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Photocatalytic effects of heteropolytungstic acid - encapsulated
TiSBA-15 on decomposition of phenol in water
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TiO, has been used as photocatalyst since two and half decades ago. The efficiency in its photocatalytic reactions
has been improved by increasing the surface area of the photocatalyst by supporting fine TiO, particles on some
porous materials. In this work, heteropolytungstic acid (HPA) - encapsulated into the titanium exchanged SBA-15
mesoporous materials (TiSBA-15) were prepared and characterized. Also their photocatalytic effects on
decomposition of phenol were investigated and the photodecomposition rates of the phenol were observed to be
increased by 2.5 8 fold, as compared to those observed in the presence of HPA-encapsulated SBA-15 or TiSBA-15

without HPA.
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INTRODUCTION

Silica based, mesoporous materials have generated a great
deal of interest in their application in the field of catalysis,
sensing, guest-host chemical supporters and adsorption due to
their high surface areas and large ordered pores ranging from
20 to 300 A [1-7). Compared to the crystalline microporous
materials, the mesoporous materials have some disadvantages
[8]. In order to overcome the disadvantages, efforts have been
made by many researchers to introduce metal ions (Ti, Al, or
V) into the mesoporous materials to effectively increase the
catalytic activities [9-11]. Among the metal ions supported
microporous and mesoporous materials, titanium substituted
microporous and mesoporous materials were found to be
effective catalyst for selective oxidation of a variety of organic
compounds in dilute hydrogen peroxide [12], photocatalyst
[13,14] and catalytic support [15]. This is because TiO,/Si0O,
supported oxides have been considered as advanced support
materials as substitutes for pure TiO,, which improves the
mechanical strength, thermal stability and surface area of the
metal oxides (TiO,). The high activity of such materials has
been attributed to more accessible titanium sites or to a
decrease in the silanol concentration [16,17].

Heteropoly acids (HPA) also offer a wide range of
characteristics such as molecular composition, size, shape,
charge density, redox potentials, acidity and solubility that
render them potentially promising catalysts. In addition, the
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heteropoly acids can accept and release a certain number of
electrons without decomposition [18-20]. It is well known
that ligand to metal charge transfer takes place on illumi-
nation (< 400 nm) of heteropoly acids and also generates strongly
oxidizing excited state [21]. Many authors demonstrated the
ability of heteropoly acids as catalysts in the preparation and
decomposition of many organic compounds [22-25]. Also by
supporting HPA on the solid surface, their specific surface
area is known to be largely increased [23]. This greater
surface area may result in an increase in the catalytic activity
of HPA by providing more contact area between catalyst and
substrate for the surface mediated electron transfer reactions
to take place. Based on the above concept, Zheng et al. [26]
observed enhanced catalytic activity in the conversion of
organic molecules when photosensitive molecules like
Heteropolyacid (PW ,0,)* (HPA) were loaded into SBA-15.

In this work, we have studied the preparation and
characterization of the HPA-encapsulated into SBA-15 and
TiSBA-15 frameworks with the aim to observe the photo-
induced interfacial electron transfer from the titanium in
TiSBA-15 to the encapsulated HPA, which induces the
synergistic enhancement of the catalytic activity in the
photooxidation of phenol dissolved in water.

MATERIALS AND METHODS

Materials

The chemicals used are titanium isopropoxide, sodium
tungstate, phenol were purchased from Aldrich. All the other
chemicals used were purest research grade available. XRD
diffraction data were collected by using MO3X-HF diffractometer
(Model-1031, Mac Science Co.). Nitrogen adsortion isotherms
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were measured at 77 K using a Micromeritics apparatus.

Diffused reflectance UV-Vis spectra of the samples were
recorded using a Shimadzu UV-3101PC spectrophotometer
equipped with an integrating sphere. IR spectra are recorded with
a JASCO FT/IR 410 spectrophotometer by employing KBr pellet
technique. 161.921 MHz *'P NMR MAS spectra were recorded
at room temperature on a Bruker (DSX 400) spectrometer using
H;PO, as external reference.

For the photooxidation processes of phenol, the sample was
illuminated with both UV light (Rayonet Photochemical reactor,
USA, 8.124 x 10° einsteins/cm*/s) and visible light (150 W
Xenon arc lamp, 2.443 x 10° einsteins/cm¥s) in the presence of
100 mg of the catalysts. The apparent kinetics of disappearance
of the substrate phenol was determined by following the
concentration of the substance at various time intervals using
high performance liquid chromatography (HPLC). The HPLC
assembly consisted of a Waters 2690 HPLC pump, X Terra™ C-
18 column and Waters 996 PDA detector. The detection wave-
length was 260 nm. The mobile phase consisted of a 40:60
methanol-water mixture.

Preparation of the photocatalyst

Mesoporous SBA-15 was prepared by using microwave as
reported previously [7, 27]. In order to prepare TiSBA-15, 6 wt
% titanium was added in the synthetic processes of SBA-15,
followed by hydrothermal treatment for 24 hrs [28, 29]. Encapsula-
tion of HPA in the SBA-15 or TiSBA-15 frameworks was carried
out by an in situ synthesis of this compound in a similar manner
to Bailar et al. [30] procedure for the synthesis of HPA (i.e., the
ratio of sodium tungstate and disodium phosphate 1:1/12). The
preparation procedure is as follows: 2 g of SBA-15 or TiSBA-15
was added to a solution of disodium phosphate [Na,HPO,.12H,0;
0.5195 g] in water and the whole mixture was stirred to 2 hrs at
ambient temperature. Then a solution of sodium tungstate (Na,WO,.
2H,0; 14.693 g) was added drop wise to the suspension. After
1.5 hrs of stirring, a stoichiometric amount of HCl was added
drop wise. The suspension was stirred further for 4 hrs. Finally,
the mesoporous materials was separated from liquid and washed
very intensively with hot doubly distilled water.

RESULTS AND DISCUSSION

Characterization of the photocatalyst

The structure and quality of the prepared SBA-15 or TiSBA
-15 were confirmed by both XRD and N,-adsorption isotherms,
consistent with those reported previously [27-29]. Figure 1
shows the XRD patterns of SBA-15 and TiSBA-15, demonstrat-
ing that frame of SBA-15 is not changed upon addition of
TiO,. Figure 2 shows the nitrogen adsorption isotherms for
SBA-15 or TiSBA-15. These data were analyzed to determine
a dg; of 10.6 nm with pore size of 9.5 nm as determined by
Breck model [2].

The infrared spectroscopy is a useful technique for characterizing
the mesoporous materials like SBA-15 or TiSBA-15 materials
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Figure 2. Nitrogen -adsorption isotherms on SBA-15 or TiSBA-15
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Figure 3. IR spectra of SBA-15 without HPA (— ), HPA-
encapsulated SBA-15 (- - - - ) and HPA encapsulated TiSBA-15 (---).

and their spectra’s were already explained in detail by many
authors [29, 31-33]. As shown in Figure 3, pure silica exhibits
the symmetrical Si-O-Si stretching vibration at 815 cm’,
along with a very weak band at 980 cm™ due to the symmetric
stretch of Si-OH groups. The addition of titanium surface
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oxide species decreases the 980 cm™ band, and a new broad
band appears at 965 cm”, which is associated with the
formation of Ti-O-Si bridges [34-36]. Infrared analysis of the
encapsulated heteropolyacids in the mesoporous cavities
confirmed the presence of the finger print bands below 1100
cm’!, which are characteristic of the PW,,0,> ion i.e., the
Keggin unit. IR spectra recorded for the encapsulated HPA
into SBA-15 or TiSBA-15 shows absorption bands at 1088,
965 and 810 cm!, which are typical of Keggin unit as well as
the titanium exchanged SBA-15 (Figure 3). The peak at 1088
cm! are assigned to M-O stretching (where M=P/Ti) and the
peak at 965 cm™ may be M=0 stretching (where M=W). The
other peak (810 c¢m™) may be due to M-O-M vibrations
(where M=Si, Al, W). The fact that all the peaks are found to
be overlapped over the other leads to conclude that both the
exchanged titanium and the encapsulated Keggin units are
present in the SBA-15 cavity similar to zeolite cavity [37-40]
(See scheme 1).

In order to further confirm the prepared novel photo-
catalyst, we measured NMR for all the prepared samples. The
3'P.NMR MAS spectra of the sample are shown in Figure 4.
Pure crystals of the heteropolytungstate gave a sharp single
peak at -14.799 ppm [41] whereas the encapsulated HPA into
SBA-15 or TiSBA-15 shows multiple peaks from 3.3 to -14.1
ppm. The observed multiple peaks for the HPA encapsulated
SBA-15 or TiSBA-15 suggest that the Keggin unit is present
ir: the mesoporous cavity. Such broad peaks may be due to the
distortion of isotropic chemical shifts of *'P due to various
zlectronic environments of HPA adsorbed in the mesoporous
cavities and also due to the various number of water
qolecules in the proximity of the polyanion {37, 38, 42-44].

Figure 5 shows the diffused reflectance spectra of HPA-
encapsulated TiSBA-15, which is different from that of the
HPA - encapsulated SBA-15 and SBA-15 or TiSBA-15 without
HPA [29,31]. It is interesting to notice that the absorption
maximum of TiO, in SBA-15 is observed at 230 nm which is
much shorter than that of anatase TiO, crystal. This suggests
that nano-sized TiO, is adsorbed on inside channel of SBA-
{5, showing quantum effects. Also the absorption spectrum of
TiSBA is red shifted (400 nm) and broadened upon addition

Scheme 1. Layout of the HPA-Encapsulations Ti SBA-15.
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Figure 4. *'P MAS NMR spectra of: (a) HPA-encapsulated into
SBA-15 (b) HPA-encapsulated into TiSBA-15
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Figure 5. UV-Vis diffused reflectance spectra of: TiSBA-15

without HPA ( — ), HPA-encapsulated SBA-15 ( ----- ) and HPA-

encapsulated TiSBA-15 (------ )

of HPA, indicating that HPA is adsorbed on TiO, in SBA-15.

Photooxidation of phenol

Photolysis of phenol (1X 10® M, 30 ml) in oxygenated
aqueous solutions at pH=1 (pH adjusted with HC1O,) was
performed in the presence of HPA-encapsulated SBA-15 or
TiSBA-15 catalyst (100 mg). Figure 6 shows the photocatalyzed
disappearance of phenol at various time intervals by high
performance liquid chromatography. Hydroguinone and benzo-
quinone were the detectable products, but they occurred only
in low yields. The linear plots in Figure 6 indicate that the
reaction follows first order kinetic behaviour. Similar experiments
were performed for the SBA-15 or TiSBA-15 without HPA,
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Figure 6. Comparison of photooxidation rate of phenol in the
presence of: HPA- encapsulted TiSBA-15 (A ) , HPA-encapsulated
SBA-15 (@) and TiSBA-15 without HPA ( l ). Concentrations of
both catalyst and [phenol] is the same (100 mg, 1 X 103 M).

but no photocatalytic reaction was observed in the case of
SBA-15 without HPA. The reaction rate was calculated for all
the systems and it follows the order HPA-encapsulated TiSBA-
15 > HPA-encapsulated SBA-15 > TiSBA-15 respectively.
Among the systems, the HPA-encapsulated TiSBA-15 photo-
oxidized phenol eight fold more effectively compared to the
TiSBA-15 without HPA and 2.5 times as high as that on the
HPA-encapsulated into SBA-15. Typically, photocatalytic
activity for the supported photocatalysts increases with catalyst
loading.

Catalytic properties of HPA-encapsulated TiSBA-15 is
almost similar to the HPA without mesoporous particles described
by Papaconstantinou et al. [45] in the mineralization process
of phenol. According to Ferry et al., [25] the photocatalytic
oxidation of organic substrate by heteropoly acid supported
on the NaY zeolite is a cyclic process, typified by the applic-
ation of a photoactive material to facilitate the transfer of electrons
from an organic substrate to an inorganic electron acceptor as
dioxygen. Similar to the semiconductor photocatalysts, they
proposed photocatalytic cycle of HPA i.e., illumination of the
ligand-to-metal charge transfer band of HPAs generates a
strongly oxidizing excited state HPA®, After oxidizing the
electron donor, the corresponding HPA,4 returned to the
original state by an electron acceptor such as dioxygen. There
can also be possibility of adsorption of substrate and photo-
catalyst, which also generates HPA 4 on illumination. In addition
to the above facts, the photoinduced interfacial electron transfer
takes place from the TiO, in SBA-15 to the encapsulated HPA
as observed in HPA-adsorbed TiO, colloids [46], which
enhances the mineralization of phenol. All three possibilities
lead us to propose the catalytic mechanism of HPA-encapsulated
Ti-SBA-15 as shown in scheme 2.
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Scheme 2. Proposed photocatalytic cycle of HPA-encapsulated
TiSBA-15

CONCLUSION

The HPA-encapsulated into TiSBA-15 is very active as a
photocatalyst towards the photooxidation of phenol. Undoubtedly,
the mesoporous matrix provides a better dispersion of active
titanium sites thereby facilitating the photocatalytic activity.
The present work, however, may serve as a preliminary step
towards designing further studies on the photophysical and
photochemical aspect, being under scrutiny in our laboratory
at present.

Acknowledgements — This work has been financially supported
by Korea Research Foundation (Project number DS0019) and
partially by the Chungnam National University Research
Foundation (2002-2003). S. Anandan thanks to the KOSEF
through the Molecular Catalysis Center at Seoul National
University for the postdoctoral fellowship.

REFERENCES

1. Kresge, C. T., Leonowicz, M. E. Roth, W. J. Varuli, J. C.
and Beck, J. S. (1992) “Ordered mesoporous molecular
sieves synthesized by a lipid-crystal template mechanism”
Nature 359, 710-712

2. Beck, J. S., Vartuli, J. C. Roth, W. J. Leonowicz, M. E.
Kresge, C. T. Schmitt, K. D. Chu, C. T-W. Olson, D. H.
Sheppard, E. W. McCullen, S. B. Higgins, J. B. and Schlenkert,
J. L. (1992) “A new family of mesoporous molecular sieves
prepared with liquid crystal templates” J. Am. Chem. Soc.
114, 10834-10843

3. Sayari, A. (1996) “Catalysis by Crystalline Mesoporous
Molecular Sieves” Chem. Mater. 8, 1840-1852

4. Corma, A. (1997) “From Microporous to Mesoporous Molecular
Sieve Materials and Their Use in Catalysis* Chem. Rev. 97,
2373-2420



Photocatalytic effects of heteropolytungstic acid - encapsulated TiSBA-15 on decomposition of phenol in water 235

5. Yanagisawa, T., Shimizu, T. Kuroda, K. and Kato, C. (1990)
“The Preparation of Alkyltrimethylammomium-Microporous
Materials” Bull. Chem. Soc. Jpn. 63, 988-992

6. Zhao, D., Huo, Q. Feng, J. Chmelka, B. F. and Stucky, G. D.
(1998) “Nonionic Triblock and Star Diblock Copolymer and
Oligomeric Surfactant Syntheses of Highly Ordered, Hydro-
thermally Stable, Mesoporous Silica Structures” J. Am. Chem.
Soc. 120, 6024-6036

7. Zhao, D., Feng, I. Huo, Q. Melosh, N. Fredrickson, G. H.
Chmelka, B. F. and Stucky, G. D. (1998) “Triblock copolymer
syntheses of mesoporous silica with periodic 50 to 300
angstrom pores” Science 279, 548-552

8. Tatsumi, T., Koyano, K. A. Tanaka, Y. and Nakata, S. (1997)
“Mechanochemical Collapse of M41S Mesoporous Molecular
Sieves through Hydrolysis of Siloxane Bonds” Chem. Lett. 5
469-470

9. Cheng, M., Wang, Z. Sakurai, K. Kumata, F. Saito, T.
Komatsu, T. and Yashima, T. (1997) “Creation of Acid sites
on SBA-15 Mesoporous Siilca by Alumination” Chem. Lett.
131-132

10. Luan, Z., Maes, EMM. Van der Heide, PA. Zhao, D.
Czernuszewicz, R.S. Kevan, L. (1999) “Incorporation of
Titanium into Mesoporous Silica Molecular Sieve SBA-15”
Chem. Mater. 11, 3680-3686

11. Luan, Z., Bae, 1.Y. and Kevan, L. (2000) “Vanadosilicate
Mesoporous SBA-15 Molecular Sieves Incorporated with N-
Alkylphenothiazines” Chem. Mater. 12, 3202-3207

12. Notari, B. (1996) “Microporous Crystalline Titanium Silicates”
Adv. Catal. 41,253-334

13. Xu, Y. and Langford, C.H. (1997) “Photoactivity of Titanium
Dioxide Supported on MCM41, Zeolite X, and Zeolite Y™ J.
Phys. Chem. B 101, 3115-3121

14. Ahn, S. W. and Kevan, L. (1998) “Photoionization of titanium
dioxide particles incorporated into silica gels of different
pore sizes” J. Chem. Soc. Faraday trans. 94, 3147-3153

5. Aronson, B. J., Blanford, C. F. and Stein, A. (1997) “Solution-
Phase Grafting of Titanium Dioxide onto the Pore Surface of
Mesoporous Silicates: Synthesis and Structural Characteriza-
tion” Chem. Mater. 9, 2842-2851.

16. Maschmeyer, T., Rey, F. Sankar, G. and Thomas, J. M. (1995)
“Heterogeneous catalysts obtained by grafting metallocene
complexes onto mesoporous silica” Nature 378, 159-162

17. Tatsumi, T., Koyano, K.A. and Igarashi, N. (1998) “Remark-
able activity enhancement by trimethyl- silylation in oxida-
tion of alkenes and alkanes with H,O, catalyzed by titanium-
containing mesoporous molecular sieves” Chem. Commun.
3,325-326

18. Baker, L. C. W. and Glick, D. C. (1998) “Present General
Status of Understanding of Heteropoly Electrolytes and a
Tracing of Some Major Highlights in the History of Their
Elucidation” Chem. Rev. 98, 3-50

19. Pope, M. T. ; Muller, A. ; “Polyoxometalate Chemistry - An
Old Field with New Dimensions in Several Disciplines”
Angew. Chem. 30, (1990) 34-48

20. Day, V. W. and Klemperer, W. G. (1985) “Metal Oxide Chemistry
in Solution: the Early Transition Metal Polyoxoanions”
Science 228, 533-541

21. Papaconstantinou, E. (1989) “Photochemistry of polyoxometallates
of molybdenum and tungsten and/or vanadium” Chem. Soc.
Rev. 18, 1-31

22. Mizuno, N. and Misono, M. (1994) “Heteropolyanions in
catalysis” J. Mol. Catal. 86,319-342

23. Kozhevnikov, I. V. (1998) “Catalysis by Heteropoly Acids
and Multicomponent Polyoxometalates in Liquid-Phase Reactions”
Chem. Rev. 98, 171-198

24. Androulaki, E., Hiskia, A. Dimotikali, D. Minero, C. Calza,
P. Pelizzetti, E. E. and Papaconstantinou, E. (2000) “Light
Induced Elimination of Mono- and Polychlorinated Phenols
from Aqueous Solutions by PW,0,>. The Case of 2,4,6-
Trichlorophenol” Environ. Sci. Technol. 34, 2024-2028

25. Ozer, R. R. and Ferry, J. L. (2002) “Photocatalytic Oxidation
of Aqueous 1,2-Dichlorobenzene by Polyoxometalates Supported
on the NaY Zeolite” J. Phys. Chem. B 106, 4336-4342

26. Zhang, X. -Z., Yue, Y. -H. and Gao, Z. (2001) “Studies on 12-
Tungstophosphoric Heteropolyacid Supported SBA-15 Catalysts”
Chem. J. Chinese Universities 22, 1172-1175

27. Park, S. -E., Chang, J. -S. Hwang, Y. K. Kim, D. S. And
Jhung, S. H. (2003) “Catalysis Surveys in Asia” submitted

28. Hwang, Y. K., Chang, J. -S. Kwon, Y. -U. and Park, S. -E.
(2003) “Morphology control of mesoporous SBA-16 using
microwave irradiation” Stud. Surf. Sci. Catal. 146, 101-104

29. Morey, M. S., O’Brien, S. Schwarz, S. and Stucky, G. D.
(2000) “Hydrothermal and Postsynthesis Surface Modification
of Cubic, MCM-48, and Ultralarge Pore SBA-15 Mesoporous
Silica with Titanium” Chem. Mater. 12, 898-911

30. Bailar, J. C. and Booth, H. S. Jr. (Ed) (1939) “Inorganic
Synthesis” vol. 1, McGraw-Hill, New York, p. 132

31. Wu, P, Tatsumi, T. Komatsu, T. and Yashima, T. (2002)
“Post-synthesis, Characterization, and Catalytic Properties in
Alkene Epoxidation of Hydrothermally Stable Mesoporous
Ti-SBA-15" Chem. Mater. 14, 1657-1664

32. Gao, X., Bare, S. R. Fierro, I. L. G. Banares, M. A. and Wachs,
I. E. (1998) “Preparation and in-Situ Spectroscopic Characteri-
zation of Molecularly Dispersed Titanium Oxide on Silica”
J. Phys. Chem. B 102, 5653-5666

33. Bellussi, G. and Rigutto, M. S. (1994) “Metal ions associated
to the molecular sieve framework: possible catalytic oxidation
sites” Stud. Surf. Sci. Catal. 85, 177-214

34. Dutoit, D. C. M., Schneider, M. and Baiker, A. (1995) “Titania-
Silica Mixed Oxides - I. Influence of Sol-Gel and Drying
Conditions on Structural Properties” J. Catal. 153, 165-176

35. Chmel, A., Eranosyan, G. M. and Kharshak, A. A. (1992) “Vibra-
tional Spectroscopic Study of Ti-Substituted SiO,” J. Non-
Cryst. Solids 146, 213-217

36. Perry, C. C., Li, X. and Waters, D. N. (1991) “Structural
studies of gel phases-IV. An infrared reflectance and Fourier
transform Raman study of silica and silica/titania gel glasses”
Spectrochim. Acta 47TA, 1487-1494

37. Pamin, K., Kubacka, A. Olejniczak, Z. Haber, J. and
Sulikowski, B. (2000) “Immobilization of dodecatungsto-
phosphoric acid on dealuminated zeolite Y: a physico-
chemical study” Appl. Catal. A Genl. 194, (2000) 137-146

38. Sulikowski, B., Haber, J. Kubacka, A. Pamin, K. Olejniczak, Z.
and Ptaszynski, J. (1996) “Novel “ship-in-the-bottle” type



236

39.

40.

41.

42.

Sambandam Anandan, Minjoong Yoon, and Sang-Eon Park

catalyst: evidence for encapsulation of 12-tungstophosphoric
acid in the supercage of synthetic faujasite” Caral. Lett. 39,
27-31

Liu, X,, Iy, K. -K. and Thomas, J. K. (1992) “Encapsulation
of TiO, in zeolite Y Chem. Phys. Lett. 195, 163-168

Kim. Y. and Yoon, M. (2001) “TiO,/Y-Zeolite encapsulating
intramolecular charge transfer molecules: a new photo-
catalyst for photoreduction of methyl orange in aqueous
medium” J. Mol. Catal. A: Chemical 168 257-263

Anandan, S., Ryu, S. Y. Cho, W. and Yoon, M. (2003); “Hetero-
polytungstic acid (H;PW,04)-encapsulated into the titanium-
exchanged HY (TiHY) zeolite: a novel photocatalyst for
photoreduction of methyl orange” J. Mol. Catal. A:
Chemical 195, 201-208

Lyon, D. K., Miller, W.K. Novet, T. Domaille, P. J. Evitt, E.
Johnson, D. C. Finke, D. C. and R.G. (1991) “Highly oxidation
resistant inorganic-porphyrin analog polyoxometalate oxidation
catalysts. 1. The synthesis and characterization of aqueous-
soluble potassium salts of 0,-P,W;06(Mn*-OH,)®™'® and

43.

44.

45.

46.

organic solvent soluble tetra-n-butylammonium salts of 0~
P,W,,.0s(Mn*-Br)™'™" (M = Mn* Fe*,Co® Ni**,Cu™)” J.
Am. Chem. Soc. 113,7209-7221

Uchida, S., Inumaru, K. Dereppe, J. M. and Misono, M. (1998)
“The First Direct Detection of Rapid Migration of Acidic
Protons between Heteropolyanions in H;PW,0,-nH,O (n <
6) by 3P NMR” Chem. Lett. 643-644

Kanda, Y., K. Lee, Y. Nakata, S. -I. Asaoka, S. and Misono,
M. (1988) “Solid-State NMR of H;PW,0,,-nH,0 and H,PW,,
O, 6C,HsOH” Chem. Lett. 139-142

Mylonas, A., Papaconstantinou, E. and Roussis, V. (1996) “Photo-
catalytic degradation of phenol and p-cresol by polyoxo-
tungstates. Mechanistic implications” Polyhedron 15, 3211-
3217

Yoon, M., Chang, J. A. Kim, Y. Choi, Y., J. R. Kim, K. and
Lee, S. J. (2001) “Heteropoly Acid-Incorporated TiO, Colloids
as Novel Photocatalytic Systems Resembling the Photo-
synthetic Reaction Center” J. Phys. Chem. B 105, 2539-2545



