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Abstract

In this research work, titanium dioxide prepared by sol-gel method mixed with
Anatase/Rutile titanium dioxide composite powder was immobilized on borosilicate
glass beads via dip coating technique. The structural properties of titanium dioxide
were evaluated by X-ray diffraction technique Transmission electron microscopy
X-ray photoelectron spectroscopy and X-ray absorption spectroscopy whilst the
surface morphologies and optical properties were characterized using scanning
electron microscope and UV-vis spectroscopy, respectively. The coated glass beads
were then loaded into reactor tubes of the solar photocatalytic reactor together with
compound parabolic collector for photocatalytic activity testing of the decolorization
of Rhodamine B dye solution in presence of immobilized TiO, under solar irradiation.
The TiO, immobilized ¢lass beads were reused to investigate the stability on
photocatalytic performance of the photocatalytic reactor to decolorize the
Rhodamine B dye solution under solar irradiation. UV-Vis spectrophotometry was
used to determine the photocatalytic activity. The phase combination of TiO, in
specific ratio can significantly improve the photocatalytic activity due to the decrease

in recombination process of electron and hole by effective charge transfer.

Keywords : titanium dioxide, dip coating, glass bead, photocatalytic reactor
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k, = sin(6) (2.3)
Wlomeyiusvesanns 2.3 sl
dk, = cos(6)d6 dy (2.9)
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2.2.2.2 The design of a CPC
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SAUUDNUDMBDNAININAT [13-14]

2.2.3 MaiuvessruURIasUfnsafufizeuuudng

Tumsvinuvesszuuiriasufnsniujisenisnsedusnsuassiiudiesiesduszneu
fneq o1 feussy Uuh iedesindnsinisiva iuduilelissuvannsavinelded
auysedla

2.2.3.1 Schematic of a CPC solar reactor
d - L3 v } - =l ol o] a I

FTUULAT UGN TAINTITNTLAUAIBUAILUUTNT Axiinsdusynoundnlaun deusTy
4 v d o ow £ a ¢ aaa v v o ow
gounad Uui insesindnsinislva 1ds vieufnsalujisen uazanasviounas Wusiu i

=l =l ay 8 e o nlll w o - a '
wanalunmi 2.13 laeyaviitudviminlumsdureanainndussyindeuniiiuvielva
1 e ' = (4 ] L} 13 ar =l :! - - o ol | ar
Whguinaviedjnsal veanarvrvarwiamednsnae ntussiadiauiiundultngis

J o : A -l o s 1 - ﬂ;

Wi FeszuvasyiannugiluGesq Tuvasdeiiuresvalszgnifufmetnuinamilang
R - ) - « v v oa o a < -
Aunadmlaieinlunviiessianudutunasundasiy Belussuvilesiinnsussy

as ' aas n’fv o v o w

fmiswisenisnsgiumsuamilugiaymanansinivredvaInfean sl 1ien1snie
ar v ] - € o v P i @ W W i aaa

vugusasiuuavssyliluvieunselinelviveuvansdousiuuavduraiudunsaujiseinis
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v 2/ ar '

-J v o ] v ) @ - -
nsgAuMBLAsIna eI ATehsnsldnsnsedumendsnuanuaseing uiiom

- £ aaa 4 & 1 ' [ [ L. ' - aa o
vieunsailjisenduiiuielusila uasannsangqrimudunnsedudussufiteonsnsedu

v

monasluusnunananla [1-3)

Absorber tubes Flow matar

h1 : and reflector \L_E@]('

Pum

Feeding tank

= v r a ¢ v oov o e
NN 2,13 HITEUULATDIUNITUNITNIEAUMBUAILUUTNY

2.2.3.2 Zenith Angle

{ewnszuuUFnsaiuizenmsnsedufouanuudagi srlifimsfnsaszuunsaadu
wazdnmumeriing Fuiulunslinumeldnsnseduiouasofinddadasineayauns
?hu'uu’uaqLﬂ’%awﬁnirﬁ'ﬁﬁw’hﬂ'aﬂﬁnsrﬁﬂ.ﬁﬁ'%umazmnazﬁaw,l.mﬁmn'luuuwiw] Wl
aunsnsesiuuaseiindliodeiiuseaninmedwraidowasldny mmszaserindiing
indeuiAsuuasegnasanan uasmsindaziuegivasAgavewudasiuiisae forsan
NNamil 2,14 wansfauslunsinsuieiafussufnseiitelanusaseiuuas
o mBLiles [15]

i a o w 9 a €
Ml 2,14 yunsienen@miunissesiunaseiing [15)
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TANSAMUIUMILUANNIENUYDILENIINDITRE (Angle of incidence, 8;) @nansnfwInlA
<
RNnauNh 2.11

cos(8;) = sin(8) sin(¢) cos(B) — sin(8) cos(¢) sin(B) cos(y)
+ cos(8) cos(@) cos(B) cos(w)
+ cos(&) sin(¢) sin(B) cos(y) cos(w)
+ cos(8)sin(B)sin(y)sin(w)

(2.11)
dle 8 uar @ ansadunldanaunsi 2.12 wa 2.13 auadu
5 = 23.45si (360 — "d)
Rt 365
(2.12)
dle nd e $ruauiulunied
w = 15t {2.13)

o

ward mSuyNvRAImNNTENULLRINALIDUNTLYINAULLIAIRIN NTeyuLein (Zenith
angle) annsafmuinlaanaunis 2.19

cos(6,) = cos(p)cos(8)cos(w) + sin(¢)sin(F)
(2.14)

wazyue1dynUeILaD1¥ing (The solar azimuth angle) anunsaduinlavnaun1s 2.20

' 1 - Cch
Ys = G, Gy e + (3 (——2 ) 180
(2.15)
il siny’ . = sinwcosé/sinf, uaz (; =1 0 || < W,y vty C; = —1 Tawii Wew
Annnlanauns 2.21
tand
cos =

Dew tang

(2.16)

L
s

- a H - a
W C=10g@—-68)=20 favtuC=—-1uaz o G;=10Mw=0 azuu

17



18

2.2.4 lnmilsylaeenled (Titanium dioxide, TiO,)
o v Ve o4 w o ' °
o lusindimsléianansiain Wy Tio,, ZnO, Fe,05 ,CdS waw ZnS \Judu vh
v o @l ] aaa = ' = o aa v
mhndumiswiisennisnseiuaisua wesniianuldenisiiaujiseimeniinsziu
= € e 4 o o da v a ar ' aaa ' 1 =i
nauas lnnflvulasenlediluiagarsiednindeuldidumisaiiseuaraoutnad
UsganSnmlunszuunisnsvfussuas uasmedenvatsUszns onfiiu lilludunsiuse
dwandon Tiadiosnmmauas madaassinlidudeunazaldsnsligs Wudu Taglum
Weulasenleatiuoutesinwdanulszann 3.2 eV dmiuiwdounna uasuszanm 3.1 eV
o w ' Y =l £ a -
dwmdumaslnd edralsimunisnszfuniuasvesiaglnndeulaeenled Sidnaseungn
1 v @ e | e 5 " o o £ a a
nszRuamsandunsniiulviliulea (Recombination) Faazyihliuseansamnisiin
msiswiitenisnsziusiiuaionnanal uinsauiusenitaaeuinaway jindludadiu
-4 = 4 o =l = v o L4 ar =
Mgy wzgawsaianisarenlugidnaniald vildaursaangnsinisiianis
W e v oW - e v a = = o aa
sl dweaslunng 2.15 vinlWaunsamudssaninmeveinisiiaufisennts
nszgumsuala

Rutile Anatase
n _ CB e T

L, \ ‘ N

L surface

VB

v v o ]

o - ] ooy v
AN 2.15 NalnN1sIiANsEUIUNISITURRTE PN TNTEAUMUAIUDIBYNIARILS
Uiisenndenlaeenledinanausenineuivanaring

Inmmidleulaeonleilassasandnudnquusle 3 Tassasne loun lassadrsuuvauna
(Anatase) filassadrnduwvuinnszlnuea (tetragonal) lasesairawuuging (Rutile) i
Tassafraduwuumnselnuea uazugnled (Brookite) dlassairailiuiuy (orthorhombic)
uwrlassadanuvsindiiulassareiidanumuiniuiagiaiosnimmisauiifouganda
Tnssafrauuudu [4] Tnsludoilaeonledlasiaiiinagdananuandannd 2.16 Jagln
nifisilaeenledfldifudisefidsmanssiumeuadlunssuiunmsissjisonsnsedu
Fouasdmiumstriminds Tnemswasianeyniaululmiidelasenledluveanaiie
iluthadmeirissUjnsaiufieinisnszdumeuas egdlsinmuniswauiaginmidenls
sonlwslureanas enadeddlusiinaunn uaveradesilsvuunsesindasauiueiosjnend
wavinsnseseymalwnidielasenlanfndn dwalviialdseiigdunsaiessuuay
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matgeine vieenadesunszuaunsasuanetuneuilahndualélwaien s1nnsd
Heiummsauidgmsenisihiageynialimisulasenledluaislifugiusesiu 3
ovmdunsiioutanlmidloilasenledluguvesiiduuaiandounisiafugiusesiu
viemsldusewineymeanarfidguitovinisafieymaliuaseraiisiuiitndutavestan
limiilenlasenlediindsuugiusesiv orfiviu vinmsindeutanlndeulneenledlugy
Mauuaviosyneunluvuusunszies udulave wiunsyan dafiu viodauf  Hudy
[17-20]

(a.) Anatase

J v = o e L2 -t
i 2.16 lassaiandnvesiaglvmidelaeenled (a.) Iassadrmdnuuueuina
(b.) lassadamdnuuuging (c.) Tassadeed@nuuuugnlaes (21]

2.2.4.1 manssuiaglnnillvalasanlus

Tanaunalvmitlelesenlesanansawmisulamevaisds enfiviu nszuauniseaslse
(chloride process) As¥UIUNIITAING (sulfate process) AsEUIUNISITA-Ra (sol-gel
processing) uagnszuuMsLlulaiinea (sonochemical process) WU w3an1smseuYan
Hauulnnidedlasenles  denssuaunmsanlomaedl (chemical vapor diposition)
allamos3aSputtering) wariSmsguideu (Dip coating) Wudu Fanszurumsleluiadine
alunszuunsiiausanisundneynaululnnidedlasenledilidudou aansiiare
siudunduiouvesoyna  Fanadedidumedansiwdeniifinsldndudseauiiadls
wiuiuszuuiduansazane dovhmstoundsnuedudsnuiige ssuvasiinmaiden
nufustsquusahiRadulwsaagyinme (cavity) vuiadndususnniifingsaunely
qquammaﬁ'ﬁutﬁmmnLﬁﬂ“la%auﬁuﬁﬁ"zma'lwaaT.W'Nﬁanéﬂwuﬁqqmwﬁa%tﬁﬂms
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v e o va a g 1 &4 a aaa L. -: 5 v o oas
guiaiy yhliusnawdeninssdsnanduinufitensnesveduanatuiuldsusaiy
< v & @ | .
naneueymavaidniivszneulmsluanavarsluana Munszuiudugainedangnis
o o ‘;’ a d
iiiAaduoyniauludu duandlunini 2.17 [22,48]

Sonication

Ultrasound wave

Bubble Bubble Bubble
forms grows reaches
unstable

size

J (7] =
AN 2.17 MaNNISeSELAITENSEUIUNIS IwluATADa (48]

dmiunsnseuiaglnndeulasenleduuuniavugiusesiunionisiadeuiiduuialnm
loulaeenlesd vuiuvunelugniedmiumsidausuaunn msuedsuiaidiuisnisi
wnzay Wesnnlifeunuufiguugiige uisnsitlidudou annsawiouvugiusesiu
IomannvaneyUsziam Tnedivdnmsdauandunini 2.18

Dipping Wet layer formation Solvent evaporation

A - 1 4 - J -
AN 2,18 nszvIumMRsERduusmadngundeulya-a (23]

2.3 NSIATIZA

2.3.1 g3-330a awnlasinlngiinad (UV-VIS spectrophotometer)

- aaa = - 3 A:l - - ¢ w i ¥ s - [
g-390a aunlasinlaiiwes Li‘Jumsaauaﬁ“l-ﬁ‘lmmswwmamqmuwaﬂmi@‘mnausaﬁ

v
3

] CJ 4 |1 1 L7 1 A
wimdnlnindaueniedusgluyaidansililoan (Ultraviolet) uaztaefiniueaiiiu
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L. o = - | ) i ale a ¢
(Visible) m%umma'nﬂauag'lu‘u'mﬂszmm 190-1000 nm AP NNUININTIVUATIEN

v

mewmadaiazniuasdunid asuszneudedou wiearselunid Tavavegluguveauds
A o v oW  da 4 v o€ v
veavial viseuianla 1y Mednninluaisazats wislulanfauue Wudu [24]

100% 50% 2% 12.5% 8 6.75% [ 3.125%
IO ’l lz ’3 I4 I!

100% +

Transmission

25% 1

Path length

d =t 1 1 o 1 =] s “y
AN 2.19 ﬂiﬂﬂLLﬂﬂQﬂﬂFSH']mﬂ']'iﬂsqwﬁu‘U DILFINTUAIMIDEINNEUNUITEHEN AU

nsasaviansganduuaeinedns srliuasnuvasiinaedouiingqriudaeg s de91n
ngueyines (Bouguer’s law) USunuasideuiinggsnuianatmieqasiumusyey
mufiuuas (Path length) fanmdl 2.19 Tasidnmearuvssuasaxiimuduiusany
zurMARULAANNTT 2.17

T =1 = ¢g-kb (2.17)

e 1, Ao Arudiuassuduenduuannnseny) uaz 1 Ao mmtﬁuuﬁqﬁmﬁauﬁmq
Kuansiegne k- Aeiai uar b Aszeymaduuas luwhuswisatuaanngueades
(Beer's law) FeeSureshemmdiudidnatutunguesyines Tasfinguendesavesurens
nzaruveatlumenvesnduturesiinats fnruduiusmuannisi 2.18 anns
negruvemazinudRusn A uduturesa e uanslunmil 2.20

T =L = g—kbc (2.18)

d - 2/ @ [}
19 C ADANULYUYDIATAIDYNY
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100% C 50%
’o 'f
100% 25%
l;
_ 100% - 100% 125%
8 I
E 100% K14 6.75%
S I,
= :
50% 100% [0 3.125%
25% lg

Concentration

J =t Ty ] ] s ] =i s
AMH 2.20 nemlkamatiaUSinumIngarIuTaLasiua st aisuiumududu [24]

MNANUFUNUTTENINAINITgANAULALAINIINZARIY Wazauns 217  wag 2.18
vlerin

A = —logT = —log (—'—) = log (’—") = ebc (2.19)
’o 1
Wlo A A Ansganduuas uaz € f fuUseAnsn1sganduuas (extinction coefficient)

d o - s [ v - ] - I: 78 a

Fansiansganauuaeasiegmemaiiagi-d8daanlnsinlalinesidarlvideyad
-

wanalunni 2.21

1.6

1.2 1

Absorbance
=
Qo

o
M-S
L

O L3 T T Ll L)
300 350 400 450 500 550 600

Wavelength (nm)

il 2.21 aunaIumMIganduvas TiO, uay N-TiO, [25]

22



23

2.3.2 maﬁnmsmgﬂamwaq%’aﬁtﬁn-ﬂ (X-Ray Diffraction , XRD)

indonendisdivunisndu viatedeadunuuiedidnd Wuedesdondniitnlédmiuns
AT viaAnwnauiAidilasaing uaresAusznouvesdan wu us fu win Wudu Tunis
Tnsiararfovinnisdenuuresisiidng danmil 2.22 TasavvimsBededidndnsenuvia
yuasuwadlvuudunutaasesudaidiiamsideaudoaduiuandatuaes
mMsannsENUTene Taelifangaain (detector) iWudiudygraudnihluvssnanaiiu
foyaiiieirinnsiifnaiulassadrendnvesfansely n1sasadinsizidomaianis
Lgmmwuaq%’Q&Snif‘:mmm'l‘ﬁ'nﬁamﬂﬁLﬂﬁsﬁm‘nﬁmmzu%u'\rumﬁﬂiznawaamq uay
YUINYBINENLA

msdieszishensdsiuresddidndlulassimdnvesian amungmsdeauuves
uwudA (Brage’s Law) Fafimuduwudisaunsi 2.20 [26-29]

Detector

Planes

of atoms,
ions,

or molecules

>

A 2,22 MsdpuuTesraLLwEniulAT S mEn [29]
2dsin@ = ni (2.20)

e A fio mmneduvesidnnunasiuia d fe sspsiesenintustuvseswdn n
An 91 (n=0,1,2,.., n) uaz @ Ao yuvasdidannsenuiisuiussuuvewdn aunis
1weilsed (Scherrer’s equation) awnsoldiiteduiamuuinvemdnyesiangdaegnaiiviinis
aviashematiail Tneflaudinius dauntsi 2.20

KA
" Bcos@

(2.21)
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- - = . - - ' o s ¢

Wwe D Ap vuawan (crystalline size) K A9 AAsNwasisa3( the Scherrer constant =
e v e = w

0.94 for CuKg ) B AD AIUAINGIU B ATUFIATINNVBIAMINFIVOINTINAI L VUUAS

gedn (Full width at half the maximum intensity) way 6 @9 :.‘I:JLL‘U%ﬂ (Brage angle)

2.3.2.1 mMsAuuaasIdunaudalassadsveslunudeylasanles
m‘sﬁ"lmmmé’umwehu;ﬂamm’lwmLﬁﬂﬂﬂﬂﬁﬂhﬁ%’:nﬁagamﬁmsﬂsﬁﬁ”wmﬂﬁﬂms
‘“Il L « e 4 o s -l
WBeUNYIIAand mwanslunimi 2.23 Tasanuisoruiumisnsidrualnnideyle
v @ o € I « w =l
sanlealasnemuduiusauannsves awes - uewwed (Spurr - Myers) faunsi 2.21

L
t
5
a8
£
a 4
&
=
L L
24 ) 26 ' 28
2 theta, (degrees)

l‘ ¥ - v = 4:'1’ L (-4 L3
AINN 2.23 'um&auam‘nm‘sﬂswmﬂmﬂuﬂmsLauatuu'umsqﬁl.anﬁ

-1
Xy=1—Xg = (1 +1.26 (j—i)) (2.22)

- = ~ - ., a v

o X, Ao Usinaundeuna Xp Ao Usinauwaging I, Ao anuiduuasganvesndouna
(Anatase peak intensity) wag Iz A9 ﬂ‘l'mk‘uuumqﬁ"lﬂ‘vauwaﬂﬂﬁ (Rutile peak intensity)
[30]

2.3.3 ndpsgansiAUBIANATaULUUABINTIA (Scanning Electron Microscope)
ndesgansImididnaseunuudensingninnliiienisiinssinudnuas i
(surface morphology) wes¥an ldundsiuiiniludidnaseuainduliiuiindidnaseu 7
3unin Vudidnmseu (electron gun) lnewalialindudidnaseuiimmeneauiidunnde
Wisuiundesganssminuuuasialy (optical microscope) Aldunasiiinuasnfuaduuas
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3®ia naaaqawsmuaLanmiauu.weiaani'lm.m']\ﬂun'w'lmssuuqrgm'lmﬂ faghaiiay
hlvieseidemaiadfssududoniih visamahmsiadeuilduuisieiaglane Wy
Tavznos ﬁwsunsmaqmammavamﬂvmflumamqv‘ﬂum"l.ﬂﬁq wawnadaildadu
manmmmﬂuunmmmﬂ IﬂummaLanmsau‘ngnuanaanmmnﬂuatanmauwmaawmn
sevulvuuiuiavesiusudaes (specimen) Tirlwidenan udwl¥iAndidnnsou
WAeQil (secondary electron) laeilfians193n (detector) mummumsmﬂwuﬁmmm
ddnaseunivgilifteusaananadudeyanimiuies nmil 2.24 uansivesduszneuitugu
voandesanssmidianaseuuuudesnsin ﬂ'msumws'zmms'n.,wmunamqawﬁﬁu
Sudnaseuuvudeansatiuaridoyanmludnuue 3 Ta Muandunmil 2.25 [31-32)

a & v fa
Al 2.24 eaRUsENaUNUgIUTBINdDavsIMIBInATauLULdRINTIA
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o = 000 v Sigrel A = ILens Date 23 Fab 2015
WDs 7.8mm Mag = 35.00K X Time 18:58:03

Signai A = inLens Date :23 Fob 2016
I i WD = 77 mm Mag= 35.00KX Time 183937

J s ] 12 Y ] s ]
A 2.25 Matnmainnaesganssmididnaseunuudensinvesiagnuieule
ponlenldamelavaanySun (a.) 5% was (b)) 10% [33]

2.3.4 ndesganssmiBianasaunuudasiu (Transmission Electron Microscope)

ndesgansmididnaseuuvudesiuifundesganssmiilinmaiinseitednuue
osfvsznauneluvesianiiedrelasnisliddidnnseundeuiinsquiuiandiasis udn
\RauilingsnsI93u (detector) Tapnss Werhluuuswaudeyaguneiely dsnisasae
Ansidendosgansimididnasouwvudesiiui Funutagietinioudesiivunnd
vaitelidBidnaseuanunsanyqruld uenaniitannsaiiaseimsrzrinaseuing
seuUNAN (d-spacing) ‘fJBG%UQ’IU’TﬁG]ﬁ'JEJEJINﬁ?UIMﬂJﬂﬂiﬁuﬁzLﬁﬂﬂQQ (high  resolution
mode) lagnaae
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Objective apertu

Objective lens

" Diffraction lens

Intermediate apertu
Intermediate len

Projector lenses
Binoculars !

luorescent scre

l Image recording syst:

=

=l v a | 1
Nl 2.26 asAUsENOUTBINADIYANTSAUBIANATEULUUAD Y [34]

Inelundesanssmisidnaseunuudoaiiu (Transmission Electron Microscope
= ¢ v Y v y W = v 1o -
TEM) H89AYTENBUANENUNABIRANTIALULARINTIA AT 226  Tdunasniiae
_ o - - 1 ar 4 o - A ‘4 L) ﬂy
Sdnasewimihitlunisuandidnaseutuiu Siduasdidnnseusniadouiineariniuany
s al ' - d 1 o - o ey 4
Jagiiede BldnaseuninzaruazannsemuvuaniunwAalunw 2 @ il 2.27
' ] ﬂ.l o a 1 dl L fa 1 )
AR NABE WU TRt TideImIENdBIgansImiBidnAsouL U VAU

= ¥ fa & [} 1 a =
AN 2.27 amainnaesganssmiBianaseunuudeiuinununiivarivunayidungaves
aymenlulmiilenlen (a) fu (c) Uiuugsde Y,0, uaz (b)) fu (d.) Yiudgede ALO;
[35]
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= o A ﬂ‘ ¥
2.4 UNIYNNYIVDY

: 4 Vet < w = =
S. Miszczak uav B. Pietrzyk [18] lafinwinswasuiavesiagimmidoulasenlyni
v o 4 a o =i (3 -l
iwdpvUugIuTesTUNwANARiY laevihnswisulnudoulasenledan nmillouansele
lelwswanledudviinisiadevuugiusesiuaneg loun grusesiulanzivanings 304L
o s e T ° d o Qul ]
grusesivlanydaassves Co-Cr-Mo  uazgusesiudanau udnhluuniigaumgiinmus
- < ¢ o
500°C-1000°C ivegnisiasunlauaveslmidleslasenled Jemanismaassuanslidiv
J -l AI o1 J IJ o
InsaianeymantinniiloulaeenledGuiinswasumanneutnadugndfigumgi
o v od a s A‘lud i - =

Uszana 600 C wazuanslviiiuinviinvesgiusesiunldfinaseguglvesnisiasumanin
L3 ] as A a ' L] =l Ve & 8 1 ar
wasumaduiagindfmeduiu Wewingusesiuusasviindauaut@Banudousieiy

o v a v = ] o 1 ] nl ar
liiAianuAudadasiaiiuandsiu dwadeniswisuwdasnavesiaglnnuieula
¢l 1 = - 7 = s
sanleaniindeved lnvguugiinisasuavedlnilenlasenlediindouvugiusessu

- J s 4
YUANNG)  UAAIAININN 2.28-2.31

R
A - anatase
R - rutile
R R
R R
A ., 800%¢
s s
5, A
> A, A = A 700°C
18
E P A AL A._G_OE&
O - = cop e 400°C
M'“ . 300°C

20

=

d J [ -1 (4 al I3 - -
i 2.28 nsminsiaeauuidinduesoymanslvideilaeenlednueuilangumagil
300-800°C [18]
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A - anatase Fe Fe
R - rutile
C- Fezoa
Fe - substrate
= |
8,
1
o (+]
£ c CC 800C
A (]
ﬂ C A | 500°C
L T d T b T . T .
20 30 40 50 60 70
260

= & v oad e - ¢ - w <
Mwi 2.29 nsmnsideauiididndvedvndisulasenledinfovuugiusesiuman
= a
(304L) waziueuiliangumgil 500 uay 800°C [18]

A - anatase Co
R - rutile
C- Cr:,O3
Co - substrate
5 Co
R R Co 900°C
— C i
3
®, R 850°C
> AR
2
13 A 800°C
A 700°C
500°C
v r v . v . v . '
20 30 40 50 60 70

20

= ¥ v . - o
i 2.30 namimaidenuuiididndveslimifloulaeenlesindovuugiusesiulany
' . . - a
9aapeYes Co-Cr-Mo (Vitallium) waziueutiangamgil 500-900°C [18]
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Intensity [a.u.)

4 g ar =i 3 - W aa
A 2.31 psminisideauuiididndvaslimiienlasenledindouvugiusesiuianeu
- - =
uwazinueuilangaumgil 500-1000°C [18]

CR. Tubio wazamz [36] ldvimsAnmnisnmsnisuiagimilleulasenlediasing
TawSeunnlmdeuansylelelnswenled uazanduilusnueuilawuusiags (rapid
annealing) neldinmany (furnace) figaumgiisnaqaus 500-1000°C Faran1sideaiunsed
Bndvesiaglnmiiloalasenlefivniiguugimequandiiiuinagluilon lneenlediin
mswasuanneumaduglndiigungiivszuim 600°C danwil 232 uaznasinns
ATIVIATIEIAIENADANTIAILUUERINTIA wanbiliudn maswuoutlauuusinga (rapid
annealing) ansaann1siiansvasuTiuveseymalmiloileeenledilomnfigamed
geiu sniudlowniigumgiifaus 1000°C wzBufimIvasusufuundiuseniveynia
TndiAes fanmil 2.33

ImnsitF |
o E; Q
g

R 5
S el
A Rr A R R R 700°C
A= | SRS, TS (SRR PR S TR S S e
MR RA A R 600 °C
| _AA A 500 °C
20 30 40 S0 60 70 80

2:0 [degree]

o -3 o L @ =l |
a A 2.32 nsmimsideauuiidindresianeunmalvmioulaeenlesiiiueutiauuy
4 -
TSNl 500-1000°C [36]
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o v « ! W al cal
AR 2.33 Amannaesqanssmivuudesnsiavesianaynialnideulaesnlyafivn
=i P = (¢]
weullawuusiaangamail 500-1000°C [36]

E.M. Saggioro wax A.S. Oliveira Wazag [37] IvinnisAnwdadudsanmuindeudia
waransruSIWATeINsnsERuMBuas laglavinnisvaasunistosaarsatsdden Indigo
Carmine (IC) 'I.uﬁ'waal'nmLﬁmﬂ.maaﬂleﬁcﬁmﬁaum%wugmiaﬁmﬁﬂuﬁaﬁmsqaq'luswu
i3eansaiufAternisnseduiiouaeiinduuudig nanisvaaouuandiiviuilede
e anmwIndeniiiinasiensruiunisisaujitenansedudasuasvesinmaiesla
sanlwnlunistosaaieansdden Indigo Carmine o1y mududuvesarsddonluth
anmadunsavesweuvas mmduduveweulessuvesasatiuvidiegluin naves
Uinamdsnuuasendiog W

F. Zehedi wazamy [19] IvinswTeuiiduulindeulasenledidosiusig
lulasiwuuazdanies Insvhmsindeunisianlnideulaeenlediiiedindnuugiusesiu
Wiaufiidurugudnatavuin 0.5 faduns wdnihnismegeunszuiunisisaljisents
nsvsushsuadumstesamemsiuiiounsmedsludwesiaslmileilneenlediadou
n3auudiauiiiussgeglusruuiniesfnsaiujisowuvdag Insldvaealulsdanmiv
waanUfnsalufisenuuniesufnsaidsnan

F. Oshani wazaa [6] lvimsinSundaniiduunlmiiloulaeenledneuTndniinion
ynlnnudeaansylelelwswenlesnauiveynaululyniiivulaeenles (Degussa P25)
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\WwdauATIvUgIUTeITULHuLMIlUlSTAINA uain1TagBUNSEUIUNISISW RTINS
nszfuisuaslunsgesaasansazats RR222  Tuth Taewanisvnagaunszurunisise
Ujisonsnseiushsuasesitduursimdelaeenledinauivoyniauilulwmaisle
sonlyd P-25 lunstovaauansazats RR222 uamadanwd 2.34

25

- b
S LS
3 a
£ 1

0.5 5
ol ¢
0 100 200 300

t(min)

= o = aaa v ooow o w o o . .
NV 2.34 pRTINMINAUANTEINTNIEAUMBUAIAIR UV (first-order reaction) 14 (a.)
Wawunlmmudenlasenles (b) Weuulmmideulasanlslvaniveympunlulymuie
lneanled P-25 [6]

S. Martinez wavAniz [20] ldvihnmanisuiaginmideulasenledindounseuuiungu
. - a ¢ aaa v v
Al (volcanic porous stones) ussgluszuuAIasUjnsalufiteinisnssduisuasiuy
ool i a = . o a o - - ¢
#E lunsdevaansarsdunidlasiaaviu (Triclosan) lasynisinasszuuiadasufjnsal
aaa v v s w =
UNT8ININITLAUMBUAIMUUING dauanslunini 2.35-2.36

7 Mg

5

£ e kel |
o

O Y s o e

o - a ¢ aaa v el '
AN 2.35 55‘U‘ULﬂ'iaﬁljﬂﬂ'imﬂgﬂ'iﬂ']ﬂ‘ﬁﬂ‘iﬁ‘i}‘Uﬂ')EJLlﬂﬂLLUU‘ﬁW‘U‘UU']ﬂEJE]!J
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o > - € | aan L4 v ol ol i 1
A 2.36 szuuAIBsUfnIniufiseInsnseRumMelasuUIRGvwIalng)

Xiaoguang Gu Wazang [38] lavinniseanwuuszuvufnsainniiundanuaiiuisu lag
T nagypULAILUUIRTIUNTTIUTINLEINNTENUIINLALDINRY wagldMSunasnuLuy
wuuseudasuinalonanwasdulAdiditelannsoundinuaudeusinuaeniing
WasumihvesususSUNS I ULAE A UMEs Rauandlun il 2.37-2.38

=lal v

-t v -
AINN 2.37 F3UVALVIDULAILUUSNYAULLUU [38]
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W,.=52 6mm

Renshape

Coated by high
reflective surface
Offset parabola

W, 15mm

Semicircle

62 6mm

e @ =l

= @ w a
AN 2.38 NINARTINRINALVDULAILUUTRTAUAITUNS I UL VUKL U [38]

L

. -l = € aaa
F. Achouri wagamy [39] lalwisusyuuiniesfnsalufiseinisnseduiiouauuy
wuuiie (flat plate) lnevinsimdeusseiaglvmidloalaeenlas #-25 Wullduuisuuimsiu
o v -l as IJ
WA ULUULMILLUUGEEU TneiinsAUsEnaurnasyuy fanImi 2.39

A
U=
< > < [Somimaiine
DVQ

| Shomee |

g Glass plate of 1 m” inclined
at 30°

The P-25-TiO;coated as a thin film
1 | on glass plate by spry

[ scoormbe | &>
[pume | B>
-

= - a ¢ aaa v v =
NN 2.39 SEUUATEIUNNTAUUANTEINITNITAUMBLAILUULUUSEU [39]
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Yu Qiu wazan [40] Weenuuusruuiaiesunsaldmiunmssdandsnuanndse
wasoiind lnofinnasviounanduwuunuanunduuuumsaaidadu (Linear Fresnel
reflector) iemamidimnuaserfinglildunniian Turaeiidsuwdanuduwuulisua
W Faduainagviouuasuuudag duandlunmil 2.40 warnsenuuvanasfeuLaUY
Fidanan lvihnsesnuuulidirdnsndruauidy (concentration ratio) 18y 1 wioyw
soefuuaInnnIznuindy 90° Andeludnumsaiilasnl i umissuasitasfauann
axvpunuusaaie AU undsnulinnian fuandduniwd 3.41 39001
PONUUUAINATIVIN IR INASVIBULEIEILSO

Z ith
Sun 1‘,’" g(zenith)
M\ Aim line o
e (xgs)'aimvzaim) d __
\ 1
E \ P >/
5 N/
|
I
I
[
1
1
]
i
52 .

Primary mirror field

d d‘ - f = L L - 1
NN 2.40 SEUUATBIUGNTRINEANANIUIINNAN UL RS LU UNANTENINRINTINLES
WUULHSALUALALLULTNG [40)

Absorber tube

= o

< w v
AN 2.41 ANARTINVDIRINAEVDULAILUUTNT [40]
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unii 3
YUNDUNITANLTUIIUIVY

8 L - - as
3.1 YUADUNITANUUIIUIEY

'lumu'ii']’uif'l.ﬁﬁﬁnmm'z'fagamﬂ'a'ﬁmﬂ'iwuawlu’aﬁ'uﬁlﬁm‘ifawi'mqLﬁav‘hmi'm
wHumMsauIafnsniuisenisnsedusmeias waziiniseenuuuisNISIasLuY
Lﬂ?awﬁnszﬁw%'amnzﬁuﬁuﬁagaLﬁmﬁ’uﬁﬁaaqﬂnsniﬁﬁm‘l'if Pnfwhmsianuaziade
Fudruuarqunsaimeqiteranaianiesjnsaiufisoinmensefuseuas nasinduyii
nsUszneviudiunngg ielildiadosufnsalufatonnmsnsrdudiouas fauanslunini
3.1 luvnsideasuiliinmsfnsduainnnissunssuuasnuidesieifiensunudianis
wisufanlnndelaeanledinanauniauugiusesiu iwethlldfundssjnsaiufizen
n1sNsEAUMELAs wardnilunaaaunssuiuninsiujisernisnsedquaitsuainiele
waseniing Tasuanstunountsailueny fanmil 3.2

AITNUNIUITIUNGTU

Y

& v o a
M LENU‘UUGI?JUﬂTiﬂ'i"IQLﬂiil\'l'l.]{]ﬂiﬁ“l

3

- @ fal v v v - - €
Anwiangunsaindesldnisasiuasesufnsal

° - a
pONLULLATaLUUTIasuAsaUfnIal

@ v & o L4
IMUaLINTDIANRUNT

%

ﬂ’: 1 d‘ - L3
UsznouduaiumInufnsad

o o 6 a v = a ¢ jaaa
AA 3.1 asuduneunisaniivanlsmsainuniesjnseiufisen
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ATVNUNIUITIUNTIU

Nunutuneularnszruiumsnsouanimfledlesenledniauudauia

y

) o Y ¢
Janseuianguniaiiielylunisveass

A4

=l o = £ =2 = v
wisuaglnmilleulaeanlednsauudani

N

NTIVIATIEVIEN

Y

v
o 1 ar

a - a ¢ jaaa v v
AAAITINNUVIATDIUNNTUUNNILINTNTTAUAIBUAL

A 4

ATIVABULALIATIANTEUIUN TG RTINS
nseRumsLaInelaLaeing

o -‘: [ = = o = 3
Al 3.2 agdtumsunisaiiuniswseniagivnilisulneenlen

3.2 Faguazgunsaiiildlunismnaes
3.2.1 A30UANIQUMYIEY

Wdwiunszuaumawnlunswisaaninideulaeenlsdaiuudau wenild
a <
ARG 3.3
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= - a
NN 3.3 ATDILATATI NN

3.23 arsinndisuanselelelnswenlad (Titanium(IV) Isopropoxide ,TTIP)
asliisuaasylelslnswonlemiduasavanenlfifuansasfudmiuniseiontan
Inmutisulasenles

= -l '3
AN 3.4 arslimidlvaensylelelnswonles

- )
3.2.4 w3aum9y (Oven) Ju ND300
Mdmiveuuuiterdnansazansiilisosnsiidemndrsegiiviavsuniu wneuild
o & w ~
lunsvmaaespsatuanidaning 3.5
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AW 3.5 1A3DARBY (Oven) fu ND300

3.2.5 Unnas (Beaker)
= fal v v ) P I v
Uninesdvie SCHOTT DURAN lgdmiunisimssuanslunsesuiunsangg SN 3.6

A 3.6 Tninesivie SCHOTT DURAN

=
3.2.6 1AT99N7UA1S (Stirrer)
irdeeilidmMIuNIuAT JU C-MAG HST il 3.7
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AN 3.7 1ATDINUAT JU C-MAG HS7

= o '
3.2.8 AT93Y9d15 u TB-403
A o a Q.Ir' =i 1 af 4
Lﬂiﬂdﬂ%ﬁ?ﬂ‘jU‘Nﬂ?dﬂ’]'ﬁLﬂﬂJ U TB-403 970 Denver Instrument a3AWN 3.8

<l o o '
NINN 3.8 LATDITNAT U TB-403

3.2.9 arsddeulimland U (Rhodamine B) CpgHs; CIN,O5

v

Wuansdunidddonigninnldiiensaeunsruiudosamessnsnssfuisuases
ar = o Vo ‘s - =l € a dy - - ol Vv ot
Tanpynmansinilenlasenlednladunsie lavarsduvidviinliduansdunidadounly
wnlunipgeamnssuddon dawnnil 3.9 wazdaluansdunidnousiSvianils Tdnvay

[}
wWudruyouuea
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H,C CHs

) o

(O]
~~ O O N._-CHs )
S~

COOH

H,C

Z

§f =

d =Y -l =d
NN 3.9 arsaunidddeulsaluy U

d =l e = = . _®
3.2.10 a3eeyR-Adila awnlasinladies (UV-Visible spectrophotometer)
a4 a € e ) 1 ° v al a « a a
\Hunsesiinnevinuaniiniuawsasiegie tunldifensadinseivsyaniam
' 1 v oow a = I3 =t a <
nsgegaa1emen1InTERuMeLatvasiiduu s lndeulaesnlunnanay Fuanafaning
3.10

Al 3.10 Lﬂ‘%'aaq'i'ﬁa awnlaslwladimnes (UV-VIS spectrophotometer)

3.2.11 wlauialuls@@inm (Borosilicate glass beads)
& 1 9 = a v Qs & as =) = o = & a
Wauwnlulsddine lodwmiudugusesivlumandounialaginnitloulneenled
W v =
ANWEAINTAN 3.11
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= [ .
A 3.11  Weumluls@dng

3.2.12 visazasanld (Acrylic clear tube)
' aa v o v a | a ¢ - o [ = v Y =
vieazaTdnla lidmiuiluwioufnsaliioussydauminndauniwieYanlnnioula

g =l ar <

panlen JanwueainIng 3. 12

4 1 ol
2NN 3.12 vieevasanld

¥

3.3 YupsunsEeTasUnsaiufisenisnseduiteuaauasn1siasendag
Timutisulaoanles

d - aaa
3.3.1 miafaasesufinsalufisenisnsziudrsudsiuudng
TuneunseanuUUkAaIuAIaIU N Ial §AsensnseRumsuamuudRg Tevinmu
5 - o P i = = € aaa 8/ v = o
Tupouiiuaawianmil 3.13 lasnsaiunsesufnsaiufiseinisnseduisnacuudiglu
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1idell lildwaonezaidanarlusdlavuinduguinanavawioufnsalilu 50 faduns
w1 3 §a8RT 817 60 LWURLLAT LAZEBNWUUTWIARINAZYDUIEAERTIEIUAINTY
(concentration ratio) \Uu 1 w3eyu5893u 6, = GAI = 90° vilviyn A vewnasviousylu

shuEaiuiun K sesyiuveuvesvasnuininiujjisen vundesiuuas 4F = 157.08
o o 4 1 = € oo ar 17
fladiuns ssuanslunmi 3.14  wavdruvamasaufnsalujisuiuavainsesiuuatasyiou

o a o
WUUDIWD LLEAAIAININN 3.15

ganiuunasaufnsalujisen

A 4

DONUUURINALYIDULAY

N

- a § ana
Usznaulassasnminiasufnsniujizen

YV

AAsasyuLYiouazSEUUAIUANNIS YA

= & v = a f aaa v v aaa
Al 3.13 JunpunsepniuLaassATBsUnIalufRseInsnsEAUIE LA UUTNG
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vieufjnsalujizen

INALNDULAY

o ) a ¢« aaa v o s
AN 3.14 ﬂ’lWﬁﬂ‘U’J’NMaaﬂ‘Ugﬂim‘U{]ﬂ‘iEJ’ILLazmﬂﬂz‘WﬂuuﬁdLLUU?ﬁW‘U

voufnsaluifsen INALVDULAT

= y -~ ¢ aaa v o ala
2 3.15 Mwauvamasnu)nIniuNelaraINAsNoULEILU VTN
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o ! v a ¢ aaa v W
AINN 3.16 ﬂWW'ﬁQ‘UuqﬂIﬂE\iﬂT]Qﬂaﬂﬂﬂﬂimﬂﬁﬂi'ﬂqﬂ?'iﬂigﬂuﬂ')ﬂl.taﬂ

ﬂ’lii)i}ﬂLLUULﬂé@QUﬁﬂiﬁﬂUﬁﬁ%mﬂ’\'iﬂ'i%(vsl:uﬁ’}F_ILLﬁ\‘i‘lq:Il ATUURIAUUNAEANINSaUS UYL
I elddmivusugusesiuuaseringiiunnssiulunuargavousiasiuil dauandly
amil 3.16 wavszuulasTeaniasUfnsaiuAsenmansydudsuauuuRTRTnm
lealaoanlednisuudauts wansisnmi 3.17
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Flow meter

b Valve3
Reactor tubes l l "
Coated beads 25

oy
Valve2
Valved Yavel
_%
__T N7 Pump
Valve5 A
® Tank
Valve6

&

= Y o < a ¢ aaa v - &

A 3.17 wiudalansssuunmsvinureaeiesljnsalufisemsnsedusieuasending
aaaa P e = C v a ¢
woudRgnillnudenlasenledimanausisuudiouiiussylumasaujnsel

3.3.2 mansvuiag limideulasanlednisuugiusessudiauia

lumaindeaiaglimifledlasenlemifionsauugiusesiu sxldarsliilounnselely
T.W'iwanlmﬁl,ﬂumwfqﬁuﬁw%'umsm‘%aumsaxma‘lwmLﬁauﬁw‘hﬂunsxmumijumﬁa'u il
fupounisieudannil 3.18 ieviniseientaglunuieulaeenledindaundvy
FIUTDIY
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Tuymdsuneselalalnswanlan (TTIP) 5 ml

uaululolansonfiaweaneseasd 15 ml

v v o =4
Auarsazanu A uLIY 10 U

W

wanluinaeausey 250 ml

UU pH = 1 mensalunin

=

] - o
AUANTAZA1ENIMVYI 60 BIFTALREA WU 24 Tala

Y

ansazarulyniiay

= & = Y =
AINN 3.18 ﬂumaumimiilllﬂ’liaza’]tlmﬁulwwlmﬂu

nntinirTaneynenslymidenlaeenledinananiivdsusmenssuiunisislueiinea
fHupounswdsufiseandeaiilfesuiglilunuidenoundhil [41] wmaudufuansavas
Tnifleudildessumeusiundiailivdindy sewinsduvhanuazeintagiegldidugusesiu
futevnuea wazihuasauszy feadudaniiennd delagiigninunldiugiusesiuiie
wasunselnmiedlasenleifie Waudluls@dng vundurugudnats 0.6 Tadwns
ydntuidiauinniulumsavansmnidenlneenleddenars ui 5 wiit wdiluund
gl 400 svriealda u 3 dalus Tnevinisgu 3 afe uarluudazafiashlueuui
gaungiUsEIM 100 aeAYaTua wnfuiidauirluussylunaenufnsaivesneiesujnsal
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aaa < ° 1 = v € = v ] aaa
Ujseniieiluneaeunszuiunisdesansddeulsaling O menszuiumsiseujizeins
v - i 4 U - o - =
nszAumsuaneliuaeiindaoly Sdunsunisinisuianivnideulaoenledinanaunis
d v v <
vuidlawy annsoasuladanmi 3.19

wisnansazane ey

/

wanlvmutoulaesnledanay 0.1g

\

v ¥ oW v o W o ‘ =i
Nﬂﬂﬂ'ﬁLﬂ']ﬂuﬂ']ﬂﬂauaams‘]‘ﬂ’nu 15 U

N

Juiadsuiiauiiluansazane 3 A5

-

BULMINgEUMAN 90-100 DI ITaTLa

v

< = = <
wuoutiangmgil 400 v nealdua U 3 4l

N

= § aan el
usTglumasaufnsalujizenlunien
Ufnsalufisen

J ll: = o/ = L3 = & v
AR 3.19 Juneumanisaiaglmideslaeenledianaunisuudiauia
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3.4 YUADBUNIINAHDULALASINIATIZH (Characterization)

naaninsieIsuinniisulesenlennisvuidaunauas asilunsadinsiea
é’ﬂwmm:&qﬁuﬁaﬁ'saﬂﬁaaqamsﬂﬁuuudaanim wazyinnsnadeulseansnmnisdayaans
asdunidadon lsmlud ¥ fomsnseduiouasuedlmifunlnoenludluiniesfnal
Uiisenmsnsrduiouasuuding Tnstunsuagulddsnimit 3.20

(Y] - I3 o - -1 [
Faglvmiflsulneenledmanaunaiuudauwi

vV

- L] J’ -
’]Lﬂ'i’lSﬁF]mﬂNUmL'NWNN']

nAaaUUsEAEMNN1TUauaaunIunIs
s J - L3 - aa
nsvRumeuasiuAIaaufnsalujisennts
nszAusmsuanelawaseing

Annmsisinwmailaga-agdasiniasininiimed

o 5 L = = € =i L =]
AN 3.20 TumpBuNIIAiuNIITNAgBULAEATIRIRIIwIag i ulevlneenledinanaud
wapURIIULLaLT
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NANISNAADILAZILATIZINE

4.1 Fanaynalvmuiivulasanludiwansu

L

nnMsAnwnszuumsiinufiseinisnsequisuasvesiaginniiienlasenlydina
- -t [ v o - (4 aaa ddd: f - 1 3
naupdaunsvuauiluipiosujnsalujiseuuudndd Taglvmdeulaeenledlagn
= v ' o 4 < v =
w3sufmonszuunslea-leaTuiuadudssrudgilagldansazanslymiliounnselelaln
swenles (Tetraisopropoxide, TTIP) (Huansaagulunisdaunsies arsazareiilindaain
° < a1 - v '
nsrvIunIsiea-a asgmirlvingumgiiseivelvlaunduvanaussniteeuinauas
¢ v o < a =t o v o = <
na Tngldvhnsinfigamgil 500-800 earisaidua Falaeviluudriaglnnuiioulneenled
al A EJ ' - < d“ |
srfimswdsuiasinsunvalugindniisgungi 600-700  asrnwaldya Tuagiv
nszuunIsnIoy vierdagiuseaiu Wusu nasmndulddignuivinisindeuiiaulnm
Woulaeenlesnnarsazarslimidounaselolelwsnenled deisnsundau lagladinig

o as

P ¢ v - ' & a4 o
ihfageynialiudenlaeenlediananildannisadsuneumiiinisaudoiteriinis

=t ot

= fu & w Y wwoe vi o oa o a «
asaianaynalnmiflsulasenleddinauudauia anuulamihlvldiwiuaiesfnsal

aaa v v - 1» -

Ujfsensnszaumsuauuudngnlaeaniuu iNevadaudsydns mwnisiiauissinis

L4 1 4 ke

] - Ld d' s ] £ %3 o A
nseaudsuaslunisdesaavansdunisddonlsanily ¥ Fudumegrailddmsuiduansi

4

ARINNSUIUN

a ¢ A v oad
4.1.1 HANITATIAIATINNTIALAVUVRITITDND
ar = el o = - ¥ o = « v
Fanounialvmideulasenlednviinisiunguugiiang Imhluanaiieseiniy
= & (% g ¢ a = o & [ e
watiansauuveidiang dwandunmin 4.1 Falunamsidoivuvesisdiandvas
w o wa ° - v w ' v | -
Fanoumalnmudleulesenlednagldlunisdmneiuudeuii wadandruand WiduinGy
g L3 1 4 o L ' a
wudgygraveunasinavisdnluruendyyinveanasunnadipusngiiuiu - lae
v v < &
Fyaraumdnveunasunvassuiu (101) asusingiigunsideauulssana 253°  uay
o @ 3 < é‘ —
afgtmcuwaﬂ'uauwaglwaizu'}u (110) WUARINYUVDINTLALIUUUTEUE 27.5° [18,30] 34
wansliuinnsidsumasineumaluiduazindlunsdliiGuintunguvgiiuseum
ar 3 d" - o a‘
600 aarmiwaldva lnsusingdyarnveavaginauiniu lurnendygyinveanaauimaliy
ad o & - Y & a ¢ i
anasmugamaiiniiutu auliawnzdyyraunmsdeivuresididndvounaginausngeeis
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v & d a Y =
walddugindld  wenvnfifiofinnsanmunguosudse (Bragg’s  Law) Asaunisil 4.1
o 1 L : o A
ANTIAIUMIIATTEEESEIesEUULle Taeanns vt dmSuimasuivanszuny

1 1 1 -l -J 1
(101) WudnilsrpiasenineszuIy fie 0.35 ululns uaziwagnanssutv (110) wuindl

LHEUNIITEMINTEUNUUSEIN 0.32 U LA UuLeY

2dsin8 =nd (4.1)

e - | ' . - 3 -
a8 d ABSEHEYNNTENINGLUI (d-spacing) 8 AD :qnm‘jiﬂ (Bragg’s angle) uay A ADAY

-l w
YNIAFUVDISIFANNTENUY

A-Anatase (1 IO)R
R-Rutile (101)R
L 800°C |
3
g A h 700°C
E
= A A B b

(10DHA
/\ 500°C
B

As-prepared

20 25 30 35 40
20 (degree)

-

o & @ g & o = s =
AMA 4.1 Uwuumsidsuuiidiendvesianeynalnnilleulasenlediuingumyil

v

99

“a ¢ v v fa & '

4.1.2 N3R5 ATIENABNABIYaNTIALBLANATOULUUHBHIY

PNNAMTIATIEWIENADIgaNIIAUBIaNATaULUUARINIY uansliTuisdnuug

v v = ¢ = v o =t < v <l
Taseadwdmiveynialnmdeslasenleduananiazltindounisuudaui i 4.2a

- o € = a =
waniadneuzveteynin b uionlaeanlediwingungll 500 ssrnwaldoa synall

' o a e \  a o w v
WAENMENEUNTERIAT WavhmsdesiifdauensgeasiudnyusiusguRuuYeeTsuIy
ar ‘ﬂ.’ a ﬂ' ar 1] ' 3 1 J
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Abstract

In this work, Anatase/Rutile mixed-phase titanium dioxide (TiO,) composite powders prepared by sonochemical process which
titanium (IV) isopropoxide (TTIP) were used as titanium precursor. The as-prepared powders were calcined at different
temperature in range of 400 to 1000 °C. TiO, phase ratio was evaluated by X-ray diffraction technique. Phase transformation of
anatase to rutile phase in TiO, powder was initially obtained by calcined sample at 600 °C. The complete rutile phase was
completely occurred at calcination temperature at 800 °C. Photocatalytic activity by TiO, photocatalysts was analyzed via the
decolorization of Rhodamine B dye solution under LED white light irradiation. Anatase/Rutile composite with properly ratio in
TiO, photocatalyst calcined at 700 °C performed the highest photocatalytic activity due to the enhancement of charge transfer at
mixed phase interface and the decrease of electron-hole pair recombination.

© 2017 Elsevier Ltd. All rights reserved.

Selection and Peer-review under responsibility of International Conference on Science and Technology of the Emerging
Materials.

Keywords: Anatase/Rutile, photocatalytic activity, sonochemical, titanium dioxide, titanium(iv) isopropoxide;

1. Introduction

Nowadays, water pollutant is one of environmental impact due to highly contaminated of various toxic pollutants
or suspended solids. These polluted contaminates are originated from several emission source, such as industrial
applications (i.e. petroleum refining, textile processing), household and personal areas (i.e. pestiside, fertilizers and
detergent). There are several methods for destruction of toxic pollutants. Advance Oxidation Processes (AOPs) are a
potential method for pollutant degradation by the generation of highly reactive and oxidizing radicals. Advance
oxidation processes are based on chemical treatment procedures such as fenton-based processes [1], UV-based-
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processes [2], ozone-based processes [3] and photocatalytic processes [4]. Among these processes, photocatalytic
oxidation based on semiconductor material is greatly efficient and environmentally friendly processes for various
wastewater treatments. Several semiconductor materials are utilized in photocatalytic oxidation such as TiO,, ZnO,
Fe,0;, CdS, ZnS etc. Among of them, titanium dioxide (TiO;) has the most effective for photocatalytic processes
due to its high redicals production, suitable flat band potential, photo stability, chemical stability, low energy
consumption [5-6]. TiO; crystalline are classified as three different structure; anatase, rutile, and brookite [7]. The
photocatalytic performance of anatase phase is higher comparing to the rutile phases due to low energy band gap in
rutile, cause to high electron-hole recombination. However, the excellent photocatalytic activity can be obtained by
the optimized fraction between mixed phase of anatase and rutile [16]. There are various techniques to prepare TiO,
particle in nanoscale, for example, solvothermal [8], chemical vapour deposition [9], hydrothermal [10], chloride
process [11], oxidation of TiCly [12], sol-gel process [13] and sonochemical process [14]. For sonochemical
technique, fine powder and homogenous particles are obviously obtained by high ultrasound radiation in the
solution. This bottom-up process is greatly attended for the synthesis of TiO, nanopowder with less powder
agglomeration. [15].

The main objective of this study is focused on synthesis of mixed-phase TiO, powders of anatase and rutile by
sonochemical process. Structural properties of the powders were characterized by X-ray diffraction (XRD) to
evaluate the phase ratio of TiO, powders. For photocatalytic activities, these photocatalysts were investigated in the
decolorization of Rhodamine B dye solution observed by a UV-Vis spectrophotometer.

2. Experimental
2.1. Synthesis of mixed-phase TiQ, powders

Titanium (I1V) Isopropoxide (TTIP) used as titanium precursor was dissolved in 20 ml of ethanol and stirred for
2 h. Then the solution was filled with deionized water until total volume is about 100 ml and stirred for 2 h. High
intensity ultrasound probe (750 W 20 kHz) was directly immersed in mixed solution at room temperature for 30
min. After sonochemical process, as-prepared precipitate was washed with deionized water and dried in oven for 30
min. Finally, white precipitates were calcined at different temperature in rang of 400 °C to 1000 °C for 5 h.

2.2. Photocatalytic preparation

The prepared TiO, powders were used to decolorized the rhodamine B dye solution which as model pollutant
under visible light. The samples 0.1g calcined at different temperature were mixed in 100 ml of rhodamine B
solution. The suspension was stirred in dark conditions for 10 min to equilibrium system. After that the suspension
were illuminated under visible irradiation for 150 min. 4 ml of the solution was kept every 30 min after visible
illumination to determine the degradation performance of TiO, photocatalyst.

2.3. Characterization

As prepared mixed-phase powders were utilized as photocatalyst in the decolorization of Rhodamine B dye
solution under visible irradiation. Phase ratio of mixed-phase TiO, at different calcination temperature was
investigated by X-ray diffraction. Meanwhile, photocatalytic activity of mixed phase powder was analyzed by UV-
vis spectrophotometer for the detection of Rhodamine B dye concentration.

3. Result and Discussion
3.1. XRD analysis

Phase analysis of TiO, powder calcined at different temperatures investigated by X-ray diffraction was
illustrated in Fig. 1. XRD peak of as-prepared TiO, powder at 26 = 25.3° corresponded to (101) plane of anatase
phase.
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Fig. 1. XRD pattern of TiO, powder calcined at different temperature.

Table |. Percentage of anatase and rutile phases and average crystallite size of TiO, powders

Temperature(°C) % Anatase % Rutile Average crystallite size (nm)
As-prepared - - -
400 94 6 12
500 97 3 23
600 56 44 47
700 24 76. 68
800 2 98 80
900 0 100 96
1000 0 100 96

Meanwhile, XRD patterns of TiO, powders calcined at 400 °C to 500 °C were identically and strongly crystal at 101
plane compared with as-prepared sample. The additional peaks of anatase phase were detected at 20 = 38.1°, 48.1°,
55.1° and 62.5° corresponding to (004), (200), (211), and (204) plane. After increasing temperature to 600 °C, rutile
phase was primarily observed at 26 = 27.4°, 36.2°, 41.2°, 54.3° and 56.6° relating to (110) (101), (111), (211), and
(220) plane [17-19]. However, the decrease of anatase peak intensity was distinctly appeared when the sample was
calcined over 600 °C resulting in the enhancement of phase transition to rutile phase. Pure rutile phase in TiO, was
obviously completed at calcination 800°C. These results indicated that phase transition from anatase to rutile in TiO,
structure was initially occurred at calcined temperature at 600 °C. By an assistance of ultrasound frequency during
precipitation process show rapid crystal growth due to cavitation effect during ultrasonic irradiation. And phase
transition was presented at lower temperature compare to sol-gel method which are initially appeared at calcined
temperature at 700 °C [21,25]. High intensity of rutile peaks in TiO, powder was influenced by the increase of
calcination temperature. The average crystalline size in TiO, structure was determined by Scherrer’s equation as
followed;
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__k4
Pcosé

(1

where D is average crystalline size, k is constant (=0.94), A is the incident X-ray wavelength (Cu Ko = 0.15406 nm),
B is the full width at half maximum (FWHM) and @ is diffracted angle. The results of phase ratio of anatase to rutile
and average crystalline size of TiO, powders were represented in Table 1. The average crystallite size of TiO,
powders at different calcination temperature was in range of 11-95 nm. The increase of TiO, crystalline size was
influenced by high calcination temperature. The mechanism of strong and high crystallinity in TiO, can be
proposed. In sol-gel process, small crystallites were gradually agglomerated by hydroxyl group as binder of Ti-O-Ti
chain for crystalline formation after hydrolysis-condensation process [20]. For increasing calcination temperature,
the decomposition of binders was occurred relating to crystalline growth in large size [20]. Moreover, the
percentages of anatase and rutile phased ratio in each samples were identified by

Y% Anatase = 0 (2)
(1+1,/0.791,)

where Iy and 1, is the main peak intensity of anatase and rutile phase, respectively. Phase percentage of anatase and
rutile were gradually changed by the influence of calcined temperature as represented in Fig. 2. Rutile phase
percentage was improved by increasing calcined temperature resulting in the decrease of anatase phase percentage
affirmed by XRD result [21].
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Fig. 2. Percentage of anatase and rutile phase in TiO, powders calcined at different temperatures.
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Fig. 3. RhB photodegradation curves byTiO, photocatalysts calcined at different temperatures.

3.2. Photocatalytic degradation of rhodamine B

The decolorized the rhodamine B under visible irradiation was observed by absorbance mode in UV-Vis
spectrophotometer. The photocatalytic degradation percentage of rhodamine B dye solutions was calculated as
followed;

% Degradation = %xIOO (3)
0

where C, and C is the initial concentration and concentration at time of rhodamine B dye solution, respectively. The
efficiency of photodegradation in rhodamine B dye solution by TiO, photocatalyst at different calcined temperature
was shown in Fig. 3. Color detection in rhodamine B solution was gradually decolorized corresponding to the
decrease of dye concentration under the increase of illustrated time. Dye degradation was completely obtained under
visible illumination 150 min by calcined TiO, photocatalyst at 700 °C relating to the highest photocatalytic activity.

& \. Conduction band
S —
hv E=32ev E=30ev
Valence band
h+
Anatase Rutile

Fig. 4. Photoexcitation mechanism of mixed phase TiO, photocatalyst.
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However, comparing to pure rutile phase, its photocatalytic efficiency was lower than pure anatase photocatalyst
owing to high rate of electron-hole recombination and narrow energy band gap in pure rutile phase [12]. The
enhancement of photocatalytic reaction by mixed phase TiO, photocatalysts was described in Fig. 4. Because of the
proper fraction of anatase and rutile mixed phase, life time of excited electron-hole pairs was increased due to rapid
charge transfer from anatase to rutile phase at phase interface resulting in the decrease of recombination rate in
excited charges. This mechanism was a main factor to improve the photocatalytic performance [3,12,14]. Reaction
rate of TiO, photocatalyst at different calcined temperature in photocatalytic activity were evaluated by the linear
relationship between In(Cy/C) and irradiation time. The kinetic of photocatalytic degradation of TiO, powders were
assumed for pseudo-1st order reaction which is described as followed;

In % iy @

where k is kinetic rate constant, C, and C is the initial and different illumination time of rhodamine B dye solution.
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Fig. 5. Psuedo fisrt order kinetic rate reaction in RhB degradation by TiO, photocatalyst calcined at different temperature.

Table 2. the rate constant of photocatalytic degradation for TiO; photocatalyst calcined at different temperature.

Temperature(°C) Kk (min™)
As-prepared 0.0061
400 0.0164

500 0.0170

600 0.0088

700 0.0195

800 0.0101

900 0.0093

1000 0.0061

The relations of TiO, photocatalyst efficiency between In(Cy/C) and irradiation time were plotted in Fig. 5. The
highest reaction rate was obtained by mixed phase TiO, calcined at 700 °C as shown in Table 2. This optimized
condition was corresponded to mixed phase of anatase and rutile phase in properly fraction at 24% and 76% as
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described in Table 1. Therefore, the enhancement of photocatalytic reaction was obtained by the cooperation of TiO,
composite phase between anatase and rutile phase due to the decrease of electron-hole recombination. Moreover,
life-time of electron-hole separation was extended due to the improvement of charge transfer at interface of anatase
and rutile phase relating to continuous reaction by highly reactive radicals in system [24].

4. Conclusions

Mixed-phase TiO, powders in anatase and rutile phase were successfully prepared via sonochemical method
assisted with calcination process. X-ray diffraction pattern showed that phase transition between anatase to rutile in
TiO, structure was initially occurred at 600 °C. Rutile phase was gradually formed by the influence of high
calcination temperature relating to the decrease of anatase phase. Moreover, the complete pure rutile phase was
obviously occurred after calcined TiO, powders at 800 °C. The highest reaction rate in photocatalytic degradation of
rhodamine B dye solution was also obtained by calcined mixed phase TiO, photocatalyst at 700 °C with kinetic rate
0f 0.0195 min™ corresponding to optimum fraction at 24% of anatase and 76% of rutile phase in XRD result. Thus,
excited state life-time of electron-hole pairs and charge transfer process may be increased by properly fraction of
rutile and anatase phase in TiO, relating to the improvement in photocatalytic performance.
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Abstract

In this work, titanium dioxide (TiO,) mixed-phase powders were prepared by sonochemical process in combination
with calcination at different temperature in range of 400°C to 1000°C. The as-prepared powders were dispersed with
tetraethyl orthosilicate (TEOS) as supported matrix of TiO, for homogeneous colloid and used as starting precursor
for thin film coating. The designated thin films were deposited onto glass substrates by dip coating process. X-ray
diffraction technique was employed to evaluate TiO, phase ratio meanwhile the film morphologies and
hydrophilicity were investigated using scanning electron microscope and water contact angle, respectively. UV-Vis
spectrophotometer was used to analyse the photcatalytic properties of the films. Photocatalytic activity of the
prepared film was performed by mean of the decolorization of Rhodamine B dye solution under solar irradiation.
The photocatalytic performance of assigned films was investigated and correlated mechanisms responsible for the
activity are discussed.
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1. Introduction

Nowadays, harmful organic pollutants in wastewater cause most of problem which are environmental impact due
to contamination of widely toxic pollutants in wastewater which were released from various emission source, for
example industrial, personal care areas and household. The treatment of wastewater to decontaminate various toxic
pollutants or purification of contaminated water is most important issue. Advance Oxidation Processes (AOPs) are
method based on chemical reaction to generate highly reactive radicals, which are very active species to decompose
organic pollutants in contaminated water. There are several methods based on advance oxidation processes such as
Fenton based process [1], Ozone based process [2], UV based process [3] and photocatalytic process [4]. Among
these processes, photocatalytic process is one of alternative efficient method and environmental friendly based on
semiconductors as photocatalysts for degradation organic pollutants in wastewater [2].

The use of TiO, as a photocatalyst is one of the most influential semiconductor to occur photocatalytic reaction
due to its advantage such as chemical stability, low toxicity, long-term stability, inexpensiveness and low energy
consumption [2]. There are three different crystalline structures of titanium dioxide (TiO,) including anatase, rutile,
and brookite [4-5]. The higher photocatalytic activity is generally found on anatase form compared to rutile form
due to higher electron-hole recombination rate in rutile [5-6]. The use of anatase TiO, is effective under ultraviolet
irradiation due to its wide band energy gap (3.2eV), Thus become drawback for use in wastewater treatment, since
high energy consumption which is result to high operation cost. Therefore, the use under solar irradiation can be
overcome this drawback [3]. Furthermore, the presence of combination between anatase and rutile in proper fraction
can improve in photocatalytic activities [2]. Several methods have been employed to prepare the TiO, thin film
such as chemical vapour deposition [7], sputtering [8], thermal evaporation [9], electron beam evaporation [10],
pulsed laser deposition [11], spin-coating [12] and dip-coating [13]. Among the various technique, the dip-coating is
one of the most alternative technique to prepare thin film with low energy consumption, low equipment cost, less
complication to be adjustable, low processing temperature and large area coating [13].

The main objective of this study is focused on preparation titanium dioxide (TiO,) thin films with TiO, mixed-
phase of anatase and rutile by sol-gel dip coating technique onto the glass substrate. These prepared thin films were
investigated as the photocatalysts in decolorization of Rhodamine B dye solution. The films were then characterized
by X-ray diffraction (XRD) to study the structural properties of TiO, film. Scanning electron microscopy (SEM)
was used to study the surface morphology of the thin films.

2. Experimental

2.1 Preparation of TiO; mixed-phase thin film

Titanium dioxide (TiO,) mixed-phase composite thin films were prepared by sol-gel dip coating technique.
Initially, 1 ml of tetraethyl orthosilicate (TEOS) solution was mixed in 50 ml of ethanol, and stirring at 30°C for 30
min, then 0.125g of TiO, powders which were calcined at different temperature from 500°C to 800°C were
dispersed in this solution, and stirring for 1 h, following by sonication for 5-10 min to disperse the TiO, powders to
be homogeneous colloid solution which was used as precursor for dip coating. The cleaned glass substrates were
immersed into the solution for 1 min at dipping speed of | mm/s. Every coating cycle the coated films were kept
dried at 100°C for 5 min.

2.2 Characterization

The surface morphologies of TiO, mixed-phase thin films were characterized by scanning electron microscopy
(SEM) and the hydrophilicity of thin films was measured by measuring the water contact angles. UV-vis
spectrophotometer was used for analyzing the photocatalytic activity of the films on decolorization of Rhodamine B
dye solution.

3. Result and Discussion

Fig. 1 shows the X-ray diffraction pattern and the phase transitions of TiO, powders calcined at different
temperature. The XRD main peak located at 26 = 25.3° corresponds to (101) plane of anatase. As calcination
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temperature increases to 600°C, the rutile phase starts to appear at 26 = 27.4° corresponding to (110) plane [17-19],
anatase signal gradually decreases with increasing temperature and completely disappears after the temperature
elevates to 800°C. In contrast, the rutile signal increases then occurs completely at 800°C . The average crystalline
size of TiO, particles can be calculated by following the Scherrer’s equation expressed in equation (1);

D= kA )
Pcosé

where D is average crystalline size, k is constant (=0.94), X is the wavelength of the X-rays (=0.15406 nm for Cu
Ka), f is the full width at half maximum (FWHM) and @ is Bragg angle(rad). The phase percentage can be
approximated following the Spur mayer’s equation (Eq.2);

% Anatase = 0 , (2)

(1+1,/0.791,)

where I and I, is the main peak intensity of anatase and rutile phase. respectively.
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Fig. 1 XRD patterns of TiO; powders calcined at different temperature.
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Scanning electron microscope was used to analyse the surface morphology of TiO, mixed-phase thin films. Fig.2
exhibits the SEM image of TiO, films composed of TiO, powders calcined at different temperatures. The image
illustrates that the particles calcined at 500°C possess uniform distribution on the surface of the film. The different
distribution of the particles which were modified with TEOS appears in more aggregated form on the surface of the
film. The size of aggregated particle increases with the increase in calcination temperature of the TiO, particles due
to sintering process during calcination [14-15, 20].
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Fig. 2. SEM images of TiO, mixed phase films at different calcination temperature of particles

3.1 Water Contact Angle

The water contact angle was carried out to analyze the hydrophilicity of TiO, composite film. Fig.3 shows the
water contact angle of the synthesized film that shows significant decrement after exposed by UV irradiation for 5
min due to photo-induced hydrophilicity feature of TiO,[16].
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Fig. 3. Water contact angle of TiO, mixed phase thin film composed of TiO, particles calcined at 700°C under dark environment and after 5 min
UV irradiation.

3.2 Photocatalytic Activity

The photocatalytic activities of the TiO, films were evaluated by measuring the decolorization of Rhodamine B
in aqueous solution under visible irradiation for 5 h. the samples were immersed in 100ml of Rhodamine B solution
and then the solution was collected every 1 h to detect the concentration by UV-Visible spectrophotometer. The
percentage of degradation of Rhodamine B can be calculated by following equation;

% =S 1100 ©)

% Degradation =

0

where Cj and C, is the initial concentration of Rhodamine B before exposure and concentration of Rhodamine B
after exposing time; 1, respectively. The concentration was considered at the Rhodamine B absorption peak at 554
nm [4, 21]. In Fig. la, photocatalytic activities of the films with different calcined TiO, particles show that
Rhodamine B was decolorized resulting to the decrease in absorption peak of rhodamine B dye solution
corresponding to the decrease in concentration with irradiation time. The TiO, film with calcined TiO, particle at
700°C represents highest photocatalytic activity under visible irradiation for 2 h. The possible reason is that due to
combination between anatase and rutile phase in proper fraction of TiO, particle calcined at 700°C which is mixed
phase according to XRD result can enhance photocatalytic performance under visible irradiation. Since the charges
can transfer to another phase through their interface leading to enhance lifetime of charge separation, resulting to
increase in photocatalytic performance [3]. Fig.1b presents the photocatalytic activity of TiO, mixed phase
composite thin film modified with TEOS for improving the adhesion strength to immobilize TiO, particle on the
surface of the film [14]. The result shows that TiO, mixed phase composite thin film modified with TEOS
represents higher photocatalytic performance comparing to pure TiO, mixed phase with calcined TiO, at 700°C.
Since more TiO, particles were immobilized on the surface of the film corresponding to SEM image that could
result to the increase in reaction sites of TiO, mixed phase composite film and therefore the enhancement of
photocatalytic activity [22].
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Fig. 4 Photocatalytic activity of TiO, mixed-phase thin film using TiO, powders calcined at different temperatures a) without TEOS and
b) modified with TEOS

4. Conclusions

TiO, mixed-phase composite films were prepared via dip coating technique. The prepared films were modified
with TEOS to improve the adhesion strength to immobilize the TiO, particles on the surface of the films. The
highest photocatalytic activity of TiO, film was represented in the TiO, film with calcined TiO, particles at 700°C
which is the mixed-phase corresponding to XRD result, with specific fraction of anatase and rutile about 24% and
76% respectively. Due to combined phase that can increase life time of excited species via charge transfer process,
by properly fraction the enhancement in photocatalytic activity could be occurred. Furthermore, the film modified
with TEOS shows higher photocatalytic activity comparing to pure films without modification since the modified
film can improve the immobilized TiO, particles on the surface of the film resulting to increase in photocatalytic
performance.
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Abstract

In this present work, compound parabolic collector (CPC) combined with tubular reactors was
designed to accept both directly incident and reflected light. The light collecting of CPC reflecter
was analysed via light reflection modeling. Titanium isopropoxide was used as a precursor fo
prepare immobilized titanium dioxide on the borosilicate beads which was used as supporter. The
coated beads were prepared via dip coating technique. The photocatalytic activity of immobilized
TiO; was performed to decolorize the Rhodamine B dye solution under solar irradiation. UV-Vis
spectrophotometer was used to characterize the degradation of rhodamine B dye solution and to
analyse the photocatalytic performance. The analysis of reflecting on CPC reflector indicates that
all incidents are reflected to reactor tube according to the defined concentration ratio as equal one.
The photodegradation of rhodamine B dye solution under solar irradiation is clearly observed by
over 90% in presence of immobilized TiO on glass beads.

Keywords: titanium dioxide, compound parabolic collector, dip coating, photacatalytic activity,
photoreactor

1. Introduction

In waste water treatment there are sever a methods such as Fenton-based processes [1], UV-based
processes [2] and Photo catalytic processes [3]. The alternative way for wastewater treatment is
photo catalytic processes was known as one of the most effective methods for waste water
treatment based on advance oxidation processes (AOPs) to generate the high lyre active radicals
[4]. There are two types of solar reactor that generally used for photo catalytic degradation
including concentrating and non-concentrating solar reactors [2]. In case of non-concentrating
solar reactors are more effective in photo catalytic degradation in term of waste water treatment
compared to concentrating solar reactor meanwhile in case of concentrating solar reactors more
effective for energy generation due to high capability solar absorption for example parabolic
trough collector, solar dish collector and array of heliostats field collector [5].

*Corresponding author:  Tel: 083 037 7676
E-mail: kpewisan@gmail.com
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Compound parabolic collector (CPC) is non-concentrating solar collector that ideally
accept all incident rays which were passed through aperture with in acceptance angle, then collect
to the receiver by reflector [6]. The design of CPC to be maximally collect incident rays can be
designed in different ways depend on absorber or receiver shape such as flat absorber, fin
absorber, invert-vee absorber and tubular absorber.

Titanium dioxide (TiO.) is an interesting semiconductor material which use as
photocatalyst in photocatalytic processes for wastewater treatment. There are three structure of
TiO; such as anatase, rutile and brookite, each of them has its own photocatalytic properties due to
differential in electronic properties. Anatase structure of TiO» was well known for high effective
for photocatalytic properties meanwhile the mixed phase between anatase and rutile structure in
proper fraction can be enhance the photocatalytic performance [4]. The use of photocatalyst in
solar reactors can be used as suspension or immobilized onto supporters. The need of separation or
filtration step is required in case of suspension cause to time consuming and complicate system.
While, the immobilization of photocatalyst on solid inert material as a supporter such as
transparent glass and porous supporter will overcome these drawback [7, 8]. There are various
methods were used to prepare the TiO; immobilized onto the substrate or supporter. For instance,
thermal evaporation [9], chemical vapour deposition [10], sputtering [11]. pulsed laser deposition
[12], spin-coating [13] and dip-coating [14]. Among them dipcoating technique is uncomplicated
technique, adjustable, low energy consumption, non-thermal process and large production [14,
15].

This paper has been focused on the design of CPC to maxim ally collect the solar
radiations for wastewater treatment and photocatalytic of TiO, as a photocatalyst which was
immobilized on the glass beads. The preparation of immobilized TiO. were employed via sol-gel
dipcoating technique. The photocatalytic activity of coated glass beads were investigated to
decolorization of Rhodamine B dye solution under solar light irradiation

2. Experimental

2.1 Geometry of compound parabolic collector

The compound parabolic collector (CPC) is one of non-concentrating solar reactor type which
acceptable all incident rays without the need of solar tracking system. CPC is able to collect both
direct and diffuse radiation to be transmitted to the cylindrical or tubular absorber by CPC
reflector plate at the back of receiver. Therefore, the CPC was designed based on two mainly
parameters, the radius of absorber tube R and the acceptance angle of incident rays26, which
related to the width of aperture of the CPC as shown in Figure 1. The concentration ratio is
defined as the ratio of the area of aperture (a) to the area of the absorber or receiver (a’ ) [16, 17]
as shown in Eq. (1).
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Figure 1. Cross section sketch of the CPC collector

CR=2 =2 _ =X .}

a  nsin(@) 2nr sin(8,)

(

Where W is the width of aperture, r is radius of tubular absorber and 8,is the acceptance half
angle. The involute of CPC parabolic curve can be calculated follow Eq. (2).

T8 for|8] < 6, +52-r
1(8) (2)

0+08,+o—cos(8—08,) 3
et A Ml i x =
r( o000 ) for8, + = <0< = 0,

Where [(8) is the distance from tangent point at tubular absorber to reflector or the magnitude of
segment RS, then the CPC curve will be coincident with segment /(@) at point S [6, 18].

2.2 Design of compound parabolic collector

The design of CPC reactor in this paper was use dacrylic tubular absorber with dimensions about
50 mm as a receiver, the aluminum was used as the CPC reflectors.
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Figure 2. Cross section sketch of the CPC involute coincided with I(8) from 0 to 180°

The CPC involute was calculated follow Eq. (2). The curve of CPC was coincided along point S of
segment /(@) at different angle in range of @ = 0 to # = 1807 as shown in Figure 2. The segment
RS is about 78.54 at & = 180° then aperture width is about 157 mm, and the concentration ratio is
approximately almost 1. The CPC curve with concentration ratio is about 1 was shown in Figure 3.
The symmetry of involute parabolic curve in case of acceptance half angle (8,) is 90°.

Tubular receiver
A

Reflector

Figure 3. The sketch of symmetry parabolic curve with concentration ratio is almost 1.
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2.3 Preparation of Immobilized TiO;

Titanium isopropoxide was used as precursor to prepare TiO, sol by using 5 ml, 15 ml of
isoproplye alcohol and 250 ml of deionized water were mixed and stirred for 24 h till gain the
transparent solution. Then the cleaned borosilicate glass beads with diameter 0.6 mm were
immersed in the solution for 2 min. And the coated borosilicate glass beads were dried in
atmosphere at 100°C in oven for 5 min, this step was repeat for 5 times. Finally, the coated
borosilicate glass beads were calcined at 400°C for 1 h in the furnace to form the anatase phase.

3. Results and Discussion

3.1 Analytical of CPC reflector

The CPC curve can be plotted in term of point position from x and y axis in rectangular axis
system which was described via x and y as follow Eq. (3). The plotting of CPC curve based on x
and y axis was shown in Figure 4.

x =rsin(0) — I 5 cos(0)
(3)
y = —rcos(8) — I gsin(0)

Figure 4. Plotting of half CPC curve.

The modeling of reflection of the incident ray sat different angle of incident on the surface of CPC
reflector as shown in Figure5. This schematic show that the angle of incident rays within
acceptance angle (26, ) can be collected by reflector then reflect to the receiver. Consider
incident rays from direction C would be reflected at the surface of CPC curve to tubular absorber
at point B, and in the same case for incident ray from direction E, H and K. Thus in this case all of
accepted incoming rays which were reflected along involutes NQ would be collected to the
receiver as describe by law of reflection.
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O;N [
Maximum acceptance
half angle

Figure 5. Cross section sketch of incident reflection on CPC surface with acceptance angle is 90°.

3.2 Photocatalyticactivity of immobilized TiO;

Photocatalytic activity of immobilized TiO- was evaluated to decolorize the rhodamine B dye
solution as model pollutant. The immobilized TiO> on borosilicate glass beads were carefully
packed into 480 mm of reactor tube with diameter 50 mm for three tubes, composed with
aluminium sheets as CPC reflectors. The experiment were performed under solar irradiation for 3
h. The solution was withdrawn every 30 min to be monitored by UV-Visible spectrophotometer.
Photodegradation of rhodamine B was evaluated follow the equation (4). The photodegradation of
rhodamine B in presence of immobilized TiO, which were supported on borosilicate glass
beadsunder sunlight is shown in Figure 6. The result illustrated slightly in the decolorization of
rhodamine B under sun light irradiation in case of no beads due to its photoreaction. In case of
uncoated beads indicated that the degradation of rhodamine B is slower compare to the case of no
beads since the light obstruction of glass beads for photoreaction. And the degradation show
excellent in case of the presence of immobilized TiO, on glass beads due to photocatalytic
properties of TiO,, which were excited by photon energy from solar irradiation resulting to
generate the separation of electron (e”) and hole (h") on the surface to be form the highly reactive
radicals which were decomposed the organic pollutant.

Degradation = C"C-C' (4)

o

Where Cois initial concentration of dye solution and Ciis concentration of dye solution at time ¢
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Figure 6. Photocatalyticactivity of immobilized TiO;undersun light irradiation.

4. Conclusions

The solar reactor for wastewater treatment was composed by compound parabolic collectors
(CPC) which were designed with acceptance angle is 90° and the concentration ratio is about 1.
Resulting to all accepted incident rays at angle of incident in range of 0°-180" would be collected
then reflect to tubular receiver. The photodegradation of rhodamine B in presence of uncoated
beads show slower compare to no beads due to light obscure in dye solution meanwhile the
photodegradation show higher in case of coated glass beads since the photocatalytic behavior of
TiO,.
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In this work, anatase/rutile mixed phase titanium dioxide (TiO,) particles prepared via sonochem-
ical combined with calcination process was immobilized on borosilicate glass beads via sol-gel
dip coating technique utilizing titanium tetraisopropoxide (TTIP). The optical properties of mixed
phase TiO, was evaluated by diffuse reflectance UV-Vis spectrophotometer to confirm phase trans-
formation of anatase to rutile phase at different calcination temperatures. Phase identification and
structural properties of TiO, particles were analyzed using X-ray diffraction (XRD) and transmission
electron microscopy (TEM). Surface morphology of mixed phase TiO, coated on glass beads with
different coating precursor solution were monitored by scanning electron microscope. The chemical
composition of coated beads was characterized by energy dispersive spectroscopy to affirm the

presence of TiO, on glass bead substrate.

Keywords: Titanium Dioxide, Anatase, Rutile, Dip Coating.

1. INTRODUCTION

Titanium dioxide (TiO,) is one of well-known semi-
conductor with efficiency and important role on photo-
catalytic application due to its highly reactive redicals
production, flat band potential, chemical stability and low
energy consumption in production.'? TiO,-based mate-
rials have been widely used in heterogeneous catalysis,
photovoltaic technology, energy generation, sensor device,
cosmetics, surface protective coating, optical coating and
photocatalyst.** TiO, is typically classified in three main
different structures including anatase, rutile, and brookite.’
Many researches reveal that rutile phase is the most sta-
ble phase of TiO, structure, while, anatase and brookite
phase can transform to rutile phase at high pressure
and high temperature.® Among of these crystalline struc-
tures, anatase TiO, shows superior performance in pho-
tocatalytic activity due to suitable flat band gap energy
leading to high photo response in ultraviolet region. Mean-
while, low photocatalytic property in rutile phase is due to
high recombination rate of electron—hole pair inside itself.
To overcome this problem, anatase/rutile mixed phase is

*Author to whom correspondence should be addressed.
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one of effective proposed model relating to the improve-
ment of photocatalytic activity by TiO, photocatalyst.” For
material preparation, sonochemical technique is consid-
ered as one of the most efficient techniques for prepar-
ing the titanium dioxide well-defined nanoparticles with
less particle agglomeration. There are various methods
for producing the TiO, photocatalyst films that have been
reported by several research groups. Among them, dip-
coating process is a facile technique to fabricate thin film
with low energy consumption, low equipment cost, less
complication to be adjusted, and suitable for large area
coating.®

In this work, we focus on the study on phase trans-
formation of anatase/rutile in TiO, structure by sono-
chemical process and different post-calcined temperatures.
Phase transformation, morphologies and optical proper-
ties in TiO, structure were revealed by scanning electron
microscopy, transmission electron microscopy and diffuse
reflectance spectroscopy. After that, mixed phase TiO, par-
ticles were immobilized on glass bead supporter via dip
coating technique for utilizing in photocatalytic applica-
tion. Photocatalytic reaction is proposed to operate under
solar irradiation. The mixing of anatase and rutile phase

doi:10.1166/jnn.2018.16148 1
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in proper fraction could enhance its photocatalytic per-
formance owing to the improvement of excited charge
life time and the decrease of electron-hole recombination
rate.

2. EXPERIMENTAL DETAILS

2.1. Preparation of TiO, Mixed Phase Particles

TiO, particles were prepared using titanium (IV) iso-
propoxide (TTIP) as titanium precursor. 0.5 mol of TTIP
was dissolved in 20 ml ethanol then stirred for 2 h. Total
volume in the solution was adjusted to 100 ml by adding
deionized water under continuous stirring for 2 h. The high
intensity ultrasound (750 W 20 kHz) was applied into the
solution for 30 min using ultrasound probe to obtain as-
prepared precipitate product. After that, the residual solu-
tion was withdrawn then dried in oven for 1 h. Finally,
the white precipitate powders were grinded in a mortar
and calcined at different temperature in range of 500 °C
to 800 °C for 5 h.

2.2. Preparation of the Coating Solution

5 ml of titanium (IV) isopropoxide (TTIP) was used as
precursor to prepare starting precursor. 140 ml of ethanol
and 125 ml of deionized water was mixed. The solution
was adjusted to pH 1 by dropping aqueous HCI. 0.1g of
titanium dioxide particles prepared by sonochemical pro-
cess calcined at different temperatures were loaded in the
solution and stirred for 24 h at 60 °C until white solution
was obtained. This solution was used as precursor in coat-
ing process as depicted in Figure 1. Moreover, the coating
solution without anatase/rutile mixed phase TiO, particles
was prepared in this experiment to compare its immobi-
lization on glass bead substrate.

2.3. Preparation of TiO, Mixed Phase Film

Titanium dioxide mixed phase particles were immobilized
on borosilicate glass beads via dip coating technique with
designated coating solution. The glass beads with diameter
0.6 mm used as supporter of TiO, films were immersed
into coating solution for 10 min. The coating processes
were repeated 10 times and dried at 100 °C for 10 min in
each coating cycle. Finally, the coated borosilicate glass
beads were annealed at 400 °C for 1 h in the furnace with

heating rate of 5 °C min~".

2.4. Characterization

Phase identification and structural properties of
anatase/rutile mixed phase TiO, powders were analyzed
using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Optical properties of mixed phase
TiO, particles were characterized by diffuse reflectance
spectroscopy (DRS) in order to supplement phase trans-
formation in mixed phase material. Moreover, the mor-
phology of mixed phase film coated on glass beads
was monitored by scanning electron microscopy (SEM)
combined with energy dispersive spectroscopy (EDS) to
evaluate chemical composition on the surface.

3. RESULTS AND DISCUSSION
3.1. Phase Identification by X-ray
Diffraction Technique

X-ray diffraction patterns of anatase/rutile mixed phase
TiO, at different calcined temperatures are illustrated in
Figure 2. Pure anatase TiO, phase of the powders calcined
at 500 °C is obviously detected at 26 = 25.5° correspond-
ing to (101) plane. As temperature elevates to 700 °C, the
prominent peaks at 26 = 27.8° and 36.1° noticeably occurs

Dlwater 125 ml

|

TTIP S ml

EtOH 140 ml

Adjust pHto |

[Set0ma]

St 60=C
for 10 mm

0.1g of TiO; particles

Str 60 «C
for 24h

TiO; Precursor

Figure 1. Schematic diagram of coating solution precursor solution mixed with anatase/rutile mixed phase TiO, particles.
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Figure 2. X-ray diffraction patterns of TiO, particles calcined at differ-
ent temperatures.

in XRD pattern relating to rutile phase at (110) plane and
(101) plane of rutile phase. Meanwhile, signal intensity
of anatase peak in this condition decreases compared with
the powder calcined at 500 °C. It can be deduced that the
mixed phase of TiO, material can be obtained from the
sample calcined at 700 °C. This result indicates that phase
transformation from anatase to rutile phase may be origi-
nated by the increase of high thermal energy after increas-
ing calcination temperature. Generally, the anatase phase
can be transformed to rutile phase at high temperature by
changing the lattice parameters and lattice constant leading
to closer packing in its unit cell.>” However, high intensity
of rutile phase in TiO, structure is completely transformed
at 800 °C owing to sufficient thermal energy provided into
the system for phase transformation.

3.2. Internal Structure by Transmission
Electron Microscopy

The internal structures of mixed phase TiO, particles at
different calcined temperatures by TEM images (Fig. 3)
are utilized to determine d-spacing of TiO, crystal plane.
The particles size of TiO, calcined at 500 °C as observed
in Figure 3(a) is approximately 10-15 nm in size.
In Figure 3(b), d-spacing of TiO, particles calcined at
500 °C with width 0.35 nm corresponds to (101) plane
of anatase phase TiO,. Figure 3(c) shows the aggrega-
tion of TiO, particles after calcined at 700 °C due to
high thermal energy after heat treatment.” Meanwhile, high
resolution image in Figure 3(d) demonstrates the differ-
ence of d-spacing width of 0.35 nm and 0.32 nm corre-
sponding to (101) and (110) plane of anatase and rutile
phase TiO,, respectively. This result apparently identifies
the presence of mixed phase between anatase and rutile
polymorph in TiO, sample. Figure 3(e) illustrates strong
dense particles after calcined at 800 °C owing to thermal
energy effect. This crystalline in this condition is related
to (110) plane of rutile phase due to d-spacing of 0.32 nm

J. Nanosci. Nanotechnol. 18, 1-6, 2018

Figure 3. TEM images of TiO, particles calcined at different tempera-
tures (a, b) 500 °C (c, d) 700 °C and (e, f) 800 °C.

as shown in Figure 3(f). The results of d-spacing value
in TEM images are well agreed to XRD patterns indi-
cating pure anatase and rutile phase in the sample cal-
cined at 500 °C and 800 °C, respectively while the mixed

Reflectance({%)

300 350 400 450 500
wavelength

Figure 4. Diffuse reflectance spectra of TiO, particles calcined at dif-
ferent temperatures used for immobilizing on borosilicate glass beads.
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Figure 5. The Kubelka-Munk interpreted plot of diffuse reflectance spectra of mixed phase TiO, particles calcined at different temperatures (a) 500 °C

(b) 600 °C (c) 700 °C (d) 800 °C.

phase of anatase and rutile occurs in the sample calcined
at 700 °C.

3.3. Optical Properties by Diffuse
Reflectance Spectroscopy

Diffuse reflectance spectra of mixed phase TiO, particles
calcined at different temperatures are given in Figure 4.
This technique is proposed to investigate the change of
band gap energy by the influence of TiO, phase transfor-
mation after increasing calcination temperature. The spec-
tra indicate that all samples exhibit high reflectance in
visible range due to typical photon absorption of TiO, in
UV region. The reflectance edges show slightly red-shifted

4

in wavelength due to the structural transformation to rutile
phase that is in harmony with XRD and TEM results.
Band gap energy of anatase phase tends to decrease after
phase transform with increasing calcination temperature.'®

Table I.  Optical band gap energy for TiO, particles calcined at different
temperatures.

Sample E, (eV)
As-prepared TiO, 3.52
TiO, calcined at 500 °C 341
TiO, calcined at 600 °C 3.31
TiO, calcined at 700 °C 343
TiO, calcined at 800 *C 3.09

J. Nanosci. Nanotechnol. 18, 1-6, 2018
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Figure 6. SEM images of immobilized TiO, particles onto the surface of borosilicate glass beads prepared via dip coating technique for 10 times

(a) pure TTIP and (b) TTIP/TiO, particles calcined at 700 °C.

To determine the band gap energy of TiO, particle, the
Kubelka-Munk conversion function as expressed in Eq. (1)
is employed,'

_ 2
gk (1)

where F(R) is the Kubelka-Munk function and R is dif-
fuse reflectance. In order to determine the band gap energy,
the diffuse reflectance UV-Vis spectra was converted as
direct band gap of material. The converted graphs are
given in Figure 5. The graph was plotted using following

equation. "’
F(R)hv=1vy,/hv—E, (2)

Where h is Plank constant, v is frequency of photon,
E, is band gap energy and y is constant. The band gap
energy was evaluated by the determination of the inter-
section point of photon energy axis from the linear line
that overriding the linear part as shown in Figure 5. Calcu-
lated band gap energies of all samples are summarized in
Table 1. The band gap energy of as-prepared TiO, particle
is 3.52 eV which correlated to wide band gap of anatase
phase TiO,. When the sample was calcined at 500 °C
its band gap energy is approximately 3.41 eV. For the

F(R) =

Counts

sample calcined at 600 °C, its band gap energy signifi-
cantly reduces to 3.31 eV due to the initial formation of
rutile phase of the sample. After the calcined temperature
was increased to 700 °C, band gap energy of the sam-
ple decreased to 3.13 eV due to the existence of strong
rutile crystalline and weak anatase phase. Meanwhile, band
gap energy of TiO, particles calcined at 800 °C reduced
to 3.09 eV because of complete transformation into rutile
phase. The decrease of band gap energy in TiO, obvi-
ously occurs by phase transformation from anatase to rutile
phase. However, the band gap energy of anatase phase can
occur in different values depending on various parameters,
for instance, aspect ratio of the particle, volume of sample,
impurities and heating rate and time.%”

3.4. Surface Morphology of Mixed Phase TiO, on
Glass Beads by Scanning Electron Microscopy
Surface morphologies of immobilized TiO, particles on
glass beads are monitored by scanning electron micro-
scope as shown in Figure 6. Pure TTIP and TTIP com-
bined with TiO, particles coating solution coated on the
glass beads are compared in their morphologies. As seen
in Figure 6(a), SEM image of pure TTIP precursor coated
on glass beads exhibits smooth film surface with uniform

10000
8

- B ;

10
Energy (keV)

Figure 7. EDS spectra of immobilized mixed phase TiO, particles coated on the surface of borosilicate glass beads.
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grain covered on glass surface. Figure 6(b) illustrates SEM
image of TTIP precursor combined with mixed phase TiO,
particles calcined at 700 °C coated on glass beads. It can
be found that granular particles are immobilized and dis-
persed on substrate surface. For other conditions at differ-
ent calcination temperatures, the surface morphology on
glass beads is similar to Figure 6(b). Moreover, energy
dispersive spectrum as shown in Figure 7 reveals that the
elemental compositions on substrate surface are composed
of titanium, silicon and oxygen elements. This result indi-
cates that the presence of mixed phase TiO, particles is
immobilized on the surface of borosilicate glass beads.

4. CONCLUSION

Immobilized mixed phase TiO, particles on borosilicate
glass beads were successfully fabricated by dip coating
technique. For mixed phase TiO, powders, phase trans-
formation between anatase to rutile phase was noticeably
observed via sonochemical method assisted by calcination
process. XRD pattern shows that mixed phase of anatase
and rutile in TiO, powder is occurred at 700 °C. More-
over, TEM results illustrate both crystallographic plane
of anatase and rutile phase in mixed phase TiO, sam-
ple calcined at 700 °C with d-spacing of 0.35 nm and
0.32 nm, respectively. Meanwhile, pure anatase phase in
TiO, structure could be obtained at lower calcined temper-
ature at 500 °C. For pure rutile phase, TiO, structure was
completely transformed after calcination was elevated to
800 °C. DRS spectra indicate that the phase transformation

from anatase to rutile in TiO, structure may decrease the
band gap energy of the samples from 3.41 eV to 3.09 eV.
SEM images show film formation and high amount of
TiO, cluster on the surface of borosilicate glass beads
meanwhile energy dispersive spectra confirm the existence
of TiO, on glass beads.

Acknowledgments: This work was financially sup-
ported by National Research Council of Thailand (Grant
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Abstract

Titanium dioxide mixed phase of anatase and rutile was prepared via sol-gel process
with ultrasound assistance then calcined at different temperatures to obtain mixed phase
TiO,. The mixed phase TiO; with specific ratio was used as photocatalyst in compound
parabolic collecting (CPC) photoreactor. X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) were employed to investigate the phase transformation of
TiO;. Photoactivities of the prepared photocatalysts were performed to decolorize the
organic dye solution by coating on solid glass spherical beads which were packed in CPC
photoreactor to study the performance of photodegradation. The results indicate that the
system can be practically utilized and the cleaning is required for the next use.

Keywords: Titanium dioxide, Sonochemical, CPC reactor

1. Introduction

In the photocatalytic application, TiO, is one of the most attractive semiconductor with
great effective role as photocatalyst. Naturally, there are three different structures of TiO,
including anatase, rutile and brookite with its slight difference on band-gap energy. Due to
the flat band potential, TiO, is one of most photoreactive semiconductor materials for
producing the reactive radicals. Furthermore, TiO, has been used in various fields of
applications; for instance solar cell technology, sensor technology, surface coating and
photocatalyst [1,2]. Among those different polymorphs, anatase and rutile phase are most
effective in photocatalytic application. However pure phase of anatase or rutile can be
improved to obtain greater performance in photocatalytic activity. Some of researches have
reported that the mixed phase between anatase and rutile phase in specific fraction can
potentially enhance the photocatalytic performance by retarding the rate of electron-hole
recombination after excitation process and also enhance the life time of excited state of
electron which can be migrate to the surface of material and react with absorbed molecules.
For material preparation, there are many alternative way to produce the mixed phase TiO,
particles. A great method to synthesize the TiO, nanoparticles is ultrasound assisted sol-gel
process as known as sonochemical process by produce fine particles with low aggregation of
the particles [3,4]. In the use as photocatalyst in the photoreactor, TiO, particles were coated
on spherical transparent solid substrate. For coating process, many methods have been used.
Most well-known and uncomplicated methods for coating the TiO, on substrate is dip-
coating process. It is known as a low energy requiring process, simply system and large
production process [5].
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In this work, TiO, mixed phase was prepared by sonochemical process then calcined at
different temperatures. The anatase to rutile phase transformation of prepared titanium
dioxide was investigated by x-ray photoelectron spectroscopy (XPS) and x-ray adsorption
spectroscopy (XAS) to study the chemical properties and the change in transition state. The
anatase and rutile mixed phase of TiO, nanoparticles at specific ratio were also coated on
solid glass substrate by dip coating process for using in photocatalytic application with CPC
reactor.

2. Experimental details
2.1 Preparation of TiO; mixed phase particles

Titanium dioxide particles were synthesized using titanium tetraisopropoxide (TTIP)
designated as the starting precursor. Firstly, 0.5 mol of titanium tetraisopropoxide (TTIP)
was mixed with 20 ml ethanol following by stirring for 2 h. Deionized water was then added
into the solution until total volume was 100 ml. The mixed solution was further stirred for 2
h. The prepared precursor was irradiated under intense ultrasound operated at, 750 W 20
kHz for 30 min during sol-gel process until the precipitated product was obtained, The
precipitated materials was dried followed by calcination process calcined for 5 h at 500°C to
800°C.

2.2 Preparation of coated TiO,

The mixed phase TiO, particles were coated on spherical glass beads whose diameter of
0.6 mm used as substrate to embed the TiO, particles using dip coating process. For dip
coating process, the spherical substrates were cleaned then dipped in the titanium aqueous
for 10 min. The dipping step was conducted for 10 times followed by drying process in each
cycle coating. The coated glass beads were proceeded to heat treatment process at 400°C for
1 h.

2.3 Characterization

The main characterization is to investigate the anatase and rutile mixed phase and phase
transformation of as-prepared TiO, by using x-ray photoelectron spectroscopy (XPS) and x-
ray absorption spectroscopy (XAS). Photocatalytic process of mixed phase TiO, coated
glass beads was carried out in the designated CPC photoreactor under light illumination.

3. Results and Discussion
3.1 Phase identification by X-ray diffraction technique

Fig.1 reveals the main peaks of x-ray diffraction patterns of as-prepared TiO,. It is
clearly indicated that the mixed phase of as-prepared TiO, occur at the annealed temperature
range of 600°C -700°C. The main peak that according to anatase phase is appeared at 26 =
25.5°, corresponding to its (101) plane. Meanwhile the peak of rutile phase is situated at 26
= 27.8° that is corresponded to its (110) plane. Therefore, the mixed phase of as-prepared
TiO; can be obtained at calcination temperature in range of 600°C -700°C. The as-prepared
TiO; could be completely transformed to rutile phase at heating temperature beyond 800°C

[6].
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Fig. 1. XRD patterns of different TiO, phases of prepared TiO, particles calcined at different
temperatures.
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Fig. 2. X-ray photoelectron spectra of prepared TiO, particles calcined at different
temperature.

3.2 X-ray Photoelectron Spectroscopy (XPS)

Fig. 2. illustrate the survey scan of x-ray photoelectron spectra of TiO, particles calcined
at different temperatures. The main appeared peaks are corresponded to Cls, Ti2p and Ols
peaks located at 286 eV, 258.9 eV and 530 eV, respectively [7]. Fig. 3. shows Ols XPS
spectra of prepared TiO; calcined at different temperatures. The peak consists of two closely
located components. The peak at higher energy can be attributed to O-H or O-C bonds and
the peak located at lower energy can be attributed to O-Ti bond.
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Fig. 3. Ols XPS spectra of prepared TiO, particles calcined at different temperature.
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Fig. 4. Ti 2p XPS spectra of TiO, powders calcined at different temperature.

The Ti2p XPS spectra of prepared TiO, that were calcined at different temperatures are
illustrated in Fig. 4. The peaks indicating the spin orbital splitting locate at 464 eV and 458
eV relating to Ti*" 2p,; and Ti*' 2p;, respectively [8,9].

3.3 X-ray Absorption Spectroscopy (XAS)

To investigate the mixed phase of prepared TiO, at different calcined temperatures, x-
ray absorption spectroscopy was employed to study the anatase to rutile phase
transformation of prepared TiO,. The Ti K-edge XANES spectra of prepared TiO, with
different calcined temperatures is shown in Fig.5. the XANES patterns of as-prepared
sample and the sample calcined at 500°C are identical to the anatase standard sample.

R e o e e L R TR
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Fig. 5. Ti K-edge XANES spectra of TiO, particles calcined at different temperatures.

At calcined temperature of 600°C, the corresponding XANES spectrum exhibits the
specific featured patterns combined with anatase and rutile peaks meanwhile those patterns
of the samples calcined at higher temperatures are in the same feature of rutile standard
sample. This result affirms that the prepared TiO, particles are transformed from anatase to
rutile phase at high temperature which also corresponding to x-ray diffraction results [10].

3.4 Photocatalytic Performance

Photocatalytic activities of coated TiO, mixed phase were measured by decolorization
of rhodamine B organic dye solution. The coated glass spheres were loaded in the reactor
tube of compound parabolic collector. The system was carried under solar irradiation then
dye solution was withdrawn for 3 ml every 30 min for 4 hr. Finally, water was flowed
throughout the system to clean the residue of dye solution out of the system. The collected
dye solution was evaluated by UV-Visible spectrophotometer. Degradation reaction
percentage of coated glass spheres can be determined as follow the equation [11].

% Degradation = C"CT & x100 (1)

0

Where Cj and C, is the concentration of dye solution at initial and concentration of dye
solution at time #, respectively. The photodegradation performance of coated TiO, mixed
phase on glass sphere has shown in Fig. 6. The decolorization of rhodamine B dye solution
by TiO; mixed phase calcined at 700°C indicates the highest photodegradation performance
due to mixed phase of anatase and rutile in suitable fraction and the interfaces between both
phases. Some of ratio of TiO, mixed phase could not maximize the photocatalytic
performance because it is also depend on interface between phases.
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Fig. 6. Photocatalytic activities of different coated glass sphere in CPC photoreactor under
solar irradiation.

According to our previous work, the phase ratio of this sample is 24 and 76 of anatase
phase and rutile phase, respectively''”. By mixing of anatase and rutile TiO, in proper
fraction, the excited electron and hole can be transfer to the other states instead of lead to
rapid recombination . Furthermore, it can be increased lifetime to react with organic
molecules on the surface of materials resulting to more reactivity to degrade the organic dye
molecules. The black line photodegradation of dye solution without coated glass beads, it’s
show the slightly degradation which due to its photolysis process of dye solution meanwhile
the glass beads coated with TiO,-P25 are show clear for photodegradation as it’s the
commercial grade of mixed phase TiO, powders with ratio is 70 and 20 of anatase and rutile
phase, respectively. However, as above description the photocatalytic performance of mixed
phase TiO, are depend on various parameters such as method of preparation, precursor and
interface of each phase which can transfer the excited charge to the other phase before
recombine.

4. CONCLUSION

Anatase/Rutile mixed phase titanium dioxide was prepared via sonochemical process
following by calcination process at different temperatures to obtain the mixed phase
between anatase and rutile for using as photocatalyst. The XPS result indicates the slight
difference in Ti2p corresponding to different phases of TiO, when calcined at different
temperatures. XAS result clearly illustrates the change in K-edge peak of prepared TiO,
when calcined at different temperatures indicating that it is absolutely transformed from
anatase phase at calcined at below 500° C to rutile phase at calcination temperature over
700° C. The photocatalytic result indicates the TiO, mixed phase calcined at 700° C show
highest performance compare to other sample. The mixing phase of anatase and rutile in
proper ratio can be increase in photodegradation performance due to excited charge can
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move to other phase prior recombine. With this idea, increase in lifetime to react with
molecules on the surface. However, it is not only mixing phase of anatase and rutile that can
be improve its photocatalyst performance. It is also depend on preparation method and
interface of each phase.
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