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bstract

Nanostructure Sn4+-doped TiO2 based mono and double layer thin films, contain 50% solid ratio of TiO2 in coating have been prepared on glass
urfaces by spin-coating technique. Their photocatalytic performances were tested for degradation of Malachite Green dye in solution under UV
nd vis irradiation. Sn4+-doped nano-TiO2 particle a doping ratio of about 5[Sn4+/Ti(OBun)4; mol/mol%] has been synthesized by hydrotermal

◦
rocess at 225 C. The structure, surface and optical properties of the thin films and/or the particles have been investigated by XRD, BET and
V/vis/NIR techniques. The results showed that the double layer coated glass surfaces have a very high photocatalytic performance than the other
ne under UV and vis lights. The results also proved that the hydrothermally synthesized nano-TiO2 particles are fully anatase crystalline form
nd are easily dispersed in water. The results also reveal that the coated surfaces have hydrophilic property.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Textile industry wastewater is heavily charged with uncon-
umed dyes, surfactants and sometimes traces of metals. These
ffluents cause a lot of damage to the environment. In most
ountries researchers are looking for appropriate treatments in
rder to remove pollutants, impurities and to obtain the decolour-
zation of dyehouse effluents [1–3]. Usually, the conventional
iological treatment processes do not readily remove dyes from
extile wastewater, because of their resistance to biological
egradation [4,5]. Various chemical, physical and biological
rocesses are currently used such as flocculation, ultrafiltration,
dsorption, ozonation and chlorination [6]. These processes are
ot efficient because they appear in solid wastes, thus creat-

ng other environmental problems requiring further treatment.
herefore, it is necessary to find an effective method of wastew-
ter treatment in order to remove hazardous dyes and organics

∗ Corresponding author. Fax: +90 422 341 0042.
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rom industry effluents [4]. One of the effective methods of
astewater treatment containing dyes is their photocatalytic
egradation in solutions illuminated with UV irradiation, which
ontains a suitable photocatalyst, mainly TiO2 sold commer-
ially as Degussa P25 and Hombicat UV100. These are recog-
ized as excellent photocatalysts and have good prospects in
ater and air purification [7–9]. The photodegradation of the
azardous materials in colloidal and particulate TiO2 catalyst
uspensions has been well studied [10,11]. However, this appli-
ation has not been successfully commercialized, in part because
f the costs and difficulties in separating the TiO2 nanopar-
icles from the suspension after degradation has occured. To
olve this problem, TiO2 film photocatalysts have been widely
esearched in photodegradation [12–14]. In recent years, nano-
iO2 based thin films with super-hydrophilic and photocatalytic
haracteristics have attracted a great deal of attention. They have
any advanced functions and features, including self-cleaning,
ntifogging, deodorizing and sterilizing. When exposed to UV
ight, organic compounds can be break down with TiO2 films
nd enable water to spread evenly on their super hydrophilic
urface to easily realize surface self-cleaning. Many researchers

mailto:hsayilkan@inonu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.10.011
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ave focused on this subject [15–18]. In order to synthesize of
iO2, different processes have been reported, such as sol–gel
rocess [19], hydrolysis of inorganic salts [20], ultrasonic tech-
ique [21], microemulsion or reverse micelles and hydrothermal
rocess [22–24]. A multitude of polar or non-polar solvents have
een used in these processes. In these processes, high calcina-
ion temperature above 450 ◦C is usually required to form regular
rystal structure, except for the hydrothermal process. However,
n the meantime, the high temperature treatment can decline the
urface area and surface hydroxyl or alkoxide groups on the
urface of TiO2, which provide easy dispersion, are lost. Thus,
n this work, the hydrothermal process was selected to synthe-
ize of Sn4+-doped nanosized TiO2 particles at low temperature,
hich seems to be really attractive to further improve the pho-

ocatalytic activity of TiO2. Compared with the other TiO2
owders, these TiO2 nanoparticles have several advantages, such
s being in fully pure anatase crystalline form, having fine par-
icle size with more uniform distribution and high-dispersion
bility either in polar or non-polar solvents, stronger interfacial
dsorption and easy coating on different supporting material. In
his work, photocatalytic activity of hydrothermally synthesized
anostructure Sn-doped TiO2 based mono and double layer thin
lms supported on glass surfaces were examined for degradation
f Malachite Green (MG), which one of the hazardous dye, in
queous solutions under UV and vis-lights and the results were
ompared.

. Experimental

.1. Chemicals and apparatus

The reagents employed were titanium (IV)-iso-propoxide,
Ti(OPri)4, 97%, Fluka], as TiO2 source; tin (IV) chloride
Alpha, 98%) as dopant; deionized water as hydrolysis agent;
etraethylorthosilicate (TEOS, Aldrich, 98%) as a binder agent;
ydrochloride acid (Merck, 37%) as catalyst; 2-butoxyethanol
2-BuOEtOH, Aldrich, 99%) and ethyl alcohol (EtOH, 96%) as
olvents. The glass plate (5 cm × 5 cm) as substrate. Malachite
reen (MG), which was used as a model pollutant and purchased

rom a local textile factory was of analytical reagent grade; its
hemical formula can be presented as:
Nano-TiO2 particle was synthesized by Berghoff model
ydrothermal unit interfaced with a temperature (up to 240 ◦C)
nd time controller unit. In order to determine the crystal phase,
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igaku Geigerflex D Max/B model X-ray diffractometer (XRD)
ith Cu K� radiation (λ = 0.15418 nm) in the region 2θ = 10–70◦
ith a step size of 0.04◦ was used. The average crystallite size
f TiO2 nanoparticles were estimated according to the following
cherrer’s equation:

hkl = kλ

β cos(2θ)

here dhkl is the average crystallite size (nm), λ the wavelength
f the Cu K� radiation applied (λ = 0.154056 nm), θ the Bragg’s
ngle of diffraction, β the full-width at half maximum intensity
f the peak observed at 2θ = 25.20 (converted to radian) and k
s a constant usually applied as ∼0.9. The BET surface area,
verage pore diameter and micropore volume of the nanosized-
iO2 particle was calculated from the N2 adsorption isotherm
sing ASAP 2000 model BET analyzer at liquid N2 temperature.
uring the BET analysis, sample was degassed at 150 ◦C for 4 h
efore N2 adsorption. Pore size distribution of nano-TiO2 was
omputed by DFT plus method. Contact angles of coatings with
ater were measured by using a goniometer (RAME HART
00-00 model). Film thicknes on the coated glass surface was
easured by Perthometer (MAHR-M1 Model).
Dye concentration in the aqueous solution after irradiation

as measured by a Varian Carry 5000 model UV–vis–NIR spec-
rophotometer. Coated glass/dye solution was irradiated with
olar Box 1500 model (Erichsen, Germany) radiation unit with
e-lamp (690 W/m2) and a controller to change the irradia-

ion time and power input from 390 to 1100 W/m2 for different
ime without cut-off filter and with 400 nm cut-off filter without
haking.

.2. TiO2 powder synthesis

Ti(OPri)4 was dissolved in n-propanol. After stirring for
min at ambient temperature, the HCl solution (0.1N) was
dded. After stirring a few minute, tin (IV) chloride was
dded. The last solution was stirred until it formed a clear
nd homogeneous solution at ambient temperature. Then, water
as added within 10 min into the last solution dropwise by
urette. HCl/Ti(OPri)4, Sn4+/Ti(OPri)4 and H2O/Ti(OPri) ratios
mol/mol) were 0.19, 0.05 and 2, respectively. The reaction was
llowed for 2 h, then the homogeneous and transparent solution
as obtained. Sol-solution was then transferred into a 250 ml
eflon crucible, then left in a pre-heated (220 ◦C) stainless steel
utoclave device. The reaction allowed at 220 ◦C for 2 h. After
his time, autoclave was removed from the hydrothermal unit
nd cooled to room temperature. The as-obtained powders were
ried using rotary evaporatore at 40 ◦C for 5 h. Thus, nanosized
nd white colour TiO2 crystallite was obtained.

.3. The preparation of coating solutions

Before preparing the coating solutions, the TiO2 sol was pre-

ared. For this purpose, required amount of TiO2 was dispersed
ltrasonically in deionized water without using dispersant. For
reparing coating solution, EtOH was added to TEOS and stirred
or 10 min at room temperature. HCl was allowed to react with
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The XRD of hydrothermally synthesized Sn4+-doped TiO2
particulate, as presented in Fig. 1, indicates that the TiO2 is
in the anatase crystalline form, which corresponds well with the
PDF#21-1272 data files. The other crystalline forms of TiO2, i.e.
cheme 1. Photoreactor system. (A) UV irradiation applied without filter, (B)
a: Solar Box irradiation unit, b: Sn-doped TiO2 coated glass plate, c: dye soluti

EOS/EtOH system for 10 min and finally H2O was added
o TEOS/EtOH/HCl system and allowed to react for 10 min.

olar composition of each item in the coating solution were
/5/0.06/0.18.

After preparing the coating solution, it was divided into two
ortions. TiO2 sol was added dropwise into one portion of this
olution in an ice-bath and the mixture was stirred for 10 min.
fter this time, the solution was removed from ice bath. Then,

he 2-BuOEtOH (5 ml) was added into the both portions sepa-
ately and stirred for 3 days at room temperature. The solutions
re referred hereafter as TEOS and TiO2-TEOS, respectively.
t first, one of the glass plate (5 cm × 5 cm) was coated with
EOS using spin-coating technique (1000 rpm, 10 s) and dried

or 10 min at room temperature. Then, the surface was coated
ith TiO2-TEOS using the same technique. The other glass plate
as only coated with TiO2-TEOS using the same technique.
hus, mono and double layer coated glass surfaces were pre-
ared. The solid ratio of TiO2 in coatings was 50%.

.4. Photocatalytic degradation of Malachite Green

Malachite Green (MG) is a common chemical that is used
xtensively in a variety of industrial applications. Therefore,
t is chosen to be as a model pollutant. The photocatalytic
egradation intermediates of MG solution were not determined.
he photocatalytic performance of the films was determined by

he degradation of Malachite Green dye solution. The coated
lass was immersed into 25 ml aqueous MG solution with a
oncentration of 5.2 mg/l in a polystyrene reaction cell, which
as six separate sample compartments and one cover. The cell
as immediately located in the Solar Box ready for UV irra-
iation inducing the photochemical reaction to proceed. The

oated glass/dye solution was irradiated in the horizontal direc-
ion and the distance between the UV lamp and the glass/dye
olution was kept within 20 cm. The change of MG concen-
ration in accordance with the irradiation time was measured
adiation applied with UV cut-off filter, (C) UV measurement after irradiation.
control unit of the Solar Box, e: UV lamp, f: UV lights, and g: glass UV filter.)

y UV/vis/NIR spectrophotometer after UV and vis irradiation.
he photocatalytic reactor system used for testing the photocat-
lytic performance of Sn-doped TiO2 coated surfaces are shown
n Scheme 1.

.5. Catalyst re-use studies

Photocatalytic nano-TiO2 based mono layer (ml) and double
ayer (dl) coated surfaces were repetitively used to degrade the

G solution under UV-light. After the first use, so-used coated
urfaces were employed to degrade a fresh MG solution under
he same conditions. The process was repeated for two times
nder UV light. Before using repeatedly, the coated surfaces
ere stored in the dark at room temperature for a night.

. Results and discussion
Fig. 1. XRD pattern of Sn4+-doped TiO2 nanoparticulate powder.
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Table 1
Some physicochemical characteristics of the synthesized Sn-doped TiO2 particle
and prepared mono and double layer films

Particle property

Crystalline type Anatase
Crystallite size (nm) 9.70
BET Surface area (m2/g) 83.0
Micropore area (m2/g) 46.56
Micropore volume (cm3/g) 0.024
Adsorption average pore diameter (nm) 2.26

Film property Mono layer Double layer

Film thickness 12 �m 15 �m
C
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ontact angles with water
(before/after irradiation)

68◦/15◦ 58◦/9◦

utile and brookite, were not detected, as reported in our previous
ork [25]. The present and previous works show that Sn-doped
iO2 photocatalysts, which have same crystallite structure can
e synthesized by the different crystallization routes from differ-
nt precursor [25]. In addition, no Sn phase, examined according
o the sensitivityof XRD method, was found in XRD pattern.
ased on the main chemical state of Sn4+, it can be concluded

hat Sn ions complete dissolved among the anatase crystallite in
he studied composition [26].

Some physicochemical characteristics of the synthesized Sn-
oped TiO2 particle and prepared mono and double layer films
re shown in Table 1.

The BET surface area and micropore area of the Sn4+-doped
ano-TiO2 are bigger but adsorption pore diameter is smaller
han undoped TiO2 synthesized in our previously work [25].
he crystallite size is a fat lot small than that of undoped TiO2.

t is very-well known that the photocatalytic effect of a catalyst
s dependent on these properties.

According to the result of DFT plus method, TiO2 particulate
as pores in the range of 1.18–3.0 nm, which include macro
nd mesoporous. When considered surface area, TiO2 sample is
ich as mesoporous (56%) while volume is rich as micro porous
59%). At the same time, adsorption average pore diameter is
.96 nm obtained from (4V/A by BET) consistent with these
esults.

UV/vis absorption spectra of TiO2 particle synthesized in
his work are identical to the spectra reported in a previous work
25]. The doping Sn4+ results in a sharp increase in the absorp-
ion of TiO2 photocatalyst in visible region, leaving unaffected
ntrinsic band gap of anatase TiO2. The band edge absorption at
380 nm is accompanied by a broad and continuously decreas-

ng absorption in the range 380–560 nm. The greatly red-shift
380–560 nm) can be attributed to the charge-transfer transitions
etween doped Sn4+ electrons and the TiO2 conduction band.
he extended absorbance of Sn-doped TiO2 photocatalyst in the
isible region provides a possibility for enhancing the photocat-
lytic performance of TiO2.
While the of SnO2 and TiO2 are quite similar spectral
esponses as both are large bandgap semiconductors, SnO2
as a wide band gap energy than TiO2 (Eg, bandgap energy,
or SnO2 = 3.8 eV while Eg for TiO2 = 3.2 eV) [27]. Though

g
w
h
p

cheme 2. Schematic representation of the electron transfer process in case of
nO2–TiO2.

he band gap of SnO2 is wider than that of TiO2, its con-
uction band is at a lower energy level than that of TiO2
s shown in Scheme 2. The electrical conductivity of SnO2
s better than that of TiO2. Hence, in a mixture of TiO2
nd SnO2, it could be expected that the photogenerated elec-
rons from TiO2 is transferred easily into the SnO2 underlayer,
(TiO2)eCB

− → (SnO2)eCB
−], and holes oppositely flow into

he TiO2 overlayer, [(SnO2)hVB
+ → (TiO2)hVB

+], as shown in
cheme 2 [28,29]. Consequently, more holes reach the TiO2
urface to oxidation thereat in surface. The electrons would be
ccumulated in the SnO2 underlayer. In addition, as the molar
atio of SnO2 is lower than that of TiO2, each SnO2 particle is
urrounded more by TiO2 particles, the photogenerated electron
rom TiO2 conduction band may be passed to the SnO2 conduc-
ion band or the electrons from the SnO2 valence band may be
xcited to its conduction band by illumination. However, since
nO2 particle is surrounded by many TiO2, to which it cannot

ransfer the photogenerated electron, the electrons cannot fur-
her travel to the outer circuit and so. It can be concluded that this
henomen important plays in the photocatalytic performances
f these type semiconductors.

Curing of the coated surfaces, they were treated at 100 ◦C for
0 min. Then, the coated surfaces were irradiated under UV lamp
8 W, Xe lamp) for 20 min. For obtaining hydrophilic surfaces,
hey were again irradiated under the other UV lamp (960 W, Xe
amp) for 60 min. As can be also seen from Table 1, the film
hickness were found to be 12 �m for mono and 15 �m for dou-
le layer coating. In addition, the contact angles of the irradiated
urfaces with water were found to be 15◦ and 9◦, respectively.
s can be seen from the results, the contact angles decrease dur-

ng the irradiation. For example, while the contact angle was 15◦
n the irradiated mono layer coated surface, it was 68◦ on the
nirradiated coated surface. The decrease in the contact angle
an be attributed to the reaction of produced electrons and holes
n a different way. According to Fujishima et al. [15], the elec-
rons tend to reduce the Ti(IV) cations to the Ti(III) state and
he holes oxidizes the O2− anions. In the process oxygen atoms
re rejected, creating oxygen vacancies. Water molecules can
hen occupy these oxygen vacancies, producing adsorbed OH

roups, which tend to make the surface hydrophylic. Therefore,
e can conclude that the irradiated surface has almost super-
ydrophilic property. This property has an important role for
hotocatalytic performances.
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ig. 2. Photocatalytic performance of mono layer (ml) and double layer coated
dl) surfaces for MG degradation under UV irradiation.

The mono and double layer coated surfaces generally
xhibited good photocatalytic activity for the degradation of
G under both UV and vis-lights irradiation as shown in

igs. 2 and 3.
As shown in Fig. 2, the photocatalytic performance of dou-

le layer (dl) coated surface for the degradation of MG is higher
han that of the mono layer (ml) coated surface in accordance
ith the irradiation time under UV-light both in first and second
ses. According to the results of repeated usage experiments
erformed under both irradiation conditions, the double layer
oated surface showed a high photocatalytic performance than
he mono layer coated surface for degradation of MG from first
o second use under UV irradiation. The photocatalytic perfor-

ance of double layer (dl) coated surface for the degradation
f MG is also higher than that of the mono layer (ml) coated
urface in accordance with the irradiation time under vis-light
Fig. 3).

When the first uses of mono and double layer coated surfaces
nder UV irradiation is considered, MG was degraded as 50 and
1%, respectively, after irradiation for 160 min. According to the
esults of repeated usage experiments performed under this irra-
iation condition, the double layer coated surfaces showed a high
hotocatalytic performance for degradation of MG from first to

econd use. For example, after irradiation for 160 min, MG was
egraded as 60% by mono layer coated surface and was degraded
1% by double layer coated surface, respectively. After irradia-
ion for 220 min, the MG was degraded as 61.5 and 92% after first

ig. 3. Photocatalytic performance of mono layer (ml) and double layer (dl)
oated surfaces for MG degradation under vis irradiation.
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se and degraded 77and 90% after second use of mono and dou-
le layer coated surfaces, respectively. After irradiation from 220
o 340 min, the MG was degraded as 98 and 90% by double layer
oated surface at first and second use, respectively, while it was
egraded by the mono layer coated surfaces at different amounts
t the same conditions, such as 61.5, 67.3, 77, 84.5 and 90% at
rst use and 77, 84.5, 88.5 92 and 94% at second use. When

he first uses of mono and double layer coated surfaces under
is irradiation is considered, MG was degraded as 52 and 71%,
espectively, after irradiation for 160 min. However, only 70 min
s needed for 50% degradation of MG with double layer-coated
urface. After irradiation for 340 min, MG was degraded as 85
nd 89% by mono and double layer coated surfaces, respectively.
hus, one can conclude that the photocatalytic performance of

he double layer coated surface is higher under UV or vis irradi-
tion. The same results obtained in both irradiation observed in
ur previous works. In addition, in our previous works, undoped
iO2 coated glass [25] and stainless steel surfaces showed
arkedly decreased the photocatalytic performances than Sn-

oped TiO2 surfaces under the same conditions.
There are various reasons in the increase photocatalytic per-

ormance. These are: (a) the high photocatalytic activity of
n-doped TiO2 film may be related to high surface are of the nano
n4+-doped TiO2 particles as well as their mesoporous structure.
b) Sn4+ ion in coating improves electron transfer efficiency from
he LUMO band of MG to the conduction band of TiO2, subse-
uently increasing the amount of radicals as shown in Scheme 3.
c) It has been presumed that the high photocatalytic perfor-
ance can be ascribed to the Sn ions located in the TiO2 lattice.

n this case, some of the lattice Ti in TiO2 is substituted by
n4+ ions, the cell volume increases and lattice distortion and
eformation are induced. This will result in the formation of
ore surface defects including coordinatively unsaturated sur-

ace cations such as Ti4+ and Sn4+ on the film surface. During
he photocatalytic reaction, dye molecules can be captured by
he surface defects on the Sn-doped TiO2 film and are immedi-
tely oxidized by photogenerated holes from the valence band
f the catalyst [30]. At the same time, these surface defects can
fficiently capture O2 molecules to form O2

− active species

or further photocatalytic degradation of dye molecules. The
hotogenerated electrons on the conduction band of TiO2 must
xperience energy leaping over a potantial barrier to reach the

cheme 3. Schematic representation of electron transfer from MG (LUMO) to
iO2 (CB).



ardous Materials 144 (2007) 140–146 145

s
A
b
t
c
e
a
a
e
f
t
o
S
t
r
t
f
i
s
a
d
U
u
t
s
S
d
p
d
m
s
p
a

s
o
c
(
T
c
l

F
w
i

F
w
d

F
w
o
a
d
i
r
a

4

fi
n
h
s
s

F. Sayılkan et al. / Journal of Haz

urface and be captured by the surface adsorbed O2 molecules.
t the same time, accumulated photogenerated electrons at the
ottom of the bent conduction band [(SnO2)eCB

−] will increase
he probability of electron–hole recombiation during the photo-
atalytic reaction. After Sn-doping, since the conduction band
nergy level of SnO2 is lower than that of TiO2, photogener-
ted electrons on the particle surface generated by visible light
t the conduction band of SnO2 can be captured directly by the
fficiently adsorbed O2 molecules on the Sn-doped TiO2 sur-
ace. In the case of UV light, the photogenerated electrons at
he conduction band can be transferred to the conduction band
f SnO2 can then be captured by adsorbed O2 molecules on the
n-doped TiO2 surface. This will accelerate the separataion of

he holes and electrons, prohibiting their recombination. As a
esult, more photogenerated electrons and holes contribute to
he photocatalytic reaction, improving the photocatalytic per-
ormance activities under both UV and vis lights. Moreover, Sn
ons might be in the substitutional sites of Ti, as forming a solid
tate compound like Ti1−xSnxO2 [31]. Ti1−xSnxO2 may have
high photocatalytic performance causing a high tendency to

egrade the MG. Besides, the Sn-doped TiO2 particle has strong
V-light absorption ability, denoting that it can effectively be
tilized for photocatalytic applications under vis irradiation. At
he same time, it is seen that the Sn-doped TiO2 particle has
trong UV-light absorption ability. This also denotes that the
n-doped TiO2 particle can effectively be utilized under vis irra-
iation for photocatalytic applications. (d) All the nano-TiO2
articles in coating can be transferred onto the coated surface
uring the irradiation resulting in a high photocatalytic perfor-
ance. (e) The high photocatalytic performance of the coated

urfaces is also related to its surface has almost super hydrophilic
roperty (described previous) and related to TEOS is occurred
superior barrier for Na ions in double layer coating.

Generally, the logarithmic plot of concentration data gives a
traight line, which its slope helps to predict the rate constant
f reaction. That is ln(C0/C) = kt [32,33], where C is the dye
oncentration (mg/l) at instant t (min), C0 the dye concentration

mg/l) at t = 0 (min), and k is the reaction rate constant (min−1).
he regression curve of natural logarithm of normalized MG
oncentration versus reaction time was approximate straight
ine.

ig. 4. Pseudo first order reaction kinetics curve for photodegradation of MG
ith (a) double layer coated and (b) mono layer coated surfaces under UV

rradiation.
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ig. 5. Pseudo first order reaction kinetics curve for photodegradation of MG
ith (a) double layer coated and (b) mono layer coated surfaces under vis irra-
iation.

As shown in Figs. 4 and 5, as obtained by re-plotting
igs. 2 and 3, in the ln(C0/C) − t coordinates, ln(C0/C) are linear
ith the irradiation time, meaning that photodegradation of MG
beys the rules of a pseudo-first order reaction kinetics under UV
nd vis irradiaton. The rate constants are 0.0107 and 0.0068 for
ouble layer coated and mono layer coated surfaces under UV
rradiation and are 0.007 and 0.0043 under vis irradiation. These
esults fall into line with MG degradation under UV irradiation
s described above.

. Conclusion

Nanostructure TiO2 based mono and double layer thin
lms on glass substrate were prepared by spin-coating tech-
ique. Nano-sized Sn-doped TiO2 particle was synthesized by
ydrothermal process at low temperature. It was found that the
ynthesized nano-TiO2 particle has an amfiphilic and the coated
urfaces have hydrophilic property. High photocatalytic perfor-
ance obtained by double layer coated surfaces, because, the

iffusion of Na ions within the glass is restricted by earlier coat-
ng of the glass surface with TEOS as a thick film, i.e., TEOS is
superior barrier for Na ions, in both under UV and vis-lights.

t can be suggested that, this coated surfaces prepared in our
xperiments can be used for cleaning of the pool water, deodor-
zing the interior of room air and preparing self-cleaning and/or
ntibacterial surfaces, and degradating of hazardous materials
n waste water.
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