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Photocatalysis has attracted a great deal of attention in view of its fundamental science as well as its
application to various new technologies. Significantly, it has been applied in the removal of various
pollutants and toxic agents in air or water such as in the elimination of NO or the complete oxidation of
organic compounds into CO, and H,O (degradation). However, in order to develop efficient
photocatalysts with high selectivity and reactivity, detailed investigations into the precise control of the
local structure as well as local environment of the photocatalytic active sites are vital.

One promising approach in the design of effective and highly active photocatalysts is the use of zeolites
since they have well-defined nano-pore structures which provide suitable reaction spaces not only for
catalytic but also photocatalytic reactions. The development of photocatalysts encapsulated within zeolite
cavities and frameworks as well as MCM-41 mesoporous molecular sieves are of great interest for
purification systems which can decompose toxic agents. Microporous zeolites and mesoporous MCM-41
solid porous materials where the framework Si or Al atoms are substituted by various transition metals such
as Ti ,V, Mo, Cr, Co, etc. have been investigated and it was observed that highly dispersed Ti-, V-, Mo-,

Cr-oxide species exhibit a variety of photocatalytic reactivities with high efficiency and selectivity.



The aim of the present study is the development of zeolites and mesoporous molecular sieves
containing highly dispersed various transition metal oxides which are expected to work as photocatalytic
active sites. Specifically, the photocatalytic reactivity of transition metal oxides, Ti and V, within the
zeolite frameworks has been evaluated for the oxidation of organic compounds as well as the elimination of
NO,. Furthermore, in the practical application of TiO, photocatalysts, photoelectrochemical circuit
systems consisting of a rod-type TiO, electrode and silicon solar cell were constructed and applied for the
decomposition of lactic acid in water.

Chapter 1 presents a general introduction of photocatalysis, the physical properties of zeolites and
mesoporous molecular sieves materials containing highly dispersed transition metal-oxides as well as their
applications for the decomposition of organic compounds or toxic pollutants such as NOy.

Chapter 2 describes the preparation of TiO, within natural zeolite (TiO,/H-natural zeolite catalyst) and
their photocatalytic reactivity for the degradation of 2-propanol. The photocatalytic reactivity of
TiO,/H-natural zeolite catalyst compared with TiO, on synthetic zeolites (H-MOR, USY and H-ZSM-5).
The TiO,/zeolites were prepared by an impregnation method and the TiO,/H-natural zeolite was found to
show higher reactivity than the TiO,/H-MOR catalyst and almost equivalent reactivity to TiO,/USY.
Hydrophobic siliceous zeolites, such as USY (260) and H-ZSM-5 (1880) were found to adsorb larger
amounts of 2-propanol than hydrophilic zeolites such as H-natural and H-MOR(15.4). It was also found
that TiO, fine nano-particles hybridized with a natural zeolite exhibited almost equivalent photocatalytic
reactivity for the degradation of 2-propanol in aqueous solution to TiO, photocatalysts prepared on
synthetic zeolites.

Chapter 3 presents the preparation of TiO,/ZSM-5 photocatalysts by different methods for the
photocatalytic complete oxidation of acetaldehyde with oxygen into CO, and H,O. The effect of the
hydrophobicity of the zeolites is first discussed. The adsorption states of H,O and acetaldehyde molecules
on H" and Na'-type ZSM-5 zeolites of different SiO,/Al,O5 ratios were investigated by adsorption isotherm
and temperature-programmed desorption measurements. TiO, prepared on H-ZSM-5 by an impregnation

method showed higher photocatalytic reactivity compared with a standard commercial TiO, photocatalyst



since the zeolite worked as an effective adsorbent to condense the acetaldehyde molecules. The
acetaldehyde molecules interacting with the silanol groups of the hydrophobic H-ZSM-5(1880) could spill
over onto the TiO, sites, these situations resulting in high photocatalytic reactivity. In contrast,
H-ZSM-5(220 and 68) with high Al,O3 content were not suitable adsorbents for acetaldehyde, resulting in
decreased photocatalytic reactivity. ~Since the acetaldehyde molecules strongly trapped on the Na™ sites of
the zeolite could not hardly transfer onto the TiO, sites, TiO,/Na-ZSM-5(23.8) showed no photocatalytic
reactivity. Moreover, the complete oxidation of acetaldehyde on the TiO,/ZSM-5 photocatalyst was
effectively enhanced by the addition of H,O vapor. The competitive adsorption of H,O against
acetaldehyde on the TiO, photocatalytic sites may depress the highly stabilized acetaldehyde molecules as
reactants and/or acetic acid as the intermediate species, resulting in enhanced photocatalytic reactivity by
the addition of H,O vapor.

The enhancement of the photocatalytic reactivity of the TiO, nano-particles by simple mechanical
blending with hydrophobic ZSM-5 zeolites was also observed. Their photocatalytic reactivity was
evaluated for the complete oxidation of gaseous acetaldehyde with O, under UV light irradiation. The
optimum amount of zeolite powders as an adsorbent for the enhancement of the photocatalytic reactivity of
the blended TiO,/ZSM-5 system was estimated to be ca. 80-95 wt% since the incident UV light was
effectively irradiated onto the entire TiO, nano-particles due to the high transparency of the siliceous
zeolite powders.  Furthermore, the hydrophobic zeolite powders efficiently gather the gaseous
acetaldehyde molecules within their cavities and supply them onto the TiO, surfaces, resulting in an
enhancement of the photocatalytic reactivity.

Chapter 4 reports on the preparation of micro or mesoporous materials containing highly dispersed
metal-oxide species, such as Ti/USY, V-MCM-41 and imp-V/MCM-41, and their photocatalytic reactivities
for the decomposition of N,O in the presence of CO as well as for the partial oxidation of methane with NO.
The Ti/USY catalysts showed photocatalytic reactivity for the decomposition of N,O into N, and CO; in
the presence of CO at 298 K and exhibited higher photocatalytic reactivity than the standard commercial

TiO, (P-25) photocatalyst. Various spectroscopic investigations also showed that Ti/USY catalysts with



low Ti loadings of 0.5 - 1 wt% involved a highly dispersed Ti-oxide species, while Ti/USY of 5 wt%
mainly involved an aggregated Ti-oxide species. Detailed investigations on the relationship between the
local structure of the Ti-oxide species and photocatalytic reactivity suggest that the highly dispersed
Ti-oxide species acts the active sites for the decomposition of N,O in the presence of CO.

On the other hand, V-containing MCM-41 catalysts were also prepared by a direct synthesis method
under acidic and basic conditions as well as impregnation. Their photocatalytic reactivity was evaluated
for the selective photocatalytic oxidation of methane with NO under UV irradiation at 295 K. The
selective formation of methanol was observed on V-MCM-41 prepared in acidic solution and
imp-V/MCM-41, while only coupling reaction products were obtained on V-MCM-41 prepared in basic
solution. The photocatalytic reactivity of the catalysts for the partial oxidation of methane was found to
strongly depend on the local structure of the V-oxide species including the coordination and loading sites,
i.e., the charge transfer excited states of the isolated tetrahedral V°*-oxide species supported on the catalyst
surface acted as the active sites for the selective photocatalytic oxidation of methane into methanol.

Chapter 5 details the construction of photoelectrochemical circuit systems (denoted as TE-SSC-SSE )
consisting of a rod-type TiO, electrode was connected with rod-type stainless steel electrode through
silicon solar cell and their application for the decomposition of lactic acid in water. Light irradiation of
this TE-SSC-SSE system led to the efficient complete oxidation of the lactic acid in water into CO,,
suggesting that this system can be practically applied for the clean and safe removal of lactic acid in the
human buccal cavity. Furthermore, the negative bias applied on a rod-type TiO, electrode by a silicon
solar cell was shown to enhance the complete oxidation reaction rate of lactic acid in water.

In Chapter 6, the results and conclusions of these various investigations are summarized and an

overview of this thesis is presented.
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TOHBIEAYOBRILIEE L ONOx SEISICOWTHRET S & & b, BB RRLRE D
RIS & AR SOSTE O BENE 2 KRR IEIC K VRIAT 2 Z L2 HINE LTI o 12 iF R 2 &
EDILDOTHD, Fio, Koy Tl TiOEARE O FERLOBLEN S | HIRTIOEM & >V =
VKBFEM S 72 B IBERACFE S AT AEBE L, T E K OB RESIZIG T B G
BITLTEY, ROLI REEEE TN D,
(1) GRIBEICEVTIOLZ#HF LIm RIKEA T A4 & (TiO2/H-natural) 2 TiO/H-MORIZH~T 2-
T a R ) — VO R SIS BV E 2 R T 2 L A RN LTWA, £, USYD X 9 2Bk
A7 A MiE, Hnatura PH-MOR® X 9 22 BIKMEE AT A MTHRT2-7 v/ — &3
FEETDZEEZHLNIL TN A,
(2) EIRIEIC L W TiO & L7z H-ZSM-5 (TiO2/ZSM-5)%%, HilRDTiOz & e~ TT7 & k7 /L5
b ROBLISIZE WIS 2 R T 2 L2 RWET L e bic, Zhn7t' 74Tk RIC
T DHEATA hOEWEERFEHFICRRNTHZ EEFALNILTND, S5, KEKDIR
MMz XY 7 M7 AT v RONMBRCEOSPMEESND Z L2 RNWEL TS,
(3) FIRIEIC X R L 7= TYUSY A2, COMFAE FIZH W TN20 %Nz & COUZ 533 5 St fibifht
ELTHERT S Z L2 RWET & & bic, USY BICE s Sn-Ti-i bW AT & LT
KEJEPEITT 52 E 2L L TWD, £ MO B V- {LWFE 2 & H 9 5 V-MCM-41 73,
AR T AR )= VTSR T 2N e U THERT 5 2 L2 /AVWE LTS,
(4) BRIRTIOEMR & 2V 2 KEGEMA 572 2 EXUL T AT 22D Z & T, KFOIE
TN COLE CRABMIENMETE DL Z L2 RWET & L HIT, TIOEMIZHA DS, T A% )
5 Z & TRIGEERENM LT 252 2B LML TND,

UL EOFRRET., ERERBEMEEEAS T A Nl X OTiOr KFEME S~ AT LD
AL & 2 O JERlEE R OB E IR T2 2 K TH D, F/-, HEEENHEL L TR %
ITOCKEREE EFBAEATHILEZALIEZLDTH D,



