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a  b  s  t  r  a  c  t

The  saturated  and  monovacant  Keggin  unit  functionalized  titania  materials,  H3PW12O40/TiO2 and
K7PW11O39/TiO2, were  prepared  by  one  step  sol–gel  co-condensation  followed  by solvothermal  treat-
ment.  The  structure,  optical  absorption  properties,  morphology,  and  porosity  of  the  materials  were
well  characterized.  Subsequently,  their  simulated  sunlight  photocatalytic  activity  was  evaluated  by  the
degradation  and  mineralization  of dye  rhodamine  B  (RB)  and  endocrine-disrupting  chemical  diethyl
eywords:
olyoxometalates
itania
omposite material
ynergistic photocatalytic effect
imulated sunlight photocatalysis

phthalate  (DEP).  Special  attention  was  paid  to provide  direct  evidences  for the  explanation  of  the  dif-
ferent  photoexcited  electron–hole  pair  separation  rates  of  the  H3PW12O40/TiO2, K7PW11O39/TiO2,  and
pure  TiO2 by  the  photoelectrochemical  experiment;  simultaneously,  the  target  active  species  yielded  in
the K7PW11O39/TiO2-  and  H3PW12O40/TiO2-catalyzed  DEP  degradation  systems  were  also  investigated
by the  free  radical  and  hole  scavenging  experiment.  Accordingly,  reasons  for  the  photocatalytic  activity
difference  between  the  K7PW11O39/TiO2 and  H3PW12O40/TiO2 as  well  as  pure  TiO2 were  revealed.
. Introduction

Photocatalysis has consistently drawn much attention for many
nvironmental challenges facing the modern world since it can
rovide a simple way to use light to perform chemical trans-
ormation [1,2]. Hazardous waste remediation, either in aqueous
olutions or air, is the most extensively studied application of pho-
ocatalysis. Although it has been proved that TiO2 is a promising
andidate among various photocatalysts, its practical application
s limited due to low quantum yield and null visible-light pho-
oresponse [3].  Accordingly, many efforts such as utilizing doping

etals, nonmetals, and other conductors with wide or narrow band
aps, reducing the size and changing the morphology of TiO2, and
nlarging the surface area were devoted to further improve the
hotocatalytic efficiency of TiO2 [4,5].

Polyoxometalates (POMs) are another class of photocatalytically
ctive materials that have also attracted much attention [6–8]. The
nique physical and chemical properties of POMs including molec-
lar and electronic versatility, reactivity, and stability make them
deal photocatalyst candidates. Moreover, POMs share the general
hotochemical characteristics as that of the semiconductor photo-
atalysts due to their similar electronic attributes. Suitable light

∗ Corresponding authors. Tel.: +86 431 85098705; fax: +86 431 85098705.
E-mail address: guoyh@nenu.edu.cn (Y. Guo).
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oi:10.1016/j.colsurfa.2012.03.036
© 2012 Elsevier B.V. All rights reserved.

energy excitation of the ligand to metal charge transfer (LMCT)
band of POMs can be considered as a parallel process to the band
gap excitation of TiO2. Among all kinds of POM clusters with vari-
ous structures, the saturated Keggin-type POMs such as H3PW12O40
and H4SiW12O40 are well investigated as the photocatalysts. How-
ever, the HOMO–LUMO gap (semiconductor “band gap”) of the
Keggin unit is higher than that of TiO2, and they thereby must be
photoactivated by the light energy with the excited wavelength
lower than 260 nm (LMCT band of the Keggin unit situated at
ca. 260 nm). As for the solar light, it cannot excite H3PW12O40 or
H4SiW12O40 directly since its spectrum onset starts at ca.  320 nm.
However, polyoxotungstates, regardless of saturated or unsatu-
rated types, are efficient electron trappers. Several groups’ research
has proved the coupling of polyoxotungstate with TiO2 can enhance
the photocatalytic efficiency of TiO2-catalyzed reactions due to
the strong electron accepting ability of the polyoxotungstate and
the transfer of electrons from polyoxotungstate to oxygen species
presented in the reaction medium [9,10].  Our  previous studies
also found this synergistic photocatalytic effect existed between
the POM and TiO2, which retarded the fast recombination of the
hVB

+–eCB
− pair and thereby the enhanced photocatalytic activity

can be obtained in comparison of pure TiO2 [11–13].  For exam-

ples, H3PW12O40/TiO2 or H6P2W18O62/TiO2 composite prepared by
a sol–gel co-condensation method exhibited higher photocatalytic
activity under both UV (� > 254 nm)  and visible-light (� > 400 nm)
irradiation towards dye degradation compared with bare TiO2 as

dx.doi.org/10.1016/j.colsurfa.2012.03.036
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:guoyh@nenu.edu.cn
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ell as the starting POM. More recently, Marcì’s group reported that
he photocatalytic degradation of 2-propanol under the solar sim-
lating Xe lamp irradiation (� > 320 nm)  occurred successfully by
sing H3PW12O40-titania material prepared by a post-synthesized
ethod [14,15].
Up till now the POMs selected for studying the synergistic pho-

ocatalytic effect are the saturated Keggin-type polyoxotungstates
16]; moreover, it lacks direct evidences to explain this syner-
istic effect, especially for the POM/TiO2 composite materials. In
he cases of the unsaturated polyoxotungstates, its contribution
o the photocatalytic activity of TiO2 has seldom been studied.
erein, the saturated and monovacant Keggin unit functionalized
iO2 composite materials, H3PW12O40/TiO2 and K7PW11O39/TiO2,
ere prepared by one step sol–gel co-condensation followed

y solvothermal treatment. And then their heterogeneous pho-
ocatalytic behaviors were compared by the degradation and

ineralization of dye rhodamine B (RB) and endocrine-disrupting
hemical diethyl phthalate (DEP) under the simulated sunlight
rradiation. Simultaneously, the direct evidences to explain the syn-
rgistic photocatalytic effect between the saturated or monovacant
eggin unit and TiO2 were provided by the photoelectrochemical
xperiment; we also paid attention to investigate the target active
pecies yielded in the K7PW11O39/TiO2- and H3PW12O40/TiO2-
atalyzed DEP degradation systems by the free radical and hole
cavenging experiment. The above results are expected to provide

 better understanding of the mediated electron-transfer process
ccurred on the surface of the POM/TiO2 composites with the assis-
ance of the simulated sunlight.

. Experimental

.1. Reagents

Titanium tetraisopropoxide (abbreviated TTIP, 98%) and 12-
ungstophosphoric acid (H3PW12O40, 99%) were purchased from
ldrich. Rhodamine B and isopropanol (i-PrOH) were purchased

rom Beijing, China. Diethyl phthalate was purchased from Tianjin
uangfu Fine Chemical Research Institute. K7PW11O39 was  pre-
ared based on the literature methods [17,18].  All chemicals were
sed without further purification. Double distilled water was used
hroughout the experimental procedures.

.2. Catalyst preparation

.2.1. Preparation of the K7PW11O39/TiO2 and H3PW12O40/TiO2
owder

Preparation of the K7PW11O39/TiO2 powder. TTIP (3.6 mL)  was
issolved in i-PrOH (24 mL)  under vigorous stirring at room tem-
erature for 2 h. The desired amount of K7PW11O39 (0.125 g and
.25 g) was dissolved in water (1 mL)  at 333 K. The obtained
7PW11O39 solution was added dropwise into the TTIP/i-PrOH solu-

ion under vigorous stirring. The resulting mixture was  adjusted to
H 5 by acetic acid (1 mol  L−1), and then it was stirred at room
emperature until the transparent gel was formed. The gel was
ransferred into an autoclave and heated to 423 K with a heating
ate of 2 K min−1, and then the gel was held at this temperature for
8 h. The mixture suffered from the following thermal treatment

n air: 333 K for 24 h, 353 K for 12 h, 373 K for 2 h, 393 K for 0.5 h,
uccessively. The product obtained was washed three times with
ater and ethanol at 333 K for 3 h, respectively. Finally, the prod-

ct was dried at 333 K for 24 h and denoted as K7PW11O39/TiO2-x
x represents K7PW11O39 loading in the K7PW11O39/TiO2-x com-
osite). The preparation route of pure TiO2 is similar to that of the
7PW11O39/TiO2 in the absence of K7PW11O39.
hem. Eng. Aspects 401 (2012) 116– 125 117

Preparation of the H3PW12O40/TiO2 powder. The prepara-
tion route of H3PW12O40/TiO2 was the same as that of the
K7PW11O39/TiO2 except that using H3PW12O40 (0.25 g) dissolved
in HNO3 (1 mol  L−1, 1 mL)  to avoid its decomposition. The prod-
uct was denoted as H3PW12O40/TiO2-y (y represents H3PW12O40
loading in the H3PW12O40/TiO2-y composite).

2.2.2. Preparation of the K7PW11O39/TiO2/Ti and
H3PW12O40/TiO2/Ti photoanode

The rectangle titanium (Ti) sheets (size 10 mm  × 50 mm,  thick-
ness 140 �m,  purity > 99.6%) were cleaned ultrasonically in water
and alcohol for 10 min, respectively. The cleaned Ti sheets were
chemically etched in a mixture of HF, HNO3, and H2O for 30 s
(HF:HNO3:H2O = 1:4:5; v/v/v) followed by rinsing with distilled
water and drying in argon flow at room temperature. To obtain
some viscosity, the K7PW11O39/TiO2 or H3PW12O40/TiO2 suspen-
sion coming from the autoclave was  stirred vigorously for 3 h at
room temperature in an open beaker. The obtained suspension was
used for spin-coating Ti sheet at an initial spin rate of 5000 rpm for
6 s and then 2000 rpm for 6 s. After aging at room temperature for
12 h, the K7PW11O39/TiO2 or H3PW12O40/TiO2 covered sheets suf-
fered from the subsequent thermal treatment in air: 333 K for 24 h,
353 K for 12 h, 373 K for 2 h and 393 K for 0.5 h, successively. The
cooled sheets were washed three times with water and ethanol for
3 h at 333 K, respectively. Finally, the sheets were dried at 333 K for
24 h. For a comparison, TiO2/Ti photoanode was also prepared by
the same process.

The weight of the coated TiO2, K7PW11O39/TiO2, or
H3PW12O40/TiO2 on each Ti sheet is 2.0 ± 0.2 mg.

2.3. Catalyst characterization

K7PW11O39 and H3PW12O40 loadings in the composite materials
were determined by a Leeman Prodigy Spec ICP-AES. XRD patterns
were obtained on a D/max-2200 VPC diffractometer using Cu K�
radiation. TEM, HRTEM, and SAED micrographs were recorded on a
JEM-2100F high resolution transmission electron microscope at an
accelerating voltage of 200 kV. Nitrogen porosimetry measurement
was  performed on a Micromeritics ASAP 2020M surface area and
porosity analyzer after the samples were outgassed under vacuum
at 363 K for 1 h and 423 K for 6 h. UV–Vis/DRS were recorded on a
Cary 500 UV–Vis–NIR spectrophotometer. XPS were performed on
a VG-ADES 400 instrument with Mg  K�-ADES source at a residual
gas pressure of below 10−8 Pa. FT-IR spectra were recorded on a
Nicolet Magna 560 IR spectrophotometer.

2.4. Photoelectrochemical experiment

Photocurrent measurement was carried out using the con-
ventional three electrode setup connected to an electrochemical
station (CH Instrument 660 C, Shanghai Chenhua, China). In this
electrochemical system, K7PW11O39/TiO2/Ti, H3PW12O40/TiO2/Ti,
or TiO2/Ti (effective area is 4 cm2) was used as a working photoan-
ode, and a Pt sheet (size 30 mm × 40 mm,  purity 99.99%) and an
Ag/AgCl (saturated KCl) electrode were used as the counter elec-
trode and reference electrode, respectively. The electrolyte was
0.01 mol  L−1 Na2SO4 aqueous solution (110 mL), and the distance
between Ti sheet and Pt sheet was fixed at 30 mm.  An external

125 W high-pressure mercury lamp was used as UV  light source.
The distance between Ti sheet and light source was fixed at 80 mm.
The measurements were carried out at a constant potential of +1.0 V
to the working photoanode.
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Table 1
Main characteristic FT-IR data (cm−1) of the starting K7PW11O39 and H3PW12O40 as
well  as the K7PW11O39/TiO2 and H3PW12O40/TiO2-13.8 materials.

Sample �as (P O) �as (W Od) �as (W Oc/Oe W)

K7PW11O39 1090/1040 953 862/806/732
K7PW11O39/TiO2-8.9 1080/1040 951 817/730
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H3PW12O40/TiO2-13 .8

Binding energy (eV)

Ti2 p3/2

Ti2p1/2

TiO2

K7PW11O
39

/TiO2-13 .6

a

4038363432
Bingding energy (eV)

K7PW11O39

K7PW11O39/TiO2-13.6

W4f7/2

W4f5/2
b

4038363432
Binding energy (eV)

H3PW12O40

H3PW12O40/TiO2-13 .8

W4f7/2
W4f5/2

c

Fig. 1. XPS spectra of the starting K7PW11O39 and H3PW12O40 as well as TiO2 mate-
K7PW11O39/TiO2-13.6 1080/1040 949 812/726
H3PW12O40 1080 984 893/810
H3PW12O40/TiO2-13.8 1070 966 890/815

.5. Photocatalytic test

The photocatalytic tests were conducted in a quartz reactor
ith diameter of 63 mm (consistent with that of the facula of the

ight resource). The light source (being placed ca.  15 cm above the
eactor) was provided by a PLS-SXE300 Xe lamp (300 W,  Beijing
rusttech Co. Ltd., China) equipped with an IR cut filter to remove
ost of IR irradiation (680–1100 nm). Consequently, the artificial

olar light used here matches well with the natural solar light with
ain emission from 320 nm to 680 nm (see Fig. S1 of Supplemen-

ary Information). The light intensity was adjusted to 150 mW cm−2

1.5 AM) measured by a radiometer (OPHIR, Newport, USA). The
uspension containing the solid catalyst (150 mg)  and an aque-
us RB (25 mg  L−1, 100 mL)  or DEP (20 mg  L−1, 100 mL)  solution
as poured into the reactor. The suspension was  ultrasonicated

or 10 min  and then stirred in the dark for 60 min  to obtain a
ood dispersion. Subsequently, the Xe lamp was turned on and
he photocatalytic degradation reaction was conducted. The acid-
ty of the suspension was neutral, and the system was  open to air.
he temperature of the suspension was maintained at 303 ± 2 K by
irculation of water through an external cooling jacket. At given
ntervals of irradiation, fixed amounts of reaction solution were
aken out, centrifuged and filtrated, and the filtrates were ana-
yzed. Decreases of the concentrations of RB were analyzed by a
V-2100PC spectrophotometer (Beijing, China) at � = 553 nm;  in
ddition, decreases of the concentrations of DEP were analyzed by a
himadzu LC-20A high pressure liquid chromatography (HPLC): C18
olumn, UV detector (� = 227 nm), and acetonitrile/water (80/20,
/v) was used as a mobile phase at a flow rate of 0.9 mL  min−1.
he detection limit for DEP is lower than 0.05 mg  L−1. Changes of
otal organic carbon (TOC) in DEP and RB degradation systems were

onitored by a Shimadzu TOC-500 Total Organic Carbon analysis
ystem.

. Results and discussion

.1. Catalyst characterization

.1.1. Compositional and structural information
The structural integrity of the Keggin unit in the

7PW11O39/TiO2 and H3PW12O40/TiO2 composite materials
as studied by a FT-IR spectroscopic method. From the results

ummarized in Table 1 it is found that the characteristic vibrational
eaks related to the monovacant or saturated Keggin unit still can
e observed after the introduction of K7PW11O39 or H3PW12O40

nto the TiO2 framework. Additionally, the shifts of the vibrational
requencies were observed for both of the composites, indicat-
ng the interactions existed between the Keggin unit and TiO2
ramework [11,19]. This interaction also leads to the reduced peak
ntensities of the K7PW11O39/TiO2 or H3PW12O40/TiO2 composite
n comparison of the starting K7PW11O39 or H3PW12O40 unit.

The interactions between TiO2 framework and the saturated

r monovacant Keggin unit at the surface of the H3PW12O40/TiO2
r K7PW11O39/TiO2 composite are further studied by XPS surface
robe technique, and the resulting spectra show interesting infor-
ation about the surface properties of the composite materials
rials with or without the incorporation of the Keggin unit in the Ti2p (a) and W4f  (b
and c) binding energy regions.

(Fig. 1). Fig. 1a displays high-resolution XP spectra of the tested
samples in the Ti2p3/2 and Ti2p1/2 binding energy regions. The
determined binding energies of Ti2p3/2 and Ti2p1/2 are 458.7 eV
and 464.5 eV, respectively, characteristic of the Ti (IV) oxidation
state in the Ti O Ti bonds of bulk TiO2 [20]. After introduction of
the Keggin unit into the TiO2 framework, the binding energies of
Ti2p3/2 and Ti2p1/2 have some shifts. For the K7PW11O39/TiO2 com-
posite, the binding energies of Ti2p3/2 and Ti2p1/2 shift to higher
values (458.8 eV and 464.6 eV). As for the H3PW12O40/TiO2, the cor-
responding binding energies shift to lower values (458.4 eV and
464.2 eV). The above result indicates that (1) a slight perturbation
of titanium environment occurred due to the introduction of the

Keggin unit, regardless of the saturated or lacunary structure; and
(2) the interaction between TiO2 framework and saturated or lacu-
nary Keggin unit at the surface of the composite is different. The
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tigated by UV–Vis/DRS; for comparison, the starting K7PW11O39
and H3PW12O40 as well as pure TiO2 were also tested (Fig. 2).
The result shows each TiO2-based material has a steep and par-
allel absorption band starting from 200 nm and ending up to ca.
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Scheme 1. The proposed framework structures of the K7P

bove interaction also results in some shifts of the binding energies
f W4f7/2 and W4f5/2 for the K7PW11O39/TiO2 or H3PW12O40/TiO2
omposite compared with those of the starting K7PW11O39 or
3PW12O40 unit. From the results displayed in Fig. 1b and c it is

ound that (1) the binding energies of W4f7/2 and W4f5/2 shift to
ower values for both K7PW11O39/TiO2 and H3PW12O40/TiO2 com-
osites compared with the starting K7PW11O39 and H3PW12O40;
nd (2) this shift is more obvious for the H3PW12O40/TiO2 com-
ared with the K7PW11O39/TiO2 (the binding energies of W4f7/2
nd W4f5/2 are 35.4 eV and 37.5 eV for K7PW11O39; 35.8 eV and
7.8 eV for H3PW12O40; 35.3 eV and 37.3 eV for K7PW11O39/TiO2-
3.6; and 34.9 eV and 36.9 eV for H3PW12O40/TiO2-13.8 [21]).

XRD patterns (Fig. S2 of Supplementary Information) indicate
hat all tested K7PW11O39/TiO2 and H3PW12O40/TiO2 composites
ossess anatase phase structure with the characteristic 2� values
f 25.3◦ (1 0 1), 37.8◦ (1 0 3, 0 0 4, and 1 1 2), 48.1◦ (2 0 0), 54.4◦

1 0 5, 2 1 1), 62.7◦ (2 0 4), 68.8◦ (1 1 6), 70.3◦ (2 2 0), 75.3◦ (2 1 5),
nd 82.5◦ (3 0 3), respectively (JCPDS NO. 21-1272). Additionally,
he diffractions related to the Keggin unit are not found, implying
omogeneous dispersion of the Keggin unit throughout the TiO2

ramework.
Based on the above FT-IR, XPS, and XRD results we conclude

hat the primary Keggin structure of the saturated or lacunary POM
emained intact after being introduced into TiO2 framework by
urrent preparation route. Additionally, different kinds of the inter-
ctions existed between the saturated or lacunary Keggin unit and
iO2 framework at the interface of the two components. Consid-
ring the structure characteristics of K7PW11O39 and H3PW12O40
ogether with well-matched electronegativity and ionic radius of
i4+ ion (1.54, 0.0605 nm)  and W6+ ion (1.70, 0.060 nm), these
nteractions are tentatively inferred. For the H3PW12O40/TiO2 com-
osite, the saturated Keggin unit links with the TiO2 framework
hrough hydrogen bonding and acid–base interactions. On the one
and, the hydrogen bonds were formed in the H3PW12O40/TiO2
omposite between the oxygen atoms of the Keggin unit and the
urface hydroxyl groups of Ti OH groups of anatase TiO2, which
an be expressed in the forms of W Od· · ·HO − Ti, W Oc· · ·HO Ti,
nd W Oe· · ·HO Ti, where Od and Oc/Oe refer to the terminal
xygen atoms and the bridge oxygen atoms of H3PW12O40, respec-
ively. On the other hand, chemically active surface Ti OH groups
ere protonated in an acidic medium to form the Ti OH2

+ groups.
he Ti OH2

+ group should act as a counter ion for H3PW12O40
nd led to the ( Ti OH2

+) (H2PW12O40
−) species by acid–base

eaction. In the case of K7PW11O39/TiO2, the starting K7PW11O39

s the monovacant derivative of the H3PW12O40, and the removal
f a tungsten–oxygen octahedral from a saturated PW12O40

3−

ramework leads to increase and localization of the anionic charge
22,23]. Accordingly, the resulting lacunary anion (PW11O39

7−)
39/TiO2 (a) and H3PW12O40/TiO2 (b) composite materials.

becomes highly nucleophilic and reacts easily with electrophilic
groups. Additionally, hydrolysis and condensation of TTIP under
acidic condition can yield (OH)4−nTi(OTi)n (n = 1–4) species that
construct the titania framework, and the framework has the elec-
trophilic surface titanium atoms in surface Ti OH groups, which
demonstrate chemical reactivity toward monovacant K7PW11O39.
Therefore, the K7PW11O39/TiO2 composite was formed through
grafting of two Ti OH groups to the surface of K7PW11O39. In
this kind of the K7PW11O39/TiO2 composite, K7PW11O39 presents
one vacant site, which allows connecting two TiO4 units of the
titania network to make up one tungsten–oxygen octahedral
lacuna. Therefore, the terminal nuclephilic oxygen atoms of the
K7PW11O39 become bridge atoms due to connecting with the elec-
trophilic titanium atoms in Ti OH groups via W O Ti bridge
bonds. According to the above discussion the proposed framework
structures of the K7PW11O39/TiO2 and H3PW12O40/TiO2 composite
materials are displayed in Scheme 1.

3.1.2. Optical absorption properties
The optical absorption properties that are relevant to the

electronic structure feature of the photocatalytic materials are
recognized as the key factors in determining their photo-
catalytic activity. Herein, the optical absorption properties of
as-prepared K7PW11O39/TiO2 and H3PW12O40/TiO2 were inves-
Wavelength (nm)

Fig. 2. UV–Vis/DRS of the starting K7PW11O39 and H3PW12O40, pure TiO2 as well as
the supported K7PW11O39/TiO2 and H3PW12O40/TiO2-13.8 materials.
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Table 2
Textural parameters of pure TiO2, K7PW11O39/TiO2, and H3PW12O40/TiO2-13.8
materials.

Sample SBET (m2 g−1)a Vp (cm3 g−1)b Dp (nm)c

TiO2 164 0.35 7.9
K7PW11O39/TiO2-8.9 151 0.38 8.4
K7PW11O39/TiO2-13.6 154 0.41 10.8
H3PW12O40/TiO2-13.8 168 0.28 6.6

a SBET (BET surface area) was estimated from the BET equation.
b Vp (pore volume) was estimated from the pore volume determined using the
ig. 3. TEM images of TiO2 (a) and K7PW11O39/TiO2-13.6 (b). HRTEM image of
7PW11O39/TiO2-13.6 (c).

00 nm.  Additionally, compared with pure TiO2, the absorption
and of K7PW11O39/TiO2 and H3PW12O40/TiO2 has a slight red-
hift, and the separated absorption peak corresponding to either
7PW11O39 or H3PW12O40 (ca.  260 nm)  was not found. The result
uggests the presence of Keggin unit has an influence on the elec-
ronic properties of anatase TiO2. For pure TiO2, the absorption
and is originated from the charge transfer from O2p orbital to Ti3d
rbital, while for the starting K7PW11O39 and H3PW12O40, the band
s assigned to the charge transfer from O2p orbital to W5d  orbital.
n the cases of K7PW11O39/TiO2 and H3PW12O40/TiO2, the absorp-
ion band corresponds to the charge transfer from O2p orbital to
he new conduction band of the composites. This new conduction
and is constructed from the hybridization of Ti3d orbital and W5d
rbital since they possess similar energy levels [11,13].

.1.3. Morphology and textural properties
The representative TEM observations reveal the prepared pure

iO2 and K7PW11O39/TiO2 composite are sphere-shaped with a size
f ca. 10 nm (Fig. 3a and b), and aggregation among the particles is

bserved. Moreover, the nanocrystalline nature of the composite
an be visibly observed in its HRTEM image (Fig. 3c). The lattice
ringe that is used for phase determination is 0.35 nm and 0.19 nm,
orresponding to the lattice spacing of (1 0 1) and (2 0 0) plane of the
adsorption branch of the nitrogen isotherm curve at P/P0 = 0.97 single point.
c Dp (median pore diameter) was estimated by using BJH model based on nitrogen

desorption isotherm.

K7PW11O39/TiO2. The SAED pattern further confirms the anatase
structure of K7PW11O39/TiO2 material, and the rings from the inner
to the outer correspond to (1 0 1), (0 0 4), (2 0 0), (1 0 5/2 1 1), and
(2 0 4) diffraction of anatase phase, respectively (inset in Fig. 3b).

All tested materials including pure TiO2, K7PW11O39/TiO2, and
H3PW12O40/TiO2 exhibit a type IV adsorption isotherm with a H3
hysteresis loop, which are typical characteristics of mesoporous
materials with a larger pore diameter formed by aggregation of the
primary nanocrystallites (Fig. S3 of Supplementary Information).
The BET surface areas of K7PW11O39/TiO2 composites decrease
from 164 m2 g−1 to 151 m2 g−1 with the increase of K7PW11O39
loading from 0% to 13.6% (Table 2). Additionally, the calculated pore
diameter based on BJH model of nitrogen desorption isotherm of
the K7PW11O39/TiO2 and H3PW12O40/TiO2 is higher and lower than
that of pure TiO2, respectively.

3.2. Photocatalytic tests

The simulated sunlight (320 nm < � < 680 nm) photocatalytic
activity of the K7PW11O39/TiO2 and H3PW12O40/TiO2 as well
as pure TiO2 was evaluated and compared by the degradation
of two  target compounds including dye RB (25 mg L−1, 100 mL)
and endocrine-disrupting chemical DEP (20 mg L−1, 100 mL). At
the same time, the interactions between RB (DEP) molecule
and K7PW11O39/TiO2 or H3PW12O40/TiO2 composite were studied
before the photocatalytic tests. It is reported that this interaction
is indispensable for the efficient photoinduced electron injection
and the subsequent degradation reactions, and that both the sur-
face properties of the photocatalyst particles and the structures of
the target pollutants can exert great effect on this interaction [24].

3.2.1. Adsorption and photocatalytic degradation of RB
The interaction between RB molecule and TiO2 or POM/TiO2

particles was  studied firstly. From the result shown in Fig. 4a it
is observed that after stirring the suspension of the catalyst and
RB solution for 30 min  in the dark, disappearance of RB reaches to
5.3% (TiO2), 17.5% (K7PW11O39/TiO2-8.9), 30.9% (K7PW11O39/TiO2-
13.6), and 34.6% (H3PW12O40/TiO2-13.8), respectively; and RB
concentration remains unchangeable with further increasing the
stirring time to 60 min. The result indicates adsorption–desorption
equilibrium between RB molecules and the catalyst is estab-
lished after 30 min  stirring. Difference of the adsorption capacity
for the above TiO2-based photocatalysts is explained as fol-
lows. RB molecule is known to be bound on the TiO2 surface
via esterification between its carboxylic group and the surface
hydroxyl group of TiO2 [24]. In the case of the K7PW11O39/TiO2,
nucleophilic monovacant PW11O39

7− strongly interacts with the
positively charged diethylamine group of RB; meanwhile, ester-

ification between RB and TiO2 surface also exists. Accordingly,
the adsorption capacity of the K7PW11O39/TiO2 is higher than
that of pure TiO2; moreover, higher K7PW11O39 loading results
in higher absorption capacity of the K7PW11O39/TiO2 towards RB



F. Ma  et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 401 (2012) 116– 125 121

Scheme 2. Adsorption modes of RB (a) and DEP (b) in aqueous K7P
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Fig. 4. Photocatalytic degradation of RB (a) and DEP (b) under simulated sunlight
irradiation of TiO2, K7PW11O39/TiO2, and H3PW12O40/TiO2-13.8 materials. c0 and ct

is the original and residual RB or DEP concentration in the reaction system. cRB
0 =

25 mg L−1 and cDEP
0 = 20 mg  L−1; volume: 100 mL;  catalyst: 150 mg.
W11O39/TiO2 (left) and H3PW12O40/TiO2 (right) dispersions.

owing to the enhanced interaction between PW11O39
7− cluster and

the positively charged diethylamine group of RB. Similarly, both
esterification and hydrogen bonding (formed via the interaction of
hydroxyl group of RB and protons of H3PW12O40) existed between
the H3PW12O40/TiO2 composite and RB molecule. Additionally, the
H3PW12O40/TiO2 composite possesses the largest BET surface area
among all tested TiO2-based materials, which may  also contribute
to its strong adsorption ability. Based on the above discussion, the
proposed adsorption modes of RB in aqueous K7PW11O39/TiO2 and
H3PW12O40/TiO2 dispersions are illustrated in Scheme 2a.

The photocatalytic test displayed in Fig. 4a indicates that
the initial RB concentration is almost unchangeable under the
solar simulating Xe lamp irradiation for 50 min. However, sig-
nificant degradation of RB occurs in the presence of both the
simulated sunlight irradiation and photocatalyst, and conver-
sion of RB reaches to 83.4% (TiO2), 92.0% (K7PW11O39/TiO2-8.9),
94.0% (K7PW11O39/TiO2-13.6), and 97.6% (H3PW12O40/TiO2-13.8),
respectively, under the simulated sunlight irradiation for 40 min.

3.2.2. Adsorption and photocatalytic degradation of DEP
The photocatalytic activity of the K7PW11O39/TiO2 and

H3PW12O40/TiO2 was further examined by a light insensitive target
compound DEP. DEP is a typical endocrine-disrupting chemical that
has a wide variety of industrial, agricultural, and domestic applica-
tions, especially for their uses as plasticizers. DEP is rather stable
in the natural environment, and it recalcitrates to biodegradation
and photolytic degradation owing to the existence of benzene car-
boxylic group and lack of light response at wavelengths longer
than 300 nm [25,26]. Thus, elimination of DEP from water is very
important.

The adsorption tests show that the adsorption behavior
of the tested TiO2-based catalysts to DEP molecule is differ-
ent from RB, which originates from the different structures
of the model molecules selected. As depicted in Fig. 4b, the

adsorption–desorption between the DEP molecule and the tested
catalysts reaches equilibrium after 30 min  stirring before light on.
Additionally, the adsorption capacity of TiO2 is higher than that
of the K7PW11O39/TiO2 or H3PW12O40/TiO2. For example, after
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Fig. 5. Changes of TOC in the reaction systems during the process of the simulated
sunlight photocatalytic degradation of RB (a) and DEP (b) over various catalysts.
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tirring the suspension of the catalyst and DEP solution for 30 min
efore light on, disappearance of DEP reaches to 26.9% (TiO2), 14.5%
K7PW11O39/TiO2-8.9), 12.9% (K7PW11O39/TiO2-13.6), and 14.8%
H3PW12O40/TiO2-13.8), respectively. Adsorption of DEP molecules
n the TiO2 surface is due to the hydrogen bonding existed between
he surface hydroxyl groups of TiO2 and the most negative oxy-
en atoms (i.e.  two carbonyl oxygen atoms) of DEP molecules
27]. After the incorporation of the Keggin unit into TiO2 frame-
ork, considerable amount of surface hydroxyl groups of TiO2 lost
ue to the interaction of the Keggin unit with TiO2 framework.
s a consequence, the adsorption ability of the K7PW11O39/TiO2
r H3PW12O40/TiO2 becomes weaker compared with pure TiO2.
ccordingly, higher K7PW11O39 loading results in the lower adsorp-

ion capacity. The proposed adsorption modes of DEP in aqueous
7PW11O39/TiO2 and H3PW12O40/TiO2 dispersions are illustrated

n Scheme 2b.
Degradation of DEP by direct photolysis is hardly observed after

olar simulating Xe lamp irradiation for 120 min. However, sig-
ificant degradation of DEP occurs in the presence of both the
imulated sunlight irradiation and photocatalyst, and the conver-
ion of DEP reaches to 84.2%, 88.0%, 92.6%, and 96.7%, respectively,
fter the simulating Xe lamp irradiation of TiO2, K7PW11O39/TiO2-
.9, K7PW11O39/TiO2-13.6, and H3PW12O40/TiO2-13.8 for 120 min.
he above tests show that as-prepared K7PW11O39/TiO2 and
3PW12O40/TiO2 composites also exhibit considerably higher sim-
lated sunlight photocatalytic activity than pure TiO2 towards light

nsensitive target compound DEP.

.2.3. Mineralization of RB and DEP
The mineralization ability of the photocatalyst towards the tar-

et pollutant is an important standard to evaluate its photocatalytic
ctivity. Herein, the mineralization ability of the K7PW11O39/TiO2-
3.6 and H3PW12O40/TiO2-13.8 towards RB and DEP was  evaluated
y monitoring the changes of TOC in the reaction systems. For
omparison, TiO2 was also tested under the same conditions.
rom the results illustrated in Fig. 5a it is observed that the
ineralization ability of the tested materials to RB follows the

rder H3PW12O40/TiO2-13.8 > K7PW11O39/TiO2-13.6 > TiO2. After
he simulated sunlight irradiation of RB and the catalyst for 10 h,
he disappearance of TOC in the related reaction system reaches
o 80.7% (H3PW12O40/TiO2-13.8), 73.6% (K7PW11O39/TiO2-13.6),
nd 67.5% (TiO2), respectively. Similar result also can be observed
or the mineralization of DEP, and the disappearance of TOC
n K7PW11O39/TiO2-13.6- and H3PW12O40/TiO2-13.8-catalyzed
EP degradation system reaches to 82.6% and 87.6%, respec-

ively, after the simulated sunlight irradiation of DEP for 10 h
Fig. 5b). The results indicate as-prepared H3PW12O40/TiO2 and
7PW11O39/TiO2 composites also exhibit mineralization ability

owards aqueous RB and DEP.
The above photocatalytic tests indicate that (1) at the same POM

oading, the saturated Keggin unit functionalized H3PW12O40/TiO2
omposite material shows higher simulated sunlight photocat-
lytic activity in comparison to the monovacant Keggin unit
unctionalized K7PW11O39/TiO2; and (2) both K7PW11O39/TiO2 and

3PW12O40/TiO2 exhibit higher photoactivity than that of pure
iO2. These results are explained based on the active species identi-
ed during DEP photodegradation and the changes of photocurrent
esponses in different photocatalytic systems.

.2.4. Free radical and hole scavenging experiments
Generally, the photocatalytic degradation of organic pollu-

ants by the semiconductor-based materials is controlled by active

pecies including free radical species and holes. During the pro-
ess of the photoexcitation of the photocatalytic materials, various
inds of active species like O2

•−, •OOH, HO•, and hVB
+ can pro-

uce [28–31].  Herein, the target active species yielded in the
TOC0 and TOCt is the original and residual RB or DEP total organic carbon in the
reaction system. cRB

0 = 25 mg L−1 and cDEP
0 = 20 mg L−1; volume: 100 mL;  catalyst:

150 mg.

K7PW11O39/TiO2- and H3PW12O40/TiO2-catalyzed DEP degrada-
tion systems were analyzed according to their influence on the
reaction rate of the DEP degradation reaction by the free radi-
cal and hole scavenging experiments. As shown in Fig. 6, under
the simulated sunlight irradiation of the K7PW11O39/TiO2 or
H3PW12O40/TiO2, the photodegradation rate of DEP is markedly
suppressed by the addition of hole scavenger (EDTA) and hydroxyl
radical scavenger (t-BuOH). Similarly, the superoxide radical trap-
ping experiment shows that the photodegradation of DEP becomes
slow after the addition of 1,4-benzoquinone (BQ, superoxide radi-
cal scavenger) in both of the systems [32]. From the fact that DEP
degradation catalyzed by the K7PW11O39/TiO2 or H3PW12O40/TiO2
is obviously suppressed by the addition of methanol it is inferred
that the •OOH species does not serve as the active species that is
responsible for DEP degradation in current systems since the degra-
dation rate of DEP would be greatly accelerated by methanol if
•OOH is an effective oxidant [33].

POM/TiO2
simulated sunlight−→

320 nm<�<680 nm
POM/TiO2 (hVB

+ + eCB
−) (1)

hVB
+ + H2O → HO• + H+ (2)
O2 + 2H2O + 2eCB
− → H2O2 + 2OH− (3)

H2O2 + eCB
− → HO• + H− (4)
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OM + eCB
− → POM− (5)

OM– + O2 → POM + O2
•− (6)

CO2     +   H2O
HO ,

O

O

O
O

(DEP)

O2hVB ,

(7)

The above results indicate that the active species including HO•,
VB

+, and O2
•− are responsible for the degradation of DEP in cur-

ent simulated sunlight irradiated POM/TiO2 systems. Under the
imulated sunlight irradiation of the band gap of the POM/TiO2, the
hotogenerated eCB

− and hVB
+ are generated (Eq. (1)). The hVB

+ sub-
equent transfers into HO• radicals by the oxidation of OH− or the
eduction of dioxygen dissolved in aqueous solution (Eqs. (2)–(4)).
n  addition, the eCB

− can easily transfer into the W5d  empty orbits
f K7PW11O39 or H3PW12O40 unit and thereby realizing the effec-
ive separation of the hVB

+–eCB
− pairs (Eq. (5)). The reduced form of

OM− can be easily reoxidized by dioxygen and returns to its oxi-
ized form accompanying with the production of O2

•− radicals (Eq.
6)). With the help of HO•, hVB

+, and O2
•− species, DEP is degraded

nd then mineralized into CO2 and H2O (Eq. (7)).

.2.5. Photocurrent investigation
It is reported that the photocatalytic activity of the photocata-

yst mainly depends on the photoelectron generation, hVB
+–eCB

−

air separation, and the electron-transfer efficiency on the pho-
ocatalyst surface [34]. In current UV-light irradiating TiO2/Ti or
OM/TiO2/Ti system, the photoelectrochemical experiments were
arried out for the purposes of (1) investigation of the interfacial
H3PW12O40/TiO2-13.8/Ti electrodes in 0.01 M Na2SO4 electrolyte solution
under UV illumination (the working electrode potential was constant at +1.0 V).

electron-transfer process of TiO2 or POM/TiO2 and thereby under-
standing the synergistic photocatalytic effect between the Keggin
unit and TiO2, which may  provide powerful evidence to explain
the higher photocatalytic activity of the POM/TiO2 than that of
pure TiO2; and (2) explanation of the activity difference between
H3PW12O40/TiO2 and K7PW11O39/TiO2.

From photocurrent–time (I–t) profiles shown in Fig. 7 it can
be seen that (1) the sharp increased photocurrent responses
appear for all tested TiO2/Ti-based electrodes once the pulse UV-
light irradiation was  applied; (2) the produced photocurrents are
reproducible and stable during several light on/off cycles; (3) the
H3PW12O40/TiO2/Ti electrode and the TiO2/Ti electrode exhibits
the highest and the lowest photocurrent response, respectively,
under the same testing conditions; and (4) for the two  tested
K7PW11O39/TiO2/Ti electrodes with K7PW11O39 loading of 8.9% and
13.6%, higher K7PW11O39 loading (13.6%) results in higher pho-
tocurrent response of K7PW11O39/TiO2/Ti electrode. The prompt
increase in photocurrent response from the light-off to light-on
state is mainly ascribed to the fast transfer of the photogenerated
eCB

− on the surface of the TiO2/Ti-based electrodes. Accordingly, it
is inferred that the transfer of the photogenerated eCB

− on the sur-
face of the H3PW12O40/TiO2/Ti electrode is faster than that of the
K7PW11O39/TiO2/Ti electrode (under the same POM loading); addi-
tionally, the Keggin unit functionalized POM/TiO2/Ti electrodes,
regardless of the saturated or lacunary structure, show more rapid
photogenerated eCB

− transfer ability compared to TiO2/Ti elec-
trodes.

The above result is reasonably explained based on the
structure characteristic of the saturated and lacunary Keggin
unit. Higher photocurrent response of H3PW12O40/TiO2/Ti or
K7PW11O39/TiO2/Ti electrode compared with TiO2/Ti electrode is
due to the superior electron accepting ability of the polyoxo-
tungstates. It is more feasible to facilitate the charge transfer
mediated by polyoxotungstates than direct transfer from the TiO2
conductor band to the connection electrode [34]. This is the
well-known synergistic photocatalytic effect existed between the
Keggin unit and TiO2. In addition, compared with K7PW11O39,
H3PW12O40 has more unoccupied W5d  orbits and is easier to
accept the photogenerated eCB

− from the TiO2 conductor band.
Therefore, a higher photocurrent response or a lower hVB

+–eCB
−

pair recombination probability can be realized, resulting in higher
photoelectron-conversion efficiency for the H3PW12O40/TiO2/Ti

photoanode with respect to K7PW11O39/TiO2/Ti photoanode. Even-
tually, the enhanced photocatalytic activity of the H3PW12O40/TiO2
with respect to K7PW11O39/TiO2 was  obtained.
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.2.6. Recyclability of the catalyst
The stability and reusability of the catalysts are very important

ssue for their practical applications. Herein, K7PW11O39/TiO2-13.6
nd H3PW12O40/TiO2-13.8 were chosen to evaluate the recy-
lability of the photocatalysts by four times’ RB degradation
eaction. After the first catalytic run, the photocatalyst sepa-
ated from the reaction mixture by centrifugation was washed
ith doubly distilled water one time and ethanol three times

o remove the absorbed RB and intermediates. Subsequently,
he catalyst was dried at 353 K for 12 h. The recovered catalyst
as used for subsequent catalytic runs under the same exper-

mental conditions. After four catalytic runs the photocatalytic
ctivity loss was hardly observed in both K7PW11O39/TiO2-
3.6- and H3PW12O40/TiO2-13.8-catalyzed RB degradation systems
Fig. S4 of Supplementary Information); meanwhile, P or W
as hardly detected by ICP-AES in the catalyst-free reaction

olutions. The results confirm as-prepared K7PW11O39/TiO2 and
3PW12O40/TiO2 composite materials are of considerably cat-
lytic stability, which is due to the chemical rather than
hysical interaction existed between the Keggin unit and TiO2
upport.

. Conclusions

One-step prepared K7PW11O39/TiO2 and H3PW12O40/TiO2 com-
osite materials exhibited higher simulated sunlight photocatalytic
ctivity towards the degradation and mineralization of dye RB and
ndocrine-disrupting chemical DEP than pure TiO2; and at the same
OM loading, H3PW12O40/TiO2 was more photoactive than that
f K7PW11O39/TiO2. The excellent photocatalytic performance of
s-prepared POM/TiO2 composite materials with respect to pure
iO2 is mainly attributed to the synergistic photocatalytic effect
onfirmed by the photoelectrochemical experiment, which results
n a lower hVB

+–eCB
− pair recombination probability. And the

hotocatalytic activity difference between the saturated and mono-
acant Keggin unit functionalized titania material is due to their
tructure difference, which resulted in their different electron-
ccepting ability. The free radical and hole scavenging experiments
how that the active species including HO•, hVB

+, and O2
•− are

esponsible for the degradation and mineralization of the tar-
et compounds in current simulated sunlight irradiated POM/TiO2
ystems.
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