals causes the efficient degradation and partial
mineralization of the RB dye.

In summary, this paper shows that PW12O40
3- can be

immobilized on the anionic exchange resin through elec-
trostatic interactions, and the thus formed POM/resin
material can efficiently catalyze the degradation and even
partial mineralization of cationic dye pollutants in the
presence of H2O2 under visible-light irradiation. The pho-
toreaction mechanism involves an electron transfer from
the excited dye to the POM, forming the reduced POM, which
can be reoxidized by both H2O2 and O2, and an active peroxo
species is generated by the interaction of the POM on the
resin with H2O2, then the subsequent reaction of the active
peroxo species with the dye radicals causes the decomposi-
tion of the dye pollutants. The resin-supported POM catalyst
is readily separable and reusable without obvious loss of
activity. The present study provides a way to utilize visible
light in remediation of organic pollutants using POMs.
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