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Abstract

Titanium dioxide (TiO,) and nitrogen-doped titanium dioxide (5%moIN/TiO, and
10%molIN/TiO,) thin films coated on polymer substrate by a simple low temperature sol-gel dip-
coating method were successfully prepared. TiO, sols were refluxed and calcined by microwave
irradiation (as called microwave-assisted sol-gel) instead of the conventional thermal calcination.
In detail, the effect of nitrogen doping over TiO, composite film on the photocatalytic reaction
and antibacterial performance was investigated in the present work. Prior to the reaction testing,
the X-ray diffraction (XRD) analyses were carried out and it was indicated that the composite thin
films are mainly anatase crystallites with crystallite size of 8.3 - 17.2 nm. It was found from the
reaction testing that nitrogen-doped titanium dioxide thin films show better photocatalytic activity
than pure titanium dioxide under both UV and fluorescent irradiation; from which 5%molN/TiO,
completely decomposed methylene blue in four hours under UV. Hence, it is concluded here that
nitrogen doping promotes the photocatalytic activity of TiO, composite film.

As the next step, the E.coli disinfection tests were carried out over TiO,, 5%moIN/TiO,
and 10%molIN/TiO, films under UV and fluorescent irradiation. It was found that all composite
films completely kill E.coli bacteria within 120 mins under UV irradiation. In addition, it was
revealed that nitrogen-doped titanium dioxide thin films show better antibacterial activity under
fluorescent irradiation than pure titanium dioxide. In detail, 10%moIN/TiO, films could destroy
78% of bacteria while the disinfection rate for 5%molN/TiO, and pureTiO, films was 71 and 60%
respectively. Hence it can be concluded that nitrogen doping over TiO, composite film enhances
both photocatalytic and antibacterial activities. Lastly, the practical application of this synthesized

material was performed by coating 10%moIN/TiO, over denture base and toothbrush. It was
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observed that the coated specimen shows better antibacterial activity against E.coli and S.aureus

than uncoated specimen for both cases.

®)



aIvey

Y
Wi
UNANED 3)
naanssuilszmer (6)
GRESILY (7)
FYNTAT N (10)
518M331) (11)
dyanvaifdonaziade (14)
~
uni
1 uni 1
1.1 umin 1
1.2 NQUHUazHans 2
wa ~ J
1.2.1 autianmemoenintazmaniives lnndisu laoenloq (Tio,) 2
o a
122 Usingmsal W Taunaz Tadn (Photocatalytic effect) 6
1.2.3 n32UIUMT Toa - 19a 7
1.2.4 N3ZUIUMIAAOUA? 11
1.2.5 8zA3aN 13
1.2.6 Tuaou 14
Y
1.2.7 1%0 Escherichia coli (E.coli) 14
2
1.2.8 1¥0 Staphylococcus aureus (S.aureus) 14
Aawv A Y
1.3 Nuiteneadoa 15
an =) A A d ~ J @
1.3.1 35 mawioweymanioan Tmmiion lavon loaszauunTu 15
A ad ~ 14 a &~ Ao
1.3.2 mamasudanuie Imniionlaoen laauunodwes Ngumgiia 16
A a a aaa a 4
1.3.3 manszansnmvesdgnsen Tn Tauaaz ladnves lnmidion lason lod 18
7 o v A

1.3.4 msdszgnaldan lnmiion laeon lad ludrumsainye Tsn 20

o 4 Ao
1.4 anilszasnvesIngsanide 21

(7)



CRNLNGE))

4 H 1 [
1.5 sz Teminaainaz a5y
1.6 VB UIVAIIUIVY
an Ao
2353290
[ o an awv
2.1 eagUnsaiuaziinsiee
@ 4 Aan =1 o
2.2 ASZUNUMIFUATIEH aTazaesanuas lnmiieu lason laa
A a| d
2.3 AFZUIUMIAA VWAL
aaa a a Jd P
2.4 minadeulnser W Taunaz Taanveswaazdauua lnmidion lasen ladn
[ 9 [ = any
dunred1dlunszuaumsdesaaeduiauig
aaAan =) 1 da' S A
2.5 nszuaumanagoulgnie Il launaz ladnlumsaindounaiiGe
[ dy ==t = 4
2.5.1 MINATBUMIHUFOULANG 80w lnniioy laoon lyd
[ dy A A a d =~ 4
2.5.2 MmInaaaumssuyouuanGsveadlan lnmiionlaoon losa
[ Al A A 9
2.6 MinsNaoUAMANEUzVBIRILaz TauimTon 1a
3 warazn1senilsiena
[ I'd =% 4
3.1 mannmsdansizing Inmiion lason laa
a o 9 A a d?’ P A
3.1.1 HaNMIUATIEY Insaasraulaiinavudlemaiia XRD
a 4 ~ IsY a .
3.1.2 wamsunazvra Inmidien laoon lsadremmaiia Fourier-transformed
infrared spectrophotometer (FT-IR)
a 4 ~ Y a . ..
3.1.3 HamM3suATzviea ey laoon leadiremaiia Ultraviolet- visible
spectroscopy (UV-vis)
3.1.4 wamanaaeuilfnien Tn launas ladnlumsdesaaedvesnnaug
&e mandunsieH la
(] dy =1 4
3.1.5 HAMINUYD E.coli vl Inniiion laoon lua
[} I o ~ 4
3.2 HaINMIFuAT U N w1 nidien laoon lae

a " Y A a 42’ Y a
3.2.1 Nami’JmiwaﬂNﬁiNMﬁﬂLﬂﬂﬂlumﬁlmﬂuﬂ XRD

21
22
23
23
23
28
28

29
29
30
30
34
34
34

35

37

38

40

42
43

(8)



CRNLNGE))

a 4 4 a
3.2.2 wamsaaszyne Inmiion laeen loaaemaiin Fourier-transformed
infrared spectrophotometer (FT-IR)
a J = Y a . ..
3.2.3 wamsaasein lnmiioy laeen luaaiemaila Ultraviolet- visible
spectroscopy (UV-Vis)
a I o I 4
3.2.4 wamsansizvay lnmdion laoon lad lnsldndosganssmi
ad 1
BIANATAULULADINTIA
a 'd a ad 9 A
3.2.5 MIUATIZHANUVVFUTZUBIAINANAIIATOI AFM
3.2.6 wamanadovlnie I Tauaaz ladnTumsdesaaedveuunauug
[l dy ard =} 4
3.2.7 HaMINUYD E.coli voaTlau lnniiion lason lua
Y 4
3.3 HAMSNAFDUMINWHOULANIS IAUTUNUDTS
Y
4 unagluazdorauonus
4.1 unagy
42 Yooy
USTAYNTY
MANUIN
Yy 9 A ax Av o a A
n.ATNLAAANNTUT U AsYR s Az MR aUUg NS U g Inazudagen
4 1 ~ 4
FAFUA M99 voana lnmiien laoon lya
Yy 9 A an Ao o a a
¥ M3 uaaIANUNiuR dsvesmsazmemnauugNTusidgiuazualgoo
4 1 ad ~ 4
s naee vearlay lnmidienlaeon Toa
o dy = Aw A A 4
A5 NUAAIIUIUTOINAGVDN E.coli NSULEIdgInazuaslgoossaud
Aaa 4
LHANUNANN

Usziadideu

44

46

47

49
51
54
57
60
61
61
62
66
67

67

68

70
75

)



NI

a
AN

1.1
3.1
3.2
3.3
34
3.5
3.6

f.1

9.1

9.2

9.3

f.1

7.2

f.3

7.4

auiananmenmaes Inseai N Tio,
=® d' o 9 !

YiananNiIm Iagldaun15ues Scherer YBIKIFATANE

~ a o A 9 a ~ 4
ANVUALATFIHAYDINITUAZNDUAIINALA FT-IR voIn lnmiienlaoon loa
] 1 1 [ J [
FHMIAANAUUAWAZUDVFOITNNAINUVR IR Ininition Taoon laagasaien

=2 Ao Y} a o 1

Yiananif I Iagldaunisues Scherer vosWlaugaTa1e

A a M A 9 a = 4
ANUDLALFTAVDINTTUTLINDUABNANA FT-IR ¥0and Inmnidion lasonlua
] 1 1 [} o 1
FHNIAANAULAWLAZUDVFOIINNAI UV Ininiiion Taoon laagasaian

Yy 9 any A Yo o A ad [
ANuduTuvesmIazmemnauugiile 1asusd@giilunainie uoans

=1 o
Tnmdion'laoon lyd

Y 9 Aad A Yo v A A I v a d
anududuvesasazmemnanugie lasusadgiilunaiaegvesilay

=1 4
Tnnidlenlaoon lae

Y 9 as A Yo P~/ 1
anududuvesasazmenanugie lasutaalgoasamuaiunainieg

a| d 4
voalau lniiey laoon lod
S 3 4 (] as A Ao ~ ) A Y
nesisuamsdosaaemnauugueslanns Uyl 4 521 ionadouae
TUIUTOUNA N
[ aa g 1 9 [ ~
9A31NITTOATINVOUYD E.coli YDIWNFATAE) 718 TANITuLae?
Y
[ a 1 [} J
8ATINTT0ATINVOUFD E.coli VOIHIgATA1T noldmssunasvigooissaud
[ aa dy a d 1 9 [ ~
9R31NITOATINVOUTD E.coli voIWangasaee meldmssuneaagd
Y

[ aa a d 1 %
8A3IN330ATIAV0UTO E.coli voaTlangasa1e meldmssunaevlgooisa

%
I UA

37
38
43
46
47

67

67

68

68

68

69

69
69

(10)



Qo
=i
=).

1.2
1.3
1.4
1.5
1.6
1.7

1.8
1.9

2.1
2.2
23
24
2.5
3.1
3.2
3.3
34
3.5
3.6

519m331

o 4 9] 4
Taseawanvoudla lnmidienlaoonlad (n) ozuuna () 31na (m) vinlad
a Aaaa a 4
na lInmanalfnsenTn Tauaaz ladnves lnmiienlaoon lae
{ <

msilasuanuzn lsaiduma
ATTUIUMST IFa-10a
NTZUIUMITUATDU

= a| d Y a d'
MR UNAVUNABNATANTHY UKL

v o J ' ad o < a
ANUFURUTIEHIRANIHIIveINaNA AN Y NawerYTasvesansazane
1¥lumsnau
[ a1 d ~ 4 a 4
anvazvesilanue lnmiiion laeen laduunediwes
o = d =} J 9
anvazveaaue Inmiisy lasen loauwdule Pva

A Aaaa a (2 o

na lnmamnlnsenTn Tauaaz ladnves Tio, Taems Taddreuaunnivuaz
TuTasu

= 1= . Y ax
MIATINEITFITANIZ SiO, A28 lsa-19a

=) = . Y ax
MIATINFILAZANTIAGOY TiO, A1075 19a-19a

= A . 3+ 9 am
MIATINRILAZATIAGOY TiO,/Fe' #1833 lra-10a

=) = . Y ad
MIATINRILAZATIAAOY TiO,/N A073 19a-190
MINAFUINOHIAITDIIDUNAINY

= 4

XRD spectrum V8p4 It laaen lea
FT-IR a11aaiuveana Tio,
FT-IR e11/AnsuanIra 0.3%molFe’/TiO,
FT-IR e11/Ansua0Ira 0.5%molFe’/TiO,

a Y a . = 4
HAMSIAATIZHABNANA UV-Vis spectroscopy ¥84nd lniniiion lasen loa

v o Jdo 1 A @
ANuAUITUESAT @A NTY C/C, vounnauug MeldamssuuasgIveans

~ S W cr’d?l =\ [
Tnmidlen laoen lyandaunsiziauneusyu P25

(1)

10
11
12
13

17
18
20

24
25
26
27
32
35
35
36
36
38
39



Qo
=i
=).

(98]
-

3.8
3.9

3.10

3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23

3.24

518m331 (A9)

%
Y
1 dy . 1 Y o A g ~ .
HANMINUFO E.coli VOIRIGATamelanasunasgiilumal 30 win (n) Tio, 40
(¥) 0.3%molFe’ /TiO, (A) 0.5%molFe’ /TiO, (3) P25
@ an 1 Y o A ~
PNIINTTOATINVO E.coli VOIWIZATA1Maldnarsuueaaguilumal 30 un 41
9
[ 1 o 3
HAN3I YD E.coli VoIRagasaamoeldnariunasgeas maudiiluna 4 41
%2143 () TiO, (V) 0.3%molFe’ /TiO, (A1) 0.5%molFe’ /TiO, (3) P25
o a v o I
8ATIMITOATINVDA E.coli VoIrnagasameldnaiunaslgooissandiiy 42
181 4 %3 139
XRD attlansuvoailan lnmiion laoon loa 43
FT-IR d11/An Yo 63 TiO, 44
FT-IR a1Aa3uU8I83 5%molN/TiO, 45
FT-IR 1@ 3 U083 10%molN/TiO, 45
a <Y a . ~ J
HANSIATIZHABNATA UV-Vis spectroscopy VoIrd lnniiio lason lua 47
[ dy a a d =~ 4
anvaziurIvesllan Inmidioy laeen lud 48
[ o a =~ 4
muaeamagauaveadlay lnmitien laoon loa 48
a s A ' ad ~ <
HamsanTIEHsImAnszneaguuiay lnmitioylaoon lus 48
%] 1 a ad =~ 4
MsnszneaeIsIga g uuNay lnndion laoon laa 49
NG AFM V04 TiO, 50
1 a d
NNDIY AFM V0IWaY 5%molN/TiO, 50
1 ad
NMNDIY AFM V0IWay 10%moIN/TiO, 50
Y] Y] &Y 1 Y 9 Aan 4 ~
anuduiusondmaududu C/C, vounnauug Ineflan lnmniionla 52
4 o ad
pon lyanmeldnarlumssunasgivesilan
I 4 1 = Aan a|d v 9 o ~
nosuamsgesaaemunanuguesilavgasasgmelanaimssunagl 4 52

SRR

(12)



3.26

3.27

3.28

3.29
3.30

3.31

3.32

3.33

3.34

3.35

518m331 (A9)

Y] Y] &Y 1 Yy 9 Aan 4 ~
anuduiusondmaududu c/C, vouunauug Ineflan lnniionla

4 o 4 ard
pon lyaneldnarlumssuuaalgess masudvoilay

J I 4 1 = an ad 1 9 1
nlesisuansdosaasunauuguesilaugasaieg melanarlumssuuas
4 a d
Wgoasauaveilay
I 4 1 = an a|d v 9 @ ~
nosuamsgesaaemunanuguesilavgasaig melanarlumssouaegd
4§ T34 1HeNATRUAIIIUIUTOUNA 9] UV

1 dy . a d 1 9 [ ~ = .
HAMIHUTD E.coli vOIWaNgATA19 Melanariuuasgd 120 w1 () Tio, (V)
5%molIN/TiO, (A1) 10%molIN/TiO,

[ aa ; Y [ ~
9N31MITDATINVOAUYD E.coli MY IANITVIAIE)

] dy ard J Y o 4 ~
HAMIHUFD E.coli voIWaugasaae meldnaisuuaalgoasasud 120 w1
(M) TiO, (¥) 5%molN/TiO, () 10%mol N/TiO,

o aa & LA Y ad = 4 s

9ATINITTOATINVOUTD E.coli Mnagousiolan Innitionlaoon loauaz iy
sas o s

Tnmidionlaoonlean 16l luTasnuneldmssouasgoosdaud

1 da' . 9 [ 4 ay ~ (=} A
HAM AT E.coli Meldnmiuudegossmaud (n) Fuanui lilimsndou
10%molIN/TiO, (v) g1l uilasuiado 10%molN/TiO, (7) tilsadfluindow
10%molIN/TiO,

Y aa & . = Y . A A

93 INTTOABINVOUYD E.coli NNATOUAIBTAY 10%molN/TiO, NiaasugIvuily
[ 4

Yaouuazuse@ilu meldmsSunaslgoosaaud

] 4 o 4 Qy §
wamﬁmn% Staphylococcus aureus ﬂ”IEJGlglJL’JfﬂﬂJLLﬁQV\IQ@leﬁﬁ!ﬁh’u@ (n) FUNUN
lufimsnden 10%molN/TiO, (v) iuiluiasuiitndon 10%molN/TiO, (A1) mil5ad
Huinfdou 10%molN/TiO,

[ aa dy ~ ) ard .
NIINTIDAYINVDIUYD Staphylococcus aureus nnageuaeal 10%moIN/TiO,

A

deugiludasuuazusedilu meldmssunasgoarsaaus

(13)

53

53

54

55

55
56

56

57

58

58



1.1 Unin

Hoytudsemrudinlvgiinnuaulasuilgwiniedudanadonuay
£ A a o NYL Y P 2 v o a
qunnIu 1ileenn Uszrnauaunsanalsase lHu lademsiz dunadouseudnsiil
lnﬂy A & -3 g’ &£ v o @ nﬂy Y
uaye IsanazuuafiiFedsognilnivazomasunawsadudanudo lsn ldaasana
a Yo 1Yo o O = 19 o ' &
Tagfisrenvvziaanaz lidi duniudensezldladumsquaguaingumevesaueunniu
a ' ' S oA & v a =
Tago1vazi5uanguanredtinmws izguamgesniudetudumevosmsiguaing
Y a2 A < d,, Y = g ' [l =
auslimIenuazlundaus e Mg Idaziden NiinaseszuuMIgosoIms mindiiluy
A @ A A a d,, 1 =3 = ' 1 < )
widendniey wielimsanre Tuyesihnndonlinaseguningeme Tuthnveusuauliase
a A @ d’l o R [ S < J o A
uuaise lasa  Weswaz s Tadn uadiulugpiunuaiis e wsizdhnifunvase den
g a y v A 4 ~
pizay  Innwieu anwiu nazguvgiaeh  duliennsganauysainInebe1HIs N

Sudsemu wuafiFestiaondeeguuiiily vsiasglugesineszninilutazmion

A a4 A  adg o < o A a Y
‘]JN"]fHﬂ’E]Q“I/'ILWﬂWH‘]J']ﬂ nazyNrHaednlaauuas lauau wuaiovarionvauniaudig

L) U

' <2 = ' = o o
ﬂ'i&!ﬂ!ﬁﬂﬂiﬂEJWTL!E6ﬂLLWﬁLaﬂc]‘Vlm‘gﬂﬂ‘U1JE‘T’J'L!LﬂEJ’J%ENmJﬂ‘ISQﬂG]uﬂJ@QLﬁuLﬁ@ﬂ NIASAY

@ 1

9
voauafiseeluszuudon o19dwanoszuDNANAUYITINE RRTUMTQUATUNIN

' ~ o w1 aa & \ ~ A g v o
“]f'ﬂ\?ﬂ']ﬂ%\iilﬂ'ﬂllﬁ']ﬂiyﬁa’qéllﬂ']W“]f'J@LLﬁ$!ﬂuWu‘ﬂ']\iqﬂ'ﬁ§JfI“Uﬂ']WVILHNLLiQVB{’JEJ ANUU
v

HagiiudeiimsAnyuazdlfuliuniesiogunsainlFluseaihn wu shenthuihn ualsed

]
o =

v @iy gruiludlasy dwisuudlsedilu vazgwiludlasn iWuiagiinannnnnedmwes

a

v
v @

= Y Y o A ~ ¢ A o wa a 9 Y
auiudeldlimsiannmsndey lnmiion laeen Tadie S ui jeauiidvoane dues 141
& o o A Iq Y A
anuansalunsduye Isataziinnuazeradueuielszgnd linasugiuiluilaey
= A = a s
nilsedflunioveudniaunialsweaes
L4 o e J .
Tasilgiu ldimnihasduasizianlnmdonlaeenled  (Tio) wn
v Fa v .
Uszgnd 1l umsdudauazainde Isnluiuazerme iifosninrannautia i Tauanz laan

= J o a S o .
vod lnmiiienlasenlad  awnsoiaienazaaroa1sdounsd (Organic  compounds) 130

Y ' 1

A A . A v & A Y a A Ao
a1 UUNTY (Inorganlc compounds) ll']\']clfuﬂ"lﬂ ‘ﬂﬁhlﬂllﬂ ﬁTiﬂﬂﬂiﬁlﬂﬂﬁJaﬂ13$ﬁ1§wytﬂﬂﬂﬂ

]

J A a ' A A v A ' A P 'R
Glum 91NF Wi'ﬁ)iuﬂu @Iﬁ@ﬂi]u’cﬁiﬂiﬂ"JﬂLLﬁJﬂVILiElLLa$|l'J§fT VILﬂ1$@§.lUuW3llﬂIﬂﬂulllﬂﬂ@ﬂ

1



a A o aaa = 3 = I = 1a aaa =
MsNyiesuas1w91nRnse1 anne lnmilowlaven ladiinuades limalgaseuadl
< aa A @ A Ada aaa a ¢4
naziluans iy wSeneduasieredalidia Tasnalnvesljnsen T Tauaazdad 5uan

A =) s a g v ¢
Weliudawnszny Ilnmiiowlasonleq dilanaseuszgnnszduainuanaud (Valence
band) 11uaunsii v (Conduction band) nazinlgnserduluanaveseendiau w114l

v Ed v 9

WATANTY 118215 158n00NFIIUAITI Super oxygen tazuenInil vz lfinAToII
LAY Aad 9 & 1 t:yd 1 +

(Vacancy) lunnuraugydsniniidianaseugnnszquenn i dereednaiiifond Hole (h)

4
) a a S o a a a o

uaz Hole (h) i lfinanseand ladedreguusimiomlding leasondasania(Hydroxyl
3 s = o A& Ao A A ae

radical) 910111 qgles0onEAY (Super oxygen) M laasondasnatiag laaed1saunss
y . 3 ¢ ¢ = P A A oy & oo
Tanawanwihniwazasveulasenled Jeeunsaldlumsangaunid muFeuuaiise

1ae¥e3118 (Agustina et al., 2005)
1.2 NYUAUAZHANMS

1.2.1 andiamamamnazmaniivedlnmidisalaeenlua (Tio,)
I
Tadionlaeenlsanse lnmidedluaisisznevoenlsduoalans
% ' ' Ao o 3 '
Tnilondaoglungulangunsuddu Tnmidlon laoenlod Idsuanuanluilusdiunnlu
° o o ] v ' A a ~ ' ~ ™= 2 a
myhwnlszgnddmsums ldnudiuae esnnlianuatesaeaanil lulinnuiuny
] va a 4' I n‘d‘dd ] U A ~
s liunwann vazauiamesniluilse Teminadsaraieeds Taammzog1aga lnmiioy
o ° Y v v a o a 74 o A
lavonlaa gnihwn1dedranevnaludumsnlasundsnuudsemadilunasnuglou
' { I o a { 3 o
wu nlaswdundsau i lusaduasernad (Solar cell) waznlaswiundaaailuy
! aaa L . [T & SO = o
N32UIUMITRAToMUD 1Fues (Photocatalysis) 11udw losaIndiainsssiinsinimues
= o 9 o A o 9 J A J A aa
uaage Segninnldiumsindeutlesiumsaztouvewasluwaduaserindsiaganou
. 3 ] A . . .
(Silicon solar cell) uaziu’q*ﬂnimmaﬁmmiummmﬂummuma (Thin film optical device)
a ~ J ° Y o 1 A A
vanewia Tnnidienlaeen lyadagmimnlfiludinsvdounie (Gas sensor) o9 INGA
mai Il asuuilad il 1dauesndseneuvesmananiizussernia @y amisaly
I A s s ~ 3 v g A ~
A3AOUMFDDNTIU AMSUUNIUDN lwd tazlimu (Hudy uonaniinsi lnmiien'la
4 Y o 1 S Y =2 o 9 @ = [ =3 I~
pon lyaasndnnusemenyud 18 Jsgnibunldiuiagnedinm wu nszgmifion iu

aaa

J a a 1
du wonnn lnmidionTaeen ladezliUszaninmgalunszuaumsisalgasewnulduas

ud dsenunsorinnlFlunszuumsiswgasewoulnd (ilduas) 14adndae Taseunso

vy o o A o (aaa o o £
16]5!,1]1!‘I/lWl]LWiJﬂD13J’cT11J1§€11uﬂ1§“VlTﬂQﬂifﬂ(Promoter) UaEAI3095Y  (Support) 4



Aq ¥ ~ S ' Aaa ' o W P

nszuaumsh 14 lnmidenlaeon lad lumsisaljison su mstidamsisznovesnlod
o w a ad ] ] a

yoelulasiou (NO)  misiidadisidsznovansounidszivedts (vu laoenduuas

amssznounassy) mswanlalasoudielfizen Gas shift reaction N5¥VIUNS Fischer-
o o s I Y o ) 4 o o

Tropsch  tazmamiaassznoudames 1Wuau  Auan¥UENINAIUAITNIANINVBY

= J o [ aaa £ 1 A A A o =
Tnidiowlaeen loadmsul§asomunlduassuionn lnmilslidumianieves
P Vv = A 2 v WP £ o o A & )

pondoululaseaondn Tnmidiededalduduamsnadniasiadu (n-type semiconductor)
o 1 |aaa v VoA g 2 o o o = o S v

ansalgnsemunlduassmidluasnadninivezianuansalumsgaduaisasdulu
a Aaaa a P =] ' Ya o (aaa A o Ao W

msnalnse 2 sialindouqiu deenunsoaneliinanalgaseeendadunaziandu Tay

Yy v A A @ VW A Vo ' ' o
MINTzAUAITNITQANaL IaoUNTNAINUMIAUHIONINNTIADVYFEITIINEIN (Band
2 o o d ag o S v
gap energy) ANWAIMNTIVOIATNIANIINIZawToudanasoulfimsadn Tums
' £ 4 1
malnserngnaadu IMiuluegiudwmusvesauresiandsnuvesasnedniuag

° ' o a aaa A 7 { o a o
AU UIVDIN N1u1uﬂﬁlﬂﬂﬂ§]ﬂiﬂﬁﬂ@ﬂcﬁ (Redox) ﬂl@iﬁ']iﬁﬂﬂﬂﬂ“]ﬁj Iﬂﬂﬂﬂmlgﬁigﬂﬂ

LV}

o Ao A o . I Y Y A o
VYDINAINUNAINGAVDILLDUNITU (Conduction  band) %Lﬂuizﬂmmwawmwmw

A v o Y

a aaa as y v o @
alfnsesandudledianasouignnszdu  (Excited electron) lunanduiuseduuea
@ A A [ @ @ A o a aaa
wasuiigefigaveauaunaud  (Valence band) vziifuszaundenuiiiilfifalgisen

a o 9 A oA o da g v Y

ponFAFuAIeNgUEUIN (Hole) Nndvaguasniniioanaseugnnszquliuds
7. o { s 4
Tniiionlavon ol Taseadre 3 npouaasdsgiinl Ae 31na Rutile) ¥4

a Y = = Y =
Hlassadawdnuuumass Tnuea (Tetragonal) D2 UUNT (Anatase) 3 1A5 a5 WHANLDIIAATY
Tnuoa (Tetragonal) tazuin lad (Brookite)d Tnsead19naniuuees 155ouiia (Orthorhombic)

A a 1 i o ad § '
@51H 1.1 ezuunaiuauyesinndsan 3.22 Sianaseuliad dwinndng Ind (3.02
ag 2 < wa a od ' Iad = v
aidnasouTiad) ezuunadeiiautadlululaunasdadnganiig Ind sidnasouiignnszdu

= 7 @ v o < < ' a X o 9
"UENWaﬂgqﬂﬁﬂgﬂaﬂn1i'Jilﬂ’Jﬂ'U‘l’iQiJﬂi%ﬂqﬂ’)ﬂli’)lﬂﬂ!m%!i’)ﬂ??ﬂﬁmﬂlﬂﬂﬂ%u’uﬂﬁ i ld

1 £
a A o @

4 4
Ugnse T Tauaaz lagniadulugranandus uaziidszansamd uennmivlnmiionla

s = < =2 4 da = A A 1Y 4 =
eon lvaneglugdwlaezumaiinnuiundnguaziundmniga weroudumladus

wa 1 A ! 2 a ¢ ~ /A o A da
ﬁil‘ﬂ@ll“”ﬂ']uﬁ\‘lNE‘W]'E]ﬂ']f!'UJuI‘V\II@]LL?W]3aﬁﬁﬂ]ﬂqblﬂlﬂluﬂilhlﬂaaﬂllqﬁﬂ ADOATITIUNUNKNI

=t

) 1 4 = ag b4 Aaaa Ao 2 A Yo =
dmiumsinaeunvesaanaseuuaznguilszquan s linalgnsenauinvuiie 14 iagni
auiaduasnedniniugiu uluszuuves Tio, /Sn0, 11AMSANEIVEY Yang tazAny
J . 1< @ A A A a a @
(2002) WUNILUVVRY TiO, /SnO, 1ud7 I Tauanzaaanaiiosninllszaninmaieudngs
(High quantum yield) tazauuanaveaumsilu Tio, uaz sno, dawaldfinsusnves

aa ~ ° . . o '
amnﬂiauuazquﬂizqu’mmﬂmsmumm (Photo induced electron- hole pair) LAZIINUIN



1 v 4 Ed Il
demnlSinaves sno, Tdumndui ldilaezuunaadosiu ¥ sno, aglilesiunms

v e ow s & | ag p A g I |aaa
swdnauiudnafiszrindanaseunazrquilszauan saluigandwadeljnsonlula
Fd

Aok oy

uﬂm“laﬁnvm HUAY

(n) ozUUNY

al—a2
I

@) 3 1nd

—al—al

93 4
(m vinlag

51l 1.1 Taseadunanvesna lnmidlon lasonlad (n) ezuuma () 31nd () vin’lnd

L]

(M http://staff.aist.go.jp/nomura-k/english/itscgallary-e.htm : 13/03/2551)



M5190 1.1 autianianeninuedIaseds Tio,

u: E.P. Meagher and G.A. Lager, The Canadian Mineralogist, 17, 77 (1979).

Material name Rutile
Composition TiO,
System Tetragonal
Temperature (°C) 25
a(A), b(A), c(A) 4.593(2) 4.593(2) 2.959(2)
0Ol(deg), P(deg), V(deg) 90 90 90
Unit cell volume (AS) 62.42
D, (g/em’) 4.25
Space group PA,/mnm (No.136)
Atom Site G x/a /b zlc B (AZ)
Ti 2a 1 0 0 0 0.42(6)
(0] 4f 1 0.3051(7) 0.3051(7) 0 0.6(6)

fn: M. Horn, C.F. Schwerdtfeger, and E.P. Meagher, Zeitschrift fiir Kristallographie, 136, 273

(1972).
Material name Anatase
Composition TiO,
System Tetragonal
Temperature (°C) 25
a(A), b(A), c(A) 3.7842(13) 3.7842(13) 9.5146(15)
Ol(deg), f(deg), Y(deg) 90 90 90
Unit cell volume (A’) 136.3
D, (g/em’) 3.89
Space group 14 Jamd (No.141)
Atom Site G x/a b zlc B (Az)
Ti 4a 1 0 0 0 0.390(63)
(0] 8e 1 0 0 0.2081(2) 0.613(90)




11: E.P. Meagher and G.A. Lager, The Canadian Mineralogist, 17, 77 (1979).

Material name Brookite
Composition TiO,
System Orthorhombic
Temperature (°C) 25
a(A), b(A), c(A) 9.174(2) 5.449(2) 5.138(2)
0(deg), f(deg), Y(deg) 90 90 90
Unit cell volume (AS) 257
D, (g/em’) 4.13
Space group Pbca (No.61)

Atom Site xla ) zle B (A
Ti 8¢ 0.1289(1) 0.0972(1) | 0.8628(1) 0.37(3)
0Ol 8¢ 0.0095(4) 0.1491(5) | 0.1835(5) 0.46(6)
02 8¢ 0.2314(4) 0.1110(4) | 0.5366(6) 0.53(7)
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(ﬁm: http://www.sdicompany.com/en/principle/index.html:18/11/53)
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¥) MSINADUUULTHUIHIES (Spin coating)
A A I ax A Aa A a o Jd
ﬂ'li!,ﬂa@“ULL‘LI‘H‘1’714‘1«!!W’JEN!ﬂul‘ﬁﬂWﬁLﬂaﬂ‘UWuflM%ﬂuﬂ?iNﬁﬁﬂﬁlﬂﬂ\i Tag
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' a o o wa A a7
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<3 a o Ao ' a =

“U'EN!HNLLQ$LL§Q§QW'J (Surface tension) ﬂﬂﬂﬂﬂuwaﬂ@ﬂﬂ’]uﬂu1waniuﬂigﬂjuﬂﬂliﬁuun’T’JU\i
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AITUANNUDIEHIN ﬂ'J']iJWu'W\Iﬂllﬂﬂﬂ'l']llﬁ'JGL‘L!ﬂ']iﬂiql\u!!ﬁgnaﬂlcluﬂ'ﬁﬂuu Iﬂﬂﬂ’nilﬁu']
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V‘Ialﬁ]5‘U’NZNLN@ﬂ'ﬂﬂli3L1ﬁ513a11uﬂ13ﬁuuﬂ1ﬂﬂlu Llagwauﬂwu1ﬂguﬂ31ﬂli'ﬂuﬂWﬁﬁHu

a1 narlumsnyudes wazilSinavesasindeuuin

M\ applying the

\

\_Lsolvent solution

epeating to prepare
multilayer structure

— rotating — drying —)—){

: Substrate | | —)v — | =

& A A v a = . .
519 1.6 ﬂ']il,ﬂﬁE]‘U1/‘]ﬁiﬁJNﬂ’JﬂLﬂﬂuﬂﬂ'ﬁﬂﬂgu!ﬂ’Jﬂﬁ (Spin coating)

L]

(http://materials.web.psi.ch/Research/Thin_Films/Methods/Spin.htm:27/07/2553)

o {ﬁaﬁmﬁu[su:
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Film Thickness e
Film Thickness =

Spin Speed m—p Spin Time =——pp

|
|
/
Film Thickness s——————p»

Thickness Uniformity ==
/

Exhaust Volume — m— Exhaust Volume =———fs

= v o ' N v <2 a
zﬂ‘ﬂ 1.7 ﬂ’.]TMﬁMWH‘ﬁS?d‘H’JNﬂ’JnJWHHIfNWallﬂ‘Uﬂ’ﬂmi’J 131 !!ﬁ$ﬂilﬂ@]§"”llf)iﬁﬁa$ﬁwal%

Tumsw i UINIE (http://en.wikipedia.org/wiki/Columbia_university:27/07/2553)

1.2.5 92A3an (Acrylic)

=

aa a A a a g o a a A
pzasannanadnyIe Inawinawmlasmadlumes lunaradnwsiianila 1¥e
4 o [l 1] a a dsl )
NNMIAIMABFOAIONY 15U Plexiglas, Lucite, Perspex (Hudu waradnwiiaiigniimn
o ' ' 4 a o
Uszgnaldlununateedia wu nszanlavuaiesdu  thelawan nszendiar Tagnis
o 9 A @ a wa 1 A =} 1
Maunnd 1Wudu iWesnniaqianiia laamuliusesnumied (Toughness) AwTsala
2 v A o a = = wa
(Transparent) @ w130dugl1dd1e  wazilonuindumsianuuuimiudiduiluauia
o w o a aa a 3 o a t Aa °
Uszdrdvesiaglszinnnaadnuda ezasannaaaniauiluiaasianilaniomimnlunu
k4 [
umlunuvaieedd
aulinvesezaTan
1 @ o a
LIANUHUUTEINa 1.15-1.19 NF/QRINANIEUAIAT
2 figavaouiainguvgi 130-140 eerusaiFod uazyameanigaumngil 200
afIaIFe A
3.1ANUNUNIUABMINTZUNN (Impact strength) ganauAauaz Twdea'laTu
Vo ' a ¢
HARINI INaAIS UoLUA
aa a A 3 1 =2 a = P
49zasanwardAniiiogouiunasosyaia ldde
' l ] dy a Y2 9 = Y g
suaaadeansadesriionaadnldnedesas 92 uazinmsaziounday

nrnlszunaiesay 4
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1.2.6 luaeu (Nylon)
luaewiluInawesndaoglunguingie lug (Polyamide) shlvannsondan
Y H
luaouldnnmsdsdunateyila uamsitdonldhasondunsiziluaeu 6 Ao Tnams
1 o o a a
Tilsuanuau (Polycarprolactam) &3UMIFAUATIZN luasu 6,6 HeulHianyzmiau lawiiu
. . v any .. . Y [ o 3 a 4
(Hexamethylene diamide) nUNTARZANA (Adipic acid) 1dulodunsizn luaswilulnames
: ' s ! 1 o a
HUUNIHEN (Semi-crystalline) Hriyjtolug (-C-0-NH-) ogluame Ty Tuanah ldawisoia

wusglalasouiuTuanadu 18 dawali luaswiluIndwesinnnuuduss ufzeglu

o

A = a a a dy J ] ]
animadeuiiiguugiigs wardanwiaiignimidszgnd g luaiunalendia 15u

L]

nﬂl 1 ' 1 = =
IATOIUINY QIUDITAT WIN BIU LI yulseailu

aiavesluasy

a ]

Liamuvuiudsgna 115 nsu/gmnanisudmas

=

2.3i9AnaouMaINgungil 190-350 BIRITATY

a

4 '
3.Maulseaniusudeaniud (Low friction coefficient)
4NUMUADMTANNTO (Wear)

5.11599 9 (Abrasion)

1.2.7 H‘?ﬂ Escherichia coli (E.coli)

a 3| 1 a
Escherichia coli w30 & 1 la (ow14¥0d0 E.coli) Hunvaiiselunguing

4
¢ ' aa Sa o g a A 1
osu nqmmtmﬂmiﬂunga Enterobacteriaceae N3U519M0UTU AadUNTUAY Ulll’ﬁ%}N

]

I < v ' T s 1 T J =Y Y s [l

aoiq Dvwadan wosdreanlarliwiu danlnafimadifer vaziilassadomadn i
H 9

Fudouun Taelyrguugiiimnzaude 30-37 esruwaiioa aunsowsy ldandluanim

A A = A A A ° 9 ' o o s
ﬂuaaﬂmﬁ]uuaﬂuﬁmwhlmlaaﬂc]mu ll9g@]111'ﬁﬁ'iN%1W1ua1llﬁiﬁiy€u@\‘lﬁﬂ3uﬁ$NH‘HEJ

] v
[l = @

a A a &, Y a 9 = ] 9 T o Y1
wuansevdaiiliinaeinsnoudotssiga miummmm“lwnuj 1/]']11’7?!']8@5]%155!%@1’.]

a

2
A A

Al A LA o o A Y a a v <
Wia!ﬂuu1 LUANLSY E.coli ﬂ@?W!ﬂuLsﬁ@W@uﬂﬁWﬂﬂﬂﬂiﬁlﬂﬂiﬁﬂWW\ilﬂu@"lWWﬁ 1u@ﬂjﬂlﬂﬂ

9 Y
uazauun TavauIngluiliiuduaualumsdudloulusng Wi ersaasiag

1.2.8 Staphylococcus aureus (S.aureus)

A = @ = <3 a = I
Staphylococcus aureus Y170 auni lanenna eelisod Lﬂuﬁ;aumﬂlum:qa

'
a o A Ao

& va J
Micrococcaceae cﬁﬂﬂﬂmﬁum%ummmmmﬂ WunuanSenlanyauznay (0.5-1.0

= v g ' v ' A A vy I o =)
'liJﬂ’iﬂu) !iﬂﬂﬁ?!ﬂuﬂquﬂmﬁlWNﬂﬁu S.aureus lllllﬂaauw VliJﬁSNﬁ‘]Jf’J‘i aﬂymziﬂiauﬂau



15

= Aa A A 9 a a Y= a = a
vouis oy yu HdnTN ides du aunsonTyay e 147 gungil 6-46 earnwaiFed Taslisa
gamgiiininzaufe 3037 esruwaiioa eunsonsy 1aa luanwiiioengunoniilu

Ed Y
anm'lifieondiou 150 S.aureus AT In0 1A Tuo1Md Huazoes vezyados 11 o1isuaz
2 o Y { 1A
Uy M380TMITUIIRATY annzndeuntouenuypdazda’ dnyuzensiiwendiae
& 4 v 2 ! < 2 o wyve & 4 A
1%0 S.aureus Huvznaaliviuedesiadwazguns 5emsn livesd Idsuireninude
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1.3 IUEYNNYIVD

1.3.1 33msmssneymansetlanlnmitisnlasenludszaunly

an = A ~ 4 @ =) Y

Wmsmsoweymansedlay lnmilonlaeen ladseauuTu mSonldvate
33 18un33 Hydrothermal, CVD (Chemical vapor deposition), PVD (Physical deposition), EPD

(Electrophoresis deposition) 1agIs lra-1wa (Sol-gel)

amA

=~ = o an I = ] £
ﬂﬁm5ﬂhulﬂlﬂ!uﬂhvlﬂﬂﬂﬂll‘ﬁfﬂIﬂﬂ’)‘ﬁi“ﬁﬁ-!ﬁ]ﬁ !ﬂu’JﬁﬂﬂEJLm%ﬂﬂW%!!Wﬁ il

A 3 o Ao o . V=2 o s
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'
a a

= 2 o oA = a
LISt LﬂuL’JﬂW 2 "lf’ﬂiN NUINYUHHUNTITININ 500 DIAUHRLH T ﬂ$Lﬂﬂ§ﬂW§ﬂﬂ$u1mﬁ

g

uAngungll 650 eerwaITod winagUranNaNsziINezwINaIazy Ind uagwuhaulia

~

voagisen v Tauans ladnves Inmilen laeen ladiiiagundnezuundediuden i
UszAnSnmgen uaznmsfineues Kim tazane (2002) 18dnsuamfunavesgumgi
ao Tnsaad e uazauauiaveadlduui lmmidlenlasenlod (Tio,) Te33 Twa-wa nuiuile
Wesaaduihy Tnmidomansy To Ty Tnswsen a6 (Titanium tetraisopropoxide, Ti(OC,H,),):
1o T Tnumiuea (sopropanol): 1.7 Ho3uea nia'lalasnassn (0.7N hydrochloric acid) 111111

a ~ a

= | = =
1: 26.5: 1.5 (Molar ratio) 9UNgaIM9i 100 oriasea (J113a1 30 I uazinNgumgil
' S o A
@199 AB 400, 500, 600, 700, 800, 900 LAz 1,000 BaFsaLFee (Hunal 1 ¥ 119 azwunh
v ¥ 1 v

400 esruaIFod JUnanuuvezuUNg SN TUeEFAIY JuDINgUHYIA LA 900 -

= 1 i = 2 ' = %
1,000 pesuzaiFod 11 1 wud gUndnuuvesuundaziTuanas uagdranuuug Ina

. o 4 = a = ' =

(Rutile) 3¢1/5109FARUTVUINDIQUNYI 1,100 D3rsalod 3wy JURARLDUBET I

a4 = 7 A 4
w1ﬂ"lﬂwnﬂ1uﬂlmwWammuﬂmmnummu
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. ' v = I d’

Kim sazamg (2004) nums ldma lnmidionlaeonTaaeyninvunau Tun
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a 7o a9
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51/ 1.8 dnwaizvesilanuna lmniiionlaeen leduunedes (Yang etal., 2006)

NNMIANYIVBY Matsuzawa HazAYL (2008) WuNMIndev lnmidienla
ponlad asuuwedwes (PES) Tavldwa Tio, (P25) fitlvuaeynia 21 wiTuwas 19353
' A A ] L. . A A o A
gundey Tunmandeunaz 149 Electrostatic interaction luldveoriad wanviieiinisinaow

o a 4 o { a < <
Taehwedwesiadeuuy Sio, W leunguugil 80 esrmaaiioa fluar 24 521w udd

o @ = = | o & o
i liimdouny PVC-PVA copolymer 807 80 pasiiardoa ifunat 1 lue 9t

A 1Y . A ' 3’ A = o ya 9 a I
NAVAY Tio, Nuvrnasseylui tazoui 80 avrusartad azii IR veINe DT
] = s ° A a a Aa
anunuiuved lnmdiow lasen ladedinnuaziinmagen nuniilszansnmng
C% 3 2 o
Hagrfulaimsiannmsdaunsizd lnmidioylaeon lod Tao14a1 Tu Tasm
4 o o o o
Wesnnmsdunsigd laely luInsnveglded luduvesnsilszudanar aanasauluns
o 2 . A s
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$ o @ { o 7 < o
PVA dadunsiz Inmidionlaoen lad Tae14 1y Tasnwi 200 Sad flunar 2 $alus vms
) 1 o
wasuidulelasldisnmsuaaen Taglnmilonlaeonlaatinnududuiszum 0.14 Tua
" a S v v A = ~ = " a ¥
apdaas st lleuliudsNgungl 60 ossuwaiFod vinmsAnINUIURA TATIAIS
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o o = o
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B T
waay Tio, liwaau Tio,

51/ 1.9 dnvaizvesilauurs lnnmidionlaeen lad vuwdulo PVA (Zhang et al., 2008)
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r v
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1 a Q’ J a a aan a
NN TIO, VIENT uazwuN Tiy,Zr,, 0, IMszAninimvelfizenlnTaunas ladnd



19

) 4+ o 9 = <} A& da 2 & g a
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Uszansamvealfaien T Tauaas ladnves lnmitionlaoen ledi 1aUda0 luTasiou (N)
o 1 Y ' Y A a 4? A ~ a
sazuaunninswiululasnu La, N) wuhlassadraaimaduiiomiguugil 650
= = I & 2L @ =
psrnaFod vod lmmidion laoenlad IatuaunnivswiuTulasiou Ao wlaezuuna uaz
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a a aan a 4 @ 1 [
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Tulasiu Wragenilnndionlaoen ledi 1add0TuTasiou 1o sarnvuiananves
= sasw (Y E} @ 3 ' o Py dy Aa 1
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Excitation La"

Visible light

La* + TiOy(e")—La™ + TiO,

La* + O,{abs.)—La™ + -0

-OH/OH- La*/La** h* + H,0(abs.)—-OH + H*
Y
TiO; ¢ [Tramsfer  ye 4 Op-(abs.)—-OH
particle
0 "
w A0y 0,05 " _ MHd____,.D.;co]orntion

«OH \Dccomposjliun
-OH/M0

1 1.10 nalnmsind§nsen T Tauanz lTadnves Tio, Tasns Taddrouaunmiy

]

waz luTasou (Liu et al., 2007)
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TTIP 10 mL

C,H,OH 90 mL

H,0 125 mL

A

4
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Powder

-Photocatalytic reaction test
-Characterized by XRD and

FT-IR
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Dip coating
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-Photocatalytic reaction test

-Characterized by XRD, SEM

and AFM
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et A9 VUIAYDINAN (U1 TUINAT)
A fio ANwWENIAALYBSITENT (CuK 4 = 0.15406 11 Tuiwn3)
B @9 Line width at half maximum height (15581)
6 foyuaziou (odsn)

2) Scanning Electron Microscope (SEM)
NAp3aNIIAMIBIANATOUNVUFBINTIA (Scanning Electron Microscope, SEM)
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ganssrisssuan ldniiluuny 2 46 uagliddevereiios 1,000 i1 S1m5DOUITeATIH
o 9 A o 4 dy a A d s A A
Himiasi9g 1aseddeganInvesnsidunsizd nurilan uazanunnveslauiaaou
a o @ . o A [} ald Y an
HAZAATIZHNITNTZNWADIOYMA  TiO, uaza1s Ialiinszoiwed unuiand 1995 X-ray
a3 ]
mapping A10NA0IYANTIAUBANATOULDUADINTIA (SEM; JEOL JSM-5800LV)
3) Ultraviolet-visible spectroscopy (UV-Vis)
UV-Vis spectroscopy (UV-2401, Shimadzu, Japan.) Qﬂi%}iumi’?ﬂmi@ﬂﬂﬁu
A o 4 o ] 1 @ ~ 4 9)
HAURNRNFUATIZH LA AMUIUUDVFDINIDUNEIN UV lnmndien laeen lsd Taglds
d o Y a o ~ s A Y Y}
BasSO, 1iuf19198wnunasauved lnndien lasen leamoazainlunisia andunim
Fududanudulne deuaaslugzdf 2.5 (Zhang et al. 2000) F9IINIUDUNAINUAINITD

Y
dnaldnnaunasaaae il

A A 1 1 ] ad 4
1o E, 19 LOUFDIINUOUNANU (@ranasoulan)
A 1 A v -34 a =
h A9 ANNINVDINANA (6.67 x 10 32IUIN)
= < 8 1A =
c A9 ANUIIVDILAY (3 x 107 IUATRDIUIN)

A o AnueMAauNganau
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4) Ultraviolet-Vis spectrophotometer (UV-Vis)
‘s' . 3 tﬂl A t:' ) a .
1304 UV-Vis spectrophotometer WunseslNeniunaia UV-Vis
9 A A o dyo Y A @ 9 A A 9)
spectroscopy 11/ 19911 wFeeledrtiimrnnlumsasiaiannuuuasiiiunioaziouain
@ ' = ~ o Y ' o A A . o
fedafTeueuiuaNuTNLaIINLHAIR A 1IAT09 UV-Vis spectrophotometer Iag1i3 1
9 I~ [ A = 19 9 U 1" o a Qa’ A 4
ualee Nau Uszneunans Mmdeuny laun unassutana nsaaanse luTu Taswines
4 { [y ] 4 o { 4 [
IFAANUITIATAI0O1UAZIATEIATIY IMTALNUNAMNEIAAY 200-800 U1 TULAT 1Az IA
Usinannudududunduogiiemiumsil§iseimsnszquadondegd (310-400 w1Tu
“ A 4 A 4 aa A qy
was) Tagidonanuennau 664 w1 Tuwas Fuiluanuenaauiiwiauugansaganaula
5) Atomic force microscopy (AFM)
I A A Aq Y Y] dy a a o Y]
WwaseswonlslunisasrvaevanbyauenurIvoalanusluseauul Tu
o o o aa ' 1 v I o
Tago1feHanNN1TUBIOUATNSBIVDILTITEHINN0LABY (Atomic force) 5EHINHAINIA 1Y
b Y
5EAUU TUALNUAIVDIAT HazziInTlseutanaoenluanyuz Yo M NN LAY AFM
v Y 1 Y v
AMTUNUITIATIINMIIATIEHINONATEUANNIIVIE BUVBINUOZAT ANNHIUATIAADY
P A a oo o A L 4 o
aeasinaey I laneazaaananumul 5 Sunaoy Iagnunnga 1 x 1 pm uagAiIuInml

a o ng 4
mmmq%zmmﬂau (Roughness) uazmmwmﬂlewumﬁauﬁ’wm?m AFM (AFM, easyScan

2 version 2.0 ,Nanosurf)
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6) Fourier-transformed infrared spectrophotometer (FT-IR)

9 d‘ a Jd v ] 9 9 [
M31¥AT09 FT-IR spectrometer 1ATIZHA0E19 1¥a1TeeuInuas 1
2 A AR A o ) 29 ¥ a P A A
aunlassasmidatentiunlslse Tosi lud1un1sunsIgy  MonTAsINaUAT 1T

A A A o Y} M ! A ~ ~
AUNIN  HIDNOMITUTUGAS IATIATNUBIATAI081  Tagnmisiaisan ulsesumesun
surlsusa alansuvesansisznevinasgiunuates Nialudinalsiafeiny e
o =l = v 1T A 9 o A ] 1 1T g a ~ o dyq/
ThuudSeuesunuianoia 019N lounugeutaaI U uasFUAReINY UDNIINLE
9 a Jd a a ~ 1 . £ Y
ansalslumsiaseiiFalsua laemsiey A1 %Transmittance H31UAITNAADIDL 19

1304 FT-IR (Bruker Equinox 55) i1 Wave number 8¢ 114379 4000-400 cm™ ¥09HIA10819
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3.1.2 wamsaaazind lnmiieslaeen lsaaiumatia Fourier-transformed
infrared spectrophotometer (FT-IR)

a o ~ 2 an v a
Waﬂ’li’uﬂj'lgﬂP‘NUl‘VlW]LUEJjJUlﬂf]@ﬂhlc]fﬂﬂlﬁiﬂllIﬂﬂjﬁicﬁa'maﬂgﬂlﬂﬂuﬂ FT-

v A 9 = v o 1 = a o g
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=

Tasaadanan uazidumuaiia 700-500 cm” 921319iAV09 Ti-O stretching (Senthilnathan et
al., 2010)
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A1519% 3.2 uﬁmmmﬁmeﬁmmmié’f’uamﬁauﬁ’aﬂmﬂﬁﬂ FT-IR vomd Innition laoen

oyt
FUAVDIAT Wave no. (cm_l) Vibrational mode %’agaé’nﬁq
TiO, 640.95 Ti-O stretching Senthilnathan et al.,(2010)
1627.93 O-H bending Senthilnathan et al.,(2010)
3359.04 O-H stretching Senthilnathan et al.,(2010)
0.3%molFe3+TiO2 630.38 Ti-O stretching Senthilnathan et al.,(2010)
1632.90 O-H bending Senthilnathan et al.,(2010)
3405.93 O-H stretching Senthilnathan et al.,(2010)
O.S%molFe%TiO2 660.66 Ti-O stretching Senthilnathan et al.,(2010)
1626.92 O-H bending Senthilnathan et al.,(2010)
3329.03 O-H stretching Senthilnathan et al.,(2010)

d d
3.1.3 wamaiaazind lnmiieslasen luadamatia Ultraviolet- visible
spectroscopy (UV-Vis)
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UV-Vis spectroscopy 90 1% 14015 7AN159ANAUUAIUDIHINTUATIZH 1AL
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9 9

= 9 3 v Y a Y] =) 4
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~ P (2 < A
Tnmidionlaoon leaniinis 101ian 0.3 waz 0.5%mol azganaualszua 400 Hag 420
1 1 @ 1A ad 4 o o $
wTumas 1oUFeIIINaIIUegNszIa 3.09 1Az 2.96 BlanATEU AR (eV) ANAIAY ¥4
Y] 1 1 4] < o 4 {
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au A4 9 da o ! = I @ < '
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WIABzADNYY Fe' Huwalndifesiuezaonves Ti duiuezaonved Fe' atn lunun
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<3| o w : &’f 1 o a’.t‘ a 4
naenilu Fe’ uag Fe' amd1dy $9919 Fe™ oz Fe' linooiados aariu Fe’ 39gnoand la

aa

il Fe'” nazoandiau (0,) vuives lnmiiion lasen ladgnidrdnareiiu o, uay Fe* gn
Faadnanuilu Fe” uazaomdianaseulinunquleasonda nanoiilu Hydroxyl radical #9
aumsil G.1) waz (3.2) fchwaiﬁ’ﬂﬁﬁ?aﬂwTmmmllaﬁﬂﬁsﬁu uanuNdsum Fe' un
wu i i ldaidnasounaznguilszauanunsudadu lddamnalil§asen T Tauaas la
Ananas delSinar Fe” ‘ﬁmmmuﬁyagjﬁ 0.1-0.2% (Tong et al., 2008) W3® 0.5% 11
MUY (Zhang.et al., 2008)

dmuaasel wuhas TelmanySine 03 uaz 0.5% dawaldgnsen Tl
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Faunse 18105 Wdndduna 2 ¥ Tue Tunssemadnd erwil¥as Tadmdnilgasen
fueenduluvssnmanaidumineenladiny FuhldmsRaliisn v lauaas ladn

18133 (Tong et al., 2008)

Fe'' +0,(ads) —» Fe +0, ... (.1)

Fe'' + OH (ads) > Fe’'+OH" ... (3.2)

0.8

0.6

1
1

CiC

0.4

0.2

2
Time (hr)

= v o do 1 Y 9 ast Y v
717 3.6 AnudNRUFIaI 1@ IUANUANTY C/C, vounTauug lagmelararilumssues

=3 = P = [
gAvoans Tmmiiion laeon luandunsizviifien p2s



40

3.1.5 Ham3Hu¥e E.coli vo3ud lnmniiianlaoanlaq
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3.2.1 wamsdnnzrlassanavlaiifaiu aie maiia XRD
A o A d . . . a 4 1 J
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Abstract. Nanocrystalline TiQ, powder with and without Fe** doping were successfully synthesized
at low temperature by a nucrowave-assisted sol—gel method. The synthesized T10y powders were
characterized by XED, BET. FT-IR and SEM. It was found that anatase phase was formed after
refluxed at 80°C using a domestic microwave oven. Antibacterial behavior towards E. colf was then
smdied under UV and fluorescent irradiation. The synthesized pure Ti0, powder exhibited superior
antibacterial activity under fluorescent wrradiation compared fo the commercial Ti0; (Degussa P23).
It can efficiently destrov E. cofi bacteria after 20 min with UV wrradiation and 3 h with fluorescent
light; this good activity 1s mainly related to the high OH radicals on its surface. It was also observed
that the synthesized powders have smaller crystallite size and larger specific swface area than those
of Degussa P25 due to the absence of high temperature calcination requirement.

Introduction

Titanmum dioxide (T102) 1s the most promising senuconductor photocatalyst. which has been
extensively smdied for environmental purification applications due to its powerful oxidation
strength, good chemucal stability and nontoxicity [1]. Many processes have been used for the
deposition of Ti0, films including sol-gel, hydrothermal synthesis followed by dip-coating. spray
pyralysis, pyrosol and chemical vapor deposition [2, 3] Nevertheless, these techniques generally
require high prepanng temperature fo achueve the anatase phase formation: hence they are
nappropriate for polvmer coating application. Recently, there has been an evident of interest
regarding the low temperature methods for fabrication of crystalline thin films of advanced
matenals such as senuconductors, from which not only from the point of view of energy saving. but
also for the low thermally resistant substrates such as plastics, wood, or fibers have been reported
[4]. Calcination at high temperatures is also incompatible with polvmer substrates with poor thermal
stability [5]. The anatase tlun films based on the various polymeric substrates could be achueved by
the deposition of the suspension of anatase particles, crystallized at low temperamre or by the
deposition of the titamia gel following with the crystallization post-treatments by autoclaving or
refluxing [6].

In this work nanocrystalline TiO: powder were synthesized at low femperatures by a
microwave-assisted sol-gel method. The TiOy sol was prepared from titanium tetraisopropoxide
(TTIP) inn acidic aqueous solutions and was subsequently refluxed at 80°C for 2 husing a domestic
mucrowave oven. The microstructural and the antibactertal behavior of synthesized powders were
mvestigated.

Experimental and Details

TiO; powders preparation

Titanium (IV) isoproxide (TTIP, 99.93%, Fluka Sigma-Aldrich) and ferric chloride anhydrous
(FeCl;) were used as starting materials, while hydrochloric acid (Ornental Chemical Industries) was
applied as a peptizer. It 15 noted that water used to prepare Ti0; sols was doubly distilled and
deionized. The TiOh sol was synthesized by adding the mixture of TTIP (10 ml), ethanol (90 ml)
(99.99%; Merck Germany) and FeClz (0.5 mol %2) with water (125 ml) and stirrig for 5 nun at room

All rights reserved. Mo gar. of contents of thils EgFEI may b= reproduced or ransmiied In any form or by any meane without the written permission of TTF.
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temperature. Then 2 M hydrechloric acid was added dropwise to the solution to adjust the pH of the
system to 2. Then the solution was refluxed for 2 h by a domestic microwave oven at low worling
power (about 180 W) intermittently leading to a milky solution. The temperature of the solution
was measured and controlled at 30°C. It was then dried by a domestic microwave oven at 100W for
2 huntil TiO, powders were formed. Finally. as received powders were ground using motar in order
to reduce the agglomerate grains. For Fe™ doped TiO: powder preparation. the calculated amount
of ferric chloride anhydrous (0.5 %emol FeCls) were added i TiOs sols, while further processes
were sinlar to those of pure Ti0, preparation.

Materials characterization

The morphology, particle size and specific surface area of svnthesized powder were characterized
by Scanming Electron Microscope (SEM), particle size analyzer (Matersizer 2000) and BET surface
area measurement, whereas the phase composition was characterized using an x-ray diffractometer
(XED) (Plullips 3 pert MPD, Cu-K). The infrared spectra were recorded using Fourier-transformed
mfrared spectrophotometer (EQUINOISS5, Bruker, Germany) in diffused reflectance mode at
4000—400 cm™ with KBr as blank

Anribacterial activity against E. coli

Antibacterial activity of synthesized powder against the bacteria Escherichia coli (E. coli) was
studied and compared to the commercial P25 Degussa TiO; powder. Aligquots of 100 mL £ colf
conidial suspenston {10°CFU/ml) were mixed with 30 mg of powder. The mixture was then
exposed to either UV irradiation for 0, 10, 20 and 30 muin or visible light for 0. 1. 2. 3 and 4 h. Then.
0.1 mL of muxture suspension was sampled and spread on Macconkey Agar plate and mcubated at
37°C for 24 b After incubation, the number of viable colonies of E. coli on each Macconkey Agar
plate was observed.

Results and Discussion

Characterization of synthesized pure and Fe' doped TiO; powder

As shown in Fig 1, the agglomeration of synthesized Ti0, powders was observed. It was found that
the particle size and specific surface area of synthesized Ti0, powders were 8.4 um and 172.8m%'g
respectively and those of Fe*™ doped Ti; were 8.3 um and 194.3m%/g, respectively.

Fig. 1 5EM images of synthesized Ti02 powders calcined at 100W using domestic nucrowave oven
for 2 h(a) Ti0, and (b) 0.5mol%Fe™™ /Ti0; powders.
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Fig 2 XRD patterns of synthesized powders calcined at Fig3 UV-wvis spectra of synthesized
100W using domestic microwave oven for 2 1 (a) TiO,, T104 and Degussa P25 powders.

() 0.5mel%eFe” /T10; (c) P25 powders.

From the XBD studyv as shown in Fig. 2, the anatase peaks were observed at 25.50°, 37.507,
48.01%, and 54.16°. A small broad signal at 30.64° iz ascribed to Ti0; brookite traces. It is
commenly known that high calcination temperature, at least at 300 'C, is required ro achieve anatase
Ti0;. while it can be successfully achieved here at much lower temperature of 80°C. Furthermore.
it can be seen that Fe™~ doping seems to hinder anatase crystal growth, especially at low temperature
synthesis. This consequently results in the smaller grain size and larger specific surface area of Fe™™
doped Ti0, powder compared to those of pure Ti0; and Degussa P25,

The vltraviolet—visible (LTWV—vis) spectra of TiD: powders are illustrated in Fig. 3. It was found
that Fe™* doping ion caused significant absorption shifts into visible region compared to the
absorptien threshold of the synthesized pure TiO; and Degussa P25, leading to  the reduction of
band gap energy from 2.03 to 2.88 eV. The infrared spectra of all synthesized titanmm dioxide
powders in the range 4000—400cm™ wave number are shown in Fig. 4. The large broad band at
3400-3100 e, centered around 3358 cm™l. can be assigned to nuxed OH modes (strefclung
modes). These bands are in the hydroxyl stretching region and should correspond to O-H vibration
of the Ti—OH groups and H;O meolecules. The stretching vibration of Ti—OH bending could not be
removed easily and must be heated until relatively high temperature [7]. The rather narrow bands
around 1600 cm™ and 1400 cm™ can be assigned to OH modes (bending modes) of hydroxyl (OH)
groups. The peaks at 653-350 em™ correspond to the vibration of Ti—O [8]. It can be seen that
synthesized powder enhanced higher fransmittance compared to commercial P25 powder due to the
absence of high temperamre calcination requirement.

=
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E u/ LA — 31 ]
o
3400 2400 1404 00

wavenumber (cm)

Fig 4 FT-IR spectra of the synthesized Ti0Os. 0.5 mol®Fe’™ /Ti0; and Degussa P23 powders.
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Antibacterial activity of synthesized powder against E. coli
Fig. 5 (a) and (b) present the number of bacteria survived after testing under UV and fluorescent
lLight respectively. showing decrease in £ coli survivals with iradiation time. The result mndicated
that svnthesized pure Ti0h powder exhibited higher antibacterial activity compared to commercial = =
25 powder when exposed to both UV and fluorescent light. Under fluorescent light, synthesized
pure Ti0: powder completely destroved E. coli bacteria affer 3 h as shown in Fig. 6, wlule only
62% of bacteria were killed with P25 and Fe™ doped Ti0; powder. This 15 possibly due to the
hugher concentration of OH radicals wluch are very strong oxidant species against microbial on 1fs
surfaces [9]. Antibacterial activity under UV bradiation occurred at much faster rate compared to
fluorescent irradiations and completely destroved £ coli bacteria after 20 min while it acquired 3 h
under fluorescent irradiations. This excellent antibacterial activity under fluorescent light can be
applied to many useful applications for alternative sterilization technology. The further work could
be studied on the development and simplify its use as a thun film coating.
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Fig 5 The survival rate of E. cgif treated with synthesized powder exposed under (a) TV and (b)
fluorescent light irradiations compared with a commercial Degussa P25 Ti0, powders.
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Fig 6 Photo images for the results of E. colf test with synthesized powder under fluorescent light
comparing with commercial P25 TiOs powder.
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Summary
Nanocrystalline Ti0; powder with and without Fe®™ doping were successfully synthesized at low
temperature by a microwave-assisied sol-gel method. The crystallization of fitania precursor was
obtained by refluxing vsing a domestic microwave oven. The as-prepared pure TiO: nanoparticles
showed excellent antibactericidal activity agamst E coli; it completely destroved E. coli bactena
after 20min with TV irradiation and 3 h with fluorescent light It was also found that synthesized
Ti0x powders have smaller crystallite size and higher specific surface area than those of Degussa
25 due to the absence of high temperature calcination requirement.

Acknowledgement

Financial supperts from Faculty of Engineening, Prince of Songkla University (Grant No. ENG-52-
2-7-02-0045-5) and National Nanoteclmology Center (IWANOTEC) are gratefully acknowledged.
The authors would also like to thank Department of Mining and Materials Engineering, Faculty of
Engineering, Prince of Songkla University (PSL).

References

[11Y. Hu and C. Yuan: Joumal of Crystal Growth 274 (2005), p.5463

[2] F.-D. Dumumica, F. Maury and B Hausbrand: Surface & Coatings Technology 201 (2007), p.
9304

31 DM Chun, MHKim. J.C Lee, S.H Aln: CIEP Annals — Mamufactuning Technelgy 57 (2008), p.
351

]

1Y T Yun, IS Chunga, S Kim S, H. Haho and E T Kim: Materials Letters 58 (2004), p. 3703

1 Z. Linxue, W. Xiulian, L. Peng and S. Zhixing: Applied Surface Science 234 (2008), p.1771

1M Kanna and 5. Wongnawa : Materials Chenustry and Physics 110 (2008), p.166

] W.-Clu Hung. $.-Han Fu, J-Jen Tseng, H. Chu and T.-Hsing Ko Chemosphere 66 (2007). p.
2142

[O]1). Xu. Y. Ao, D. Fuand C. Yuan: Applied Surface Science 255 (2008), p.2365

Address of the corresponding author:
Author: Associate Professor Dr. Lek Sikong

W

ﬂ )IJEqpan 0N

74

Institute: Department of Mining and Materials Engineering, Prince of Songlkla University (PS1)

Street: Kamjanawanich
City: Hatwai, Songkhla
Country: Thailand
Telephone: +56-74287065
Fax: +66-74538843
Email: lek si@psu.ac.ith




75

[V A
sz IRgiven
4' [ o
¥o a1 wneEadnyel yyuea
saszdidianinfinm 5110120096
Y 2
M3
9 Yoaoiu UnduFomsfinmn
FANITSUNAATUUNA umInavmna Tulad 2548
= o o ~t
(wodwes) REPTRLTSS TR,

yumsan @1d3ulusennamsfine)
aw o a 9 a
- Nuganyums v gudnnuidud@aduun Tuna Tulad
“a o a o
UMINFUaIvAIUATUNS
- quganyumMsItennduseldnasimnssumand

a @ a 4
UE1INVINYAIVAIUATUNT

NISARNNIHBININDNY

- Saowah\1k Boonyod, Weerawan Sutthisripok and Lek Sikong “Antibacterial Activity
of TiO, and Fe”' d(}ged TiO, Nanoparticles Synthesized at Low Temperature ” Advanced
Materials Research Vof. 214 (2011) pp 197-201, ISSN: 1022-6680.

- Saowaluk Boonyod, Weerawan Sutthisripok and Lek Sikong “Antibacterial Activity
of TiO, and Fe’’ doped TiO, Nanoparticles Synthesized at Low Temperature” 2011 International

Conference on Key Engineering Materials (ICKEM 2011), Yuhai Int’] Resort Apartment & SPA,

Sanya, China, March 25-27 2001.



