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RACHANON KLONDON : REMOVAL OF AIR POLLUTANTS BY
PHOTOCATALYTIC PROCESS USING TiO,-SiO, COATED DAN KWIAN

POTTERY. THESIS ADVISOR : SUPUNNEE JUNPIROM, Ph.D., 180 PP.

PHOTOCATALYTIC PROCESS/SEMICONDUCTOR/TiO2/SiO2/DAN-KWIAN

POTTERY/MONTE CARLO SIMULATION

This work aimed to study the preparation of TiO,-SiO, composite
photocatalyst. This photocatalyst was coated on Dan Kwian pottery and applied to
degrade air pollutants i.e. carbon monoxide (CO) and benzene vapor (CgHg) by
photocatalysis. There are five main parts of this work. The first part is the preparation
of SiO, from rice husk by impregnation in different 3 acids and further calcination at
temperature in the range of 400-1,000°C. These acids are HCI, H,SO4 and HNO3. The
second part is TiO, preparation by using sol-gel method with variation of calcination
temperature between 400-600°C. The third part is the preparation of composite
photocatalyst by adding SiO; into TiO, preparation process with variation the mass
ratio of TiO, and SiO,. The fourth part is the study of the coating effect of composite
photocatalyst on the Dan Kwian pottery surface by using dip coating, spray coating
and hand coating. The photocatalytic activity of coated samples was investigated by
degradation of CO generated from incense and CgHs. Finally, the last part is the
preliminary study on simple simulation of pollutant degradation by the photocatalysis
based on Monte Carlo algorithms.

The first part gave the optimum condition to prepare the SiO, which is the

impregnation with 0.5M of H,SO, and calcination at 600°C. The obtained SiO, has



highest specific surface area of 301.76 m?/g, 98.4% purity with an amorphous structure.
The second part provided the optimum condition to produce TiO, is calcination at
500°C. Structure of this TiO, was found to consist of 19.8% anatase and 80.2% rutile,
with an average particle size of 10 pm and specific surface area of 12.86 m%/g. Its
photocatalytic activity for methylene blue (MB) degradation is 95.2% for 12 hours. In
the third part, the composite photocatalyst of the TiO,-SiO, mass ratio 1:1 gave the
highest efficiency of 95.5% MB degradation within 3 hours. The experimental data
are in good agreement with Langmuir-Hinshelwood equation with the optimized
parameters of K y=0.261 L/mg and k=0.135 mg/L-min. This best composite
photocatalyst was then selected to coat on the surface of Dan Kwian pottery with 3
different methods for coating. It was found that the dip coating and spray coating with
the coated slip No.2 (4g of composite photocatalyst and 3g of clay) gave the similar
efficiency of CO degradation for 6.7 and 7.4% within 5 hours, respectively. The dip
coated surface was further used to degrade the CgHg vapor. It was observed that the
CO; was generated about 0.3% during the C¢Hg degradation. From the last part, the
photocatalytic process can be simulated by the Monte Carlo simulation. The main
parameters of the simulation are the system volume, the moving distance of molecules

and the catalyst loading.
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a o . . . < AN o aaa A KX o o
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adsorption) IaglaunagIuaAll
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Vi,  1+bP

@ouluglaumaduaseld
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P .
VobVy Vi

e V= SnuvesmsiignaatunolSuavesdigadu o 9aauaa (mol/g)
d' % 1 Q g
Vi = 5mnavesasigngadugaganelsunavesdigadi (mol/g)
' ~ a Jd
b = MAINUBITUNIUAUNYT (1/atm)
P = AYNAUEDIVBNIIYNAATY ¥ JAANAA (atm)

A a v o ' P o Y Y A o 1w 1
WoeUNTINANUAUNUTTEHIN vﬂ‘]_l P ﬁ]3llﬂﬂi?ﬂlﬁu@iﬁﬂuﬂ?’lu%u&ﬂ’lﬂﬂ V_ Iag
m
o a 1 1 o Y 1 Y ~ Shdy
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o S = WUNWIUNIY (m'/g)
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Ap= NWunimihaangninagualsaisgnaasuyiiia luana (m’)
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Na = Ananez1anlas (6.02 x 10 molecules/mol)
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llﬁ3fﬂll'15ﬂllﬁﬂ\1‘ﬂ'nllﬁilWuﬁﬂqﬁﬂﬂ“ﬁuﬂluﬁﬂqjgmﬂqlﬁﬁg 1u§ﬂﬂjﬂﬁﬂ31ulﬂjuﬂlu1ﬂ JU

q_e:bC_e (2.4)
dm 1+bCg '



=
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gm = V5uavesssngngadugiganalInuaigaty (mg/g)

u U
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v A o v A Y o v A I'4
uazdalidnvareuuuiaesnsgasui laimsinaue laerinInemaaivialy
1 1 A
MU 15U aunsWseeanas (Freundlich equation) HAZ®UN1T BET (Brunauer Emmett Teller
)
equation) Fludu
2.1.2 nszwaumstnal fnsenlilanzazlafin (Photocatalytic process)
msmnalgnse i lanzaz ladnvzinadiu iwelid1sgngaaausnuiuAIve
@ U aan = a d A 4 a Aa A
A39 N5 tazlinIMeuaa9InANe I IngrIoriasageoIs dIUS (s HNoAIA,
4 Y 1 Aaana [ A 1 A T W @
poulail, 2550) Tudsdnsagnser wasamuds (h) MINNIIMITOIMINUNWAGI9 U Energy band
v 1 Aaan adg o { 1 4
gab (E) vo3d 1391381 9znszdudianaseusuuengaizend1auausuuy (Valence band)
Y v
I¥nszTanlUdssunoudnduuny  (Conduction band) taasaaglh 2.1 sirldinagues
ad - Y 1 Aana a
granasou (¢) uazlea (h) Tudnslgnie Tasnalea (Hole or hole trapping) W3 01)5291n b,
'ZIJ 4 g‘/ v o a ad - v
NAUMAUTULY LAZFUABUANTULINABIANATOU (Electron trapping) H301/529a1 e, A
A A o aan a v A v o o = a Aaan
aumsi 2.5 e lhvinjaservendesusansu awdassivazideavesnmanaljnselu

a3 2.6-2.12 (Yang et al, 2006) fage 11/i

Reduction:
Y N
A 7
< ) . HE Oz
_ s gl |2
Sun light =V M =| [§ uF
l E = g < Oxidation:
o ]2 )
= K2 OH or H:0
VB h* .
m TiO, surface OH and H*

VB = Valence band
CR = Condiiction hand

TiO, surface

s 2.1 nszvaumsnalfnso v lanzez ladn

G



TiOy +ho > TiO, (hy,g +ecp) (2.5)

A

o a Aaan a v @ a 4 1
Taglaa (h+) AMNINLAUBLUUY ﬁ’nﬂﬁﬂLﬂﬂﬂ;]ﬂﬁﬂW@ﬂﬂ%Lﬂ%uﬂUﬁﬁ@uﬂ%ﬂ ma"l@@aumq 9

OH(ads) + v/ —> OH{ads) (2.6)
H20+h{g — OHads) +H ™ (2.7)

[

v 1 9
Tagh laasondaisanea (Hydroxyl radical) OH® Mnadu v liinlgnsenuaslszney
v o A

a A o J - v W o anaa A o =~ 1 Y
DUNTY uaﬂumumm Ccp Slu%um%mmu ﬂ$ﬂ1ﬂ§]ﬂiﬂﬁﬂﬂ"ﬂuﬂﬂ O2 ‘nuagsl,uiwu llﬂ

4 4 - a a I v
Uszgavvesgililosoonled O, (Superoxide anions) (FIus Hiiensa, oo lar) Avaunis

O2(ads) +ecB — O2(ads) (2.8)
) - o ana o a d o
NNIUszgauved 0, wwilfnieny H,0 iy H,0, Asauns

203 +2H,0 — Hp05 +20H + 05 (2.9)

A A k) o ana T W A g’/ v W a I - PY
NTUNITN 2.9 H,0, VlllSEIGU%VHﬂQﬂﬁfJW]?JﬂII e- N¥UADUANTULUUNAY W OH ttaz OH

[

J

=le

H,0, +ecg — OH™ +OH* (2.10)
X { I o A o anaa o 4 4 a g
¥a OH® Nldeziludrndvinl§isernuTuanavesasou 9 ilodaieassiaii o
& aan o w a d a I 14 14 %}
Tagna lihlgasenlumsmidaassznevdunsdanailuasveu lasenloa (co,) nazih

(H,0) Moe1asu msdatomiveuuousn lad (CO)

CO +20H® +0.505 — CO5 +H,0 (2.11)
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Wi CO+0<«>CO, (2.12)
CO+OH«+COy +H (2.13)
uazmsaaeaslizneudunIdszimodie sy (CH,)
CgHg +20H® +70, —>6CO, +4H,0 (2.14)
H9e111399T118 Reaction path Tumsarasansiuudu iienlaeudlu co, uas H,0 T8aw1 2.2

Taouaasaumimanalgnsoidiu il 1dlumsaarvansuudu (Dinaro et al, 2000) HAAIAS

aumsn 2.15-2.86

A 4

CH,OH ; CH,O; CH,

A 4

C,H,O0H ; C;H,00 ; C,H,0, ; C.H, ; C,H,

\ 4

CH,0,;CH,0,;CH,;CHO;CHOH;CH,0O;CH,;
CH,CHCHCH ; C=CC=C=0

A 4

CH,;CH,;CH,;CHO;

CH,;CH,;CH

5

CH

6> 37750

CH,CHCCH, ; C=CC-C=COH ; H,CCCCH ; HCCO ; HCO

A 4

CO, ; H,0

b4
o v

4 o A4 4 g
Jin 22 @vuTuvesmsaameasuuay enlaswilu Co, tag H,0
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v 1 1 4
aumsiihu I8 lumsaasasudu ienldswilu co, uaz 1,0 uaassane i

C.H, reactions;

OH+CgHg <> CgHs0H+H (2.15)
OH+CgHg <> CgH5 +H20 (2.16)
O+CgHg <> CgH50+H (2.17)
CH,OH reactions;
H+CgH50 <> CgH50H (2.18)
OH+CgH50H <> H,O+CgH50 (2.19)
CgH50H+0 <> CgH50+OH (2.20)
CeHs50H+HO, <> CgH50+H50, (2.21)
CeH50H+ CHCHCHCH <> C4Hg + CgH50 (2.22)
CgHs50H+CH,CHCCHy <> C4Hg +CgH50 (2.23)

C H,O reactions;

C6H50+C5H6 (—)C5H5 +06H5OH (2.24)

C6H50 <> C5H5 +CO (2.25)
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CgH50+0 <> CgH405 +H (2.26)

CgH50+0OH <> CgH500H (2.27)

C H; reactions;

CgHg + 0 <> CgHg + CO (2.28)
CgHg5+02 <> CgH50+0 (2.29)
CgHg + 05 <> CgH500 (2.30)
CH,OO reactions;
CgH500+> CgH50+0 (2.31)
CgH500+H <> CgH500H (2.32)
CgH500+CgH50H <> CgH500H+CgH50 (2.33)
CgH500+HO <> CgH500H+05 (2.34)
CgH500>CgH40, +H (2.35)
CgH500 <> CgHg +CO» (2.36)

CH,O, reactions;

CgH402 <> C5H40+CO (2.37)

CgH402 <> Cs5H4 +CO> (2.38)



CgH40, +H <> CsH50+CO

C6H402 +H <—>C6H302 +H2

C6H402 +OH<—)C6H302 +H20

C6H402 +O(—>C6H303+H

C6H402 +O(—)C6H302 +OH

CH,0, reactions;

C6H302 +H (—)2C2H2 +2CO

CgH302 +0 <> CoH> +HCCO+2CO

C6H303 A C2H2 +HCCO+2CO

C,H,O reactions;

C5H5O <~ CH 2CHCHCH+ CcO

C,H,O reactions;

C5H40(—)C4H4 +CO

CgH40+0 > C4H4 +CO»

C5H40+H (—)CH2CHCCH2 +CO

13

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)
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CsH40 <> 2C,H, +CO (2.51)

C5H4OH(—)C5H40+H (2.52)

C,H, reactions;

C5H4 +H(—)C5H3+H2 (2.53)
C5H4 +O(—)C5H3 +OH (2.54)
CgH4 +OH<«>CgH3 +H>0 (2.55)

C,H, reactions;

CgH3 +05 <> CyHy + HCCO+CO (2.56)

C,H, reactions;

CgHg +H <> CyHy +C3Hs (2.57)
CgHg +H <> CgHg +H» (2.58)
CgHg +0O«>Cs5H50+H (2.59)
CgHg +0 <> CsHg +OH (2.60)
CsHg +OH«>C=CCeC=COH (2.61)
CgHg +OH <> CgH5 +H>0 (2.62)

CsHg +09o <> C5Hg +HO» (2.63)
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CgHg +HO5 <> CgHs +H,05 (2.64)
CgHg +HCO <> CgHs +CH,0 (2.65)
CsHg +CH3 <> CsHg +CHy (2.66)
CgHg +CpHg <> CsHg +CoHy (2.67)
CgHg +C3Hg <> CsHs +CgHg (2.68)
CsHg + CH,CHCHCH <> CsHs +CyHg (2.69)
CsHg +CgHs <> CsHs +CgHg (2.70)
CsHg + CH,CHCCH, <> CgHe +Cy4Hg 2.71)

C,H;, reactions;

CsH5 +H <> CsHg (2.72)
CgHs +0 <> CsH50 (2.73)
CgHs +0 <> CsH,40+H (2.74)
CsHg +0 <> CH,CHCHCH+CO (2.75)
CsHg +OH «>CsH4OH+H (2.76)

C5H5+H02 (—)C5H50+OH (2.77)
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C5H5+H02 (—)C5H40+ Hzo (2.78)

CsHg +05 «>C=CC=C=0+HCO (2.79)

C, reactions;

CH,CHCCH, +05 <>C4H4 +HO, (2.80)

C4H4 +OH <> H,CCCCH+H,0 (2.81)

C, reactions;

CoH3+02 <> CH,0+HCO (2.82)

CoHy +H < CoH3 (2.83)

C, reactions;

CH>0+0OH <« HCO+H»0 (2.84)
CO+0++COy (2.85)
CO+0OH«+CO, +H (2.86)

[ 1 a ¢ A a
NNTZUIUNTAINA1IAINIT0 I FaunITnIeadiaaaas iiooTU1en1g
v Y
nlasuulasvesnszuiums Tagazimsanuiasae llil
= I'd ann =1 a @ ~
MsfinyIvauNamaaivelgnseuall ausaesuednsinmsnlasuuilaives
= A [ a ann é w w aan d%l T
NTLUIUMIMUAN 130 “BR3IMIINAYDIURAITE” HIoUADVERATUURYAVNTZUIUMS
A g‘/ a aan g‘/ (Y] g’/ a aan Aa <K
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(Langmuir-Hinshelwood mechanism, 1996) F9920TU1UAIN
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%”Iﬂi!l!ﬁ?ﬂ”liﬂuﬂlﬂiﬂﬂﬁﬁ@ﬁﬂgﬁﬁ

C 1 t
— Cj Eolc: - ! kdt (2.89)
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—dC =kt
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In] =2 | =kt (2.91)

4 [ @ J 1 C [} $ [} LY
WomsunI e NUFURUTIZHI9 In(%) f t ez 1dnaiduaseaniianusumdy k

i d'
uazaanl y 13a (0,0)

deo 1 = das13aveamainafisen (molL-min)
t = narlumsiAalgnse (min)
C - anududuvesmsiezifalfisen Tl lanzas ladnlumsazate a naila g
(mol/L)
Co= anuuduvesmsiaziialfisenTlanzas lafin o 9a3udU (molL)

K = ainanvesdnsimanalnsen (1/ min)

J aan a
2) msAnyaunamdaaiveslnsenInlnazas ladn areauns
Jd a
uailes-a UI¥AA (Langmuir-Hinshelwood equation)

A I a < A o @ aan v v ~
ﬁummmmﬂi-am%gﬂ Lﬂuﬁi\lﬂﬁﬂ’éﬂﬁﬂﬂﬁﬂﬂﬁﬂ]ﬁ)\iﬂ{(]ﬂimauﬂﬂ 1 may
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(Chan, Chen. J.N. and Lu. M.C., 2001) &3eunsnewiuauns laaqil
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1+K, ,C

(2.92)

max
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we  C = anududuvesasizinalinie i lanzaz ladnaisazats s nanle 9

(mg/L)

4
= [ 9 A A

C.is - anududuvesasiivzaliisenTnlnnzas ladniignaady i Suuituii
T ianzazaadderhminves Tl innzazaad (mg/L)

Crmx = Anuuduvesmisgegai Il lnnzazaadamsagadyldderminves
T Tanzazaad (me/L)

J { o 4
KL = mnsivesmsgaduvesaumsuaaiies (Limg)

9 Y1 Y] [ a aan v @ [ v
ammnlszgnd 1535 wnuaunseanmanalfns eeuay 1 men Tuanudunus
1 o <3 a aaa o Y Y A a aan A A
52HIN0ATIB Il N AN NI UYesmsRvzinalns e W Tanzaz laaniign
[ 9 g a a 14 1 H
gadu 3uuiuiivesInTanzazdad Tasnisunual Cg inaumsn 292 lu ¢ weq

A 9 [ dy
qun1In 2.87 Ul@ﬁiJﬂ'li@Nu

r__dCads _ _4 erLHC (2.93)
= s _KC, = '
dt 1+K,,C
do = danuiesmaialgsen T lanves ladn (mg/L-min)
t = nalumsinalfn3en (min)
K, = mmfivesdasimanalfnser = KC.,, (mg/L-min)

= MAINYDITATININAYYNTEN (1/min)

1 { o Jd a
KLH = ﬂ?ﬂﬁﬁﬂ]@\iﬂ”liﬂﬂ%’ﬂﬂ]@\iﬁﬂﬂﬁlmﬁlﬁﬂi-al‘llclfﬁ;ljﬂ (L/mg)
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vdewnaruluszuy ewnnmanalsingmsainisgasy uazdesdais lundon o nu
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wvdvaenlsgamuaulunismuira Mor1AIAINYITNNT 51291 TusIa1UY
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nansznuInMslasuulasveafatedu o Wesuin Jeausadanald uagldanumiuyy
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FuAU unuaNuENTY o gaauqa satinnuilull1deg Idwamiiuni (Guettai and Amar,
Y] g’/ { ] [ % 4 1 [ I~
2005) AviunINaNNTh 2,93 awnsaleuldegluanudunuiszninsasiiivesns

E4
=

a Aana [ Yy 9 A a aan a A Y Y v
malfasenuanudutuvesasieznalgnsen T lanzaz ladn a gaisudu laael
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C(8Cw) _KKuCy

’ dt )., 1+K,C, (299
amsasaliedlugvesaunisndunseldaad

1 1 N

— =t (2.95)

rO krKLH 0 kr

e Iy = danvesmanalinie i lanzaz ladn ar 1181584 (mg/L-min)

22 dusalseniinsz@uiienad (Photocatalyst)
Tl lanzazdad vioausalnioniiganizdudlouas dinzilutagdminiagnedanh

Q

4

o . o ) 4 1 o L4 1
wininnd1enaesnuaae 15Wad (Chlorophyll) luisd@edrnl¥duasizvuaaasuuna
s PR Y o a & g 9 A o o
asueulasen lsaitluuiluazunasengnu Fullunscuiunisadleermsvesns 115y

a 4 o 3 o 1 aaa a 4 {
T Tanzazaadazgmitnnladudnsalfnserlunszuiunms v lanzaz ladn ieiaon
a A o a A A I a Y I aaAa A AAa 9
sounsdnazetunssntuny lnaedu lilnyvselinuilosas
FannaundItdud miunszuiums I laazaz ladn danvialuldlu
gd A X Y o J aan = o v A
nszuIUMsUABLAIN 15 TumMInszduans AT FIa NI UUNLEININTIATINEINAY

9

|@#1adl (Venturini and Bacchi, 2009) (317 2.3)

- Ultraviolet (UV) = 100-400 nm
Ultraviolet Vacuum (UV-V) = 100-200 nm
Ultraviolet C (UV-C) = 200-280 nm
Ultraviolet B (UV-B) = 280-315 nm
Ultraviolet A (UV-A) = 315-400 nm

- Visible light = 400-780 nm

- Infrared = 780-1000 nm
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X-rays Ultraviolet Visible Light 1 Infrared
Vacuum-
uv
100 780
Wavelength (nm)
Hg-low pressure Spectral curve of
Lamp 254 nm Cell inactivation

317 2.3 A7WE1IATUVBAI (Venturini and Bacchi, 2009)

v o J o o A o 9 o dy
ﬂ']’lll?filwu‘ﬁ"]]@QWﬁQQ’IuIV\l@@HﬂUﬂTﬁJfl’]'Jﬂauﬁ’lll’lﬁﬂﬂ'lu'ﬂfuhlﬂﬁ]'lﬂﬁilﬂ'liﬂ\?@]@hlﬂu
E-hy=_— (2.96)

E = wasulWaou (Photon Energy)

h = ﬂ'mﬂ‘ﬁeum Planck (Planck’s constant) = 6.625 x 10" J-s
Vo= anwd (Hz)

A = fanuenaau (am)

C = smanuEuas 3 x 10° m/s)

=
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_ (6:625x101-5)x(3x10°mfs)  leV
3.2eV 1.6x107°]

A

=0.388x10"°m

=388 nm

9 ! H v
muu’mmm1Jaﬂ"lﬁ’mmmmmaﬂﬁuumﬁﬁmuauwaNmmmu 3.2eV Gllf)\iﬁﬁﬂﬁ

q

3

dh Inmitionlaeenlodne 388 nm Feeglurraveuassaniilalomn

o o

2.2.1 Yaanamii (Semiconductor)
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AUAUGDIANATOU @Q!Lﬁﬂﬂiugﬂﬂ 2.4 (fjumﬂﬂiuiaEJ’E]Laﬂﬂi'E)UﬂﬁLLagﬂf]ﬂJW')LG]f]iLLWQ{’]f'IG]

A 2 o o J
309309611, eou'lail)

MAUTDLEANATOU

g1 2.4 Tnseadrvezaou

FagnednhinmmnsniunIfidluidlanzazaad lunsiiaaauaislae

nazuums W Tanzaz Tadnlivarewiia ldun WO, ZnO TiO, Fe,0, StTiO, CdS MoS, ZnS ZnTe
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Y A y v = A o
uag CdSe 11)uau ﬂ\mﬁ'ﬂﬂu@ﬂﬁﬂﬂ 2.1 6l’L!L!.E]’JL!.“LA’ZJ@]Qf;:(@‘1/]1EJL!,f;’fﬂxi‘EN‘]5’3\115]Ei‘hl‘ll’f)\i“l"lfﬂ\iQTLAL!.(;’N

Ay 9 1 X o o g}/ = o A A o v W
V]ﬂf)\‘]ﬂ’lﬁulfllﬂﬁ%ﬂuﬁﬂﬁWﬁﬂQﬂ?uWHu ] BN e- ﬂ1ﬂl'§!ﬁuﬁllfllu%glﬂaﬂuﬂ‘lﬂﬂﬂﬂ@u@ﬂcﬁullﬂu

Aaanaluzan 2.5 (Serpone and Pelizetti, 1989) HAZUAAIAINAINUNVOUVU-A19VD

o R o o o A A Y J,
UDUNAINIUUBDIT1TNIAIUN ﬂ\ulﬁﬂ\iclugﬂﬂ 2.6 (158 ﬂﬂﬁgﬂ’]ﬂ, @@uvlau)

A13197 2.1 HOUNAINULAZ T MANNEINTUNTHAA DL UNAINUVBITANTNIA1IN pH=1

%

v A aa ' %
BFINANNNYIAAUNUNAADUDVNAIINY

an HOUWAIIM (eV)

(nm)

BaTiO, 3.3 375
Cds 2.5 497
CdSe 1.7 730
GaAs 1.4 887
GaP 2.3 540
SnoO, 3.9 318
StTiO, 3.4 365
TiO, 3.2 388
WO, 2.8 443
ZnO 3.2 388
ZnS 3.7 336
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3UM 2.5 prunmmsnszquanNaIULEIUeI51g Tany wagasneaanil
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g
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- -1,04
F-g cds ]
- CdSe .
TiO; N Zn0

g T2N00s_~ FelOy ____ Hy/H,0
-:Ea. S 4—Loweredge positionof
o 2 x> = conduction band
o - | o
_§ - ol ol ___0y/H,0
: .

. 3
g 3,04 »f
E 4.0- pH=0 7 4—Upperedge positionof

valence band

A 1 o A 1 @ X o o A Jd Y o
gﬂ“l/l 2.6 MWAINUNVDUUU-8 N VYDIUDUWAINTUUDITITNIAIUT (1858 ﬂ‘ﬂi%fﬂﬂ, aau"lau)
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2.2.2 lninsiieslaeanlae (Titanium dioxide)

Tidion laoenlad (Ti0,) vaiuiluansnadni duasisznevsen ladues

v k4
Tawg lnidlon Fseglungu Tanzunsuddsu Tnmidlon laven laatinuamifanye Tsnlug
pymaululagnszurumsldudsdansilaTewan (Fujishima et al, 2008; Kim. H. et al, 2005;

Chen. J. and Poon, 2008; Yang et al, 2006) 01153 nmiionlavonladazinalgasen Tulang-
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v v A A

A Yo o A A oA & EI A o =
mllaﬁﬂ fﬂlﬂjﬂGL‘])'ﬂﬁ]ﬂﬁ”ljﬂuﬂjﬂmﬂulﬂ@uiuuﬁ’ﬁ@@1ﬂ1ﬁ NFUNTOUN N’JGIJ’EN“l”VlmmEm
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ﬂﬂlﬂu?ﬁﬂ‘ﬂﬁ’lﬂ’]uhﬂlwqu']ﬂ (lﬁﬂﬁgﬁﬂ‘ﬁﬂ']wqxi UANUFADYITN AN hlll!flJuW'H@@ﬁWﬂﬂWfJ

q

a v

(A guoriua uazame, 2011) aunsoiauldanieldnnuaunazgungilng uazAives

Q q

= Jdou Ao A ¥ re . A 3 tél o
Tnmidien'lasenloagelantiye vy (Hydrophilicity) awdaseuvidainisaiily
L o @ . @ ' 1 o
Uszgnd 19 1unszUIUMIHIANNEL0IAADT (Self-cleaning) AI0819FUNTHIANINAZD1A
o ¥ o o 4 <3
#109v04n521 LN T oMo unNeNIUNTZINTDIUANDUBINIAEY (Kanai et al, 2004) 3

oMy IFauaany aunsoinauinldluild 1dszansamlndifesnuvealui (Chen. 1.

=)

1 a (% 1 aaa ] @ a 4
and Poon, 2008)L!@]ﬂ?ﬂﬁiiﬂ%?ﬁl!éjﬁﬂﬁliﬂﬂ{]ﬂiﬂ?ﬁ}?ﬂllﬁ\‘] ulllﬁ'lll'lii]ﬁ]ﬂ%‘ﬂﬁ'liﬂuﬂiﬂ

v Y
a

A A dy A a J sol A Y 9 1 1 g‘/ a aA
uuaiise e31 Wsowaiuan q lhmseoimald Buuanaismaiusguunmzaaninui
1 aaa 9 1 o Yy A a A
YoIr IRl gsedrenaued tazaz lansarhnulddlnannouas (qus 9iiensa,
.
pou lail)
=3 I v A v J Y o = a o o [ ] o ] A
v ldninIvenanen i IdinmsanyideazWanniaguiegady 15y ndey
= s A S 4 A A Y Y w1
Tidionlaoon laauuAivean 1uiuiua (Gao ct al, 2011) wieNazud lvdodosdinain Tag
o & ' o a J a ' A A 12 '
AQHANIUIZTIVYATUAITOUNTS azasuanya 1 q Tuanzhiinas uas lulivasedi
' Y ]
adudue MInUuassalRazedeud wzsiinsdesaaioiie ldsunaIaAnToLTI 1N
J
viaeavgeolTAITUA
=~ I ' 1
Tnnition laven ladli Tnssadrw@neg 3 juuun1dun euund (Anatase)
4 4 o = : = o
71n4d (Rutile) uazugnlan (Brookite) Aanaaaluziln 2.7 ¥alassadundnimngauny

nszuaums W Tangaz ladn Ao euma uazgIna amdy
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Rutile 43 ,=1.9494 Anatase a3 _o=1.9344 Brookite
(Tetragonal) ¢4° -1.980% (Tetragonal)g? -1.9804 (Orthorhombic)
a=4.5934 A OF| a-3.784k
c=2.9594 T8s2 c=9.5154
92.44

Eg=3.dev Eqg=3.3eV A .

p =4.250 g/cm’ p =3.894 g/emd @ Ti = Titanium

% =-212.6kcal/mol G% =-211.4 kcal /mote

A6t rermee ast Oo- Oxygen

51U 2.7 Taseafrunanves lnniiion laoon Tad

(Linsebigier, Lu. G. and Yatses, 1995; Crystal structure, online)

=N G = d

23 Asmaessy nmisieylasenlaa
= S A G a9 v R ax Aa 9 v 1 [ ]

Tnmidisulason ladiis mawssuaiedsatenu aasmsndenldnudiulna wu
ad o . ; axy J
0150 Tu lataa (Anodization) s lalasmesuea (Hydrothermal) (Fanda et al, 2007)

A I ) o Aa o g o
wagdsmslwa-9a (Sol-gel) Wudu dmsunuiseilvimswonlnmiionlaoonleddle
as A Y = /A 3 <3 =
A5ms Twa-19a 1esndosms Inmiiiey laoon laaniluvesuiveyninvuiadan Ianu
4 1 1 1 % 4 U (%

Vigndge A ldelugann nagaunsonauiuasounasuasuniagsessy Tz an
o 9
A3 195U

2.3.1 33mM3)oa-19a (Sol-gel method)

ATLUIUMS IvarmanonizuIumMIlasy anuzanvouralInisen “laa”

=

' ll A I 3 A
Fadruwn oglugdvesarsuvivassiiiviuiaeymalszuw 0.1-1 Tuasowiuvowdan
= 1 a Aan d' o % = a Aana A a
Fona1 e dgnsendiaglunszuiunis Tva-wall 3 UZAser e lalaslage

] H . 1 <
(Hydrolysis) D19A3ULUUYDINUT (Water condensation)  HaZNITAIUVLUUUDIUDANDIDA

9 ! 2 a

(Alcohol condensation) AN (2.97) — (2.99) adudvgyilinane dasimsnalfnie fe

9
v v

1 aan U 1 3°l a 3 1 -
pH a3l nsen easaduluavesiwas Tavy uazgungil aadumsatuguiatemaiilu

A o o % A Y L7 9 1 [ = a a
amazmmmmzmiﬂma uazmaw"lﬂmumimmsnmmu (i]“lflm1ﬂaﬂ§$£ﬁ§;§ LagUFNUA

o

UTe, 2546)



Hydrolysis : M-O-R+H,0 — M-OH+R-OH
Water condensation : M-OH+HO-M —— M-O-M+H,0O
Alcohol condensation : R-O-R + HO-M —» M-O-R+R-OH

e M unulavne ll?ﬁm' Si, Zr, Ti, Al, Sn, Ce tag R UNU Alkoxyl group
1 ' ' < . a aan o 1 2
sneod Uy M il Ti sginadnsenasae il

Hydrolysis:

OF. ?H
F{D—'I|'i—DF{ +4H,0 — HO—Ti—0OH +4ROH
OF. OH

Tuvazienuazinall§nsen Water condensation:

CllH OH OH OH
I
HO—Tli—DH + Hr:l—'ll'i—ClH—> HD—1|'i—O—'I|’i—DH +H,0
OH OH OH OH

‘H%’E]Lﬁﬂﬂﬁ A387 Alcohol condensation:

?H OH OH ?H
HG—WT—GH + HG—WT—GR————»HD—WW—D—TF—UH + ROH
OH OH OH  OH

dAa X A 1w A I A ] A I
msmﬂmm%wam@ﬂu"lﬂwaﬂ gl whuasevie Wasunnaisazatenarodluma

r:l;lH OH OH OH OH
| . .
HCI—'Il'i—CI—'Il'i—DH + HO—'Il'i—CIH — HD—'Il'I—D—'Il'l—DH
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Q13199 2.2 auaia lagn lveaupaasueuvouen laa (Carbon monoxide, online)
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Properties of Carbon monoxide

Molecular formula CcO
Molar mass 28.01 g/mol
Appearance Colorless gas
Odor odorless
789 kg/m’, liquid
Density 1.250 kg/m3 at 0 °C, 1 atm
1.145 kg/m’ at 25 °C, 1 atm
Melting point -205.02 °C, 68 K, -337 °F
Boiling point -191.5°C, 82 K, -313 °F

Solubility in water

27.6 mg/1 L (25 °C)

Solubility

soluble in chloroform,
acetic acid, ethyl acetate, ethanol,

ammonium hydroxide, benzene

Refractive index (n,)

1.0003364

Dipole moment

0.122D

Hazards (NFPA 704)



http://en.wikipedia.org/wiki/Molecular_formula
http://en.wikipedia.org/wiki/Molar_mass
http://en.wikipedia.org/wiki/Odor
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Melting_point
http://en.wikipedia.org/wiki/Boiling_point
http://en.wikipedia.org/wiki/Solubility
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Solubility
http://en.wikipedia.org/wiki/Refractive_index
http://en.wikipedia.org/wiki/Dipole#Molecular_dipoles
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1 4 P []
M3197 2.3 Snamiveu laoen laaniiegluusse1n s (Carbon monoxide, online)

ANy uvaeiing
0.1 ppmv Natural atmosphere level (MOPITT)
0.5-5 ppmv Average level in homes

Near-properly adjusted gas stoves in homes, modern vehicle

5-15 ppmv
exhaust emissions
17 ppmv Atmosphere of Venus
100-200 ppmv Exhaust from automobiles in the Mexico City central area
700 ppmv Atmosphere of Mars
5,000 ppmv Exhaust from a home wood fire
7,000 ppmv Undiluted warm car exhaust without a catalytic converter

2.6.2 1WUHY (Benzene)
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Properties of Benzene

Molecular formula

CH

616
Molar mass 78.11 g/mol
Appearance Colorless liquid

Odor aromatic, gasoline-like
Density 0.8765(20) g/cm3
Melting point 5.5°C,278.7K, 41.9 °F
Boiling point 80.1 °C, 353.3 K, 176.18 °F

Solubility in water

1.79 g/L (15 °C)

Solubility

soluble in alcohol,

chloroform, CCl,, diethyl ether, acetone

Refractive index (n,,)

1.50108

Viscosity

0.652 cP at 20 °C

Dipole moment

0D

Hazards (NFPA 704)
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1) manalgnseeendaduain lenondaisanoa: OH*

NO, +20H4) = NO,40 +H,0 g4 (2.104)
A () — +
130 NOypusg) + OHeag = NOjpge +Higgg (2.105)

2) Mmanalneeendati g “active oxygen”: O

O3 ads _

X(ads

FaanunsomewuaumIIINanNaunIsn 2.104 2.105 tag 2.106 laaail
3NO, +20H™ - 2NO; + NO+H,0 (2.107)
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Chen and Liu (2010) lagnzinsiisaa1sngu NO, (NO wag NO,) itnaainaiu
Y a o ] =
YoYU AenszuIuns I lanzez ladn Tagihniswuaisazatemey Inoitionla
s ¥ a a a ES Y a
pon lHAIAA0VAIVUNURIDUUMNANIZIAGOUITIVOIUTNIMUUY MINTUAAMINHANS
= = = ' 2 A ' A D
nasulasvestSina No, Tasnfseuisuneutazrauadoununansoivzanlsuim
v Y 9
NO, MAavuINATUvoIe ULz UUaUIY A 6 - 12 %
4
Yao and Wang (2010) ladnmimswesen lmniienlaeenleq (Tio, Sol) Ao
as A Y an Y =
5ms laa-va e ldlumsaasaswnauugnielduas UV vinaeumaves lnnidionla
S A Y 1w 9 a a 4 (=1 9 I
pon laanwson ANy 22.5 nm wazldmaiia XRD Ansizrnuni Iasesadraailuom
~ ' = o ' = s A A 1
maiiesed1ufe) dadiuved lmndion laoon ladnmuzauigade 0.2 gL awisnaa
= an 92 ~ 9 '
fvosensazarounaung 1909 923% lunal 160 wiii uaz lddnyiwansznuvesnl pH
WU pH M1AD 2 92052 @nTMNUINAI 9 tag 7 MUEIAY uaadIIINIIAYN H,0, 35578
Y a Aa 2 4%1
InseansmmuoanszuIumsnuy
2.9.2 iddeifnnmsminlszansmnvesnszuaumsilanzazladn
UMY SAUAIY LA 9550531 250989 W.A. 2548 IAANEIHANTZNUIINMG
~ a A = 4 Y as A= 1
wsendisen/ Tnmitien laoen lad (euund) @835 Teawa vinwansnaaeIndnyINUI 19a
A ¥ ~ ] Y U kA £ = S A1 v oA 3 9
nldnnmswsondeoanainlvaveniee Tnmilenlaoen loa imaeiuieuaniioy
7 I {1 J aan
1214 Inmiilen laeen leaniTassarailueunnanios I lunsisel§azer uazlums
' [ s 4 J U aan
wsendizen looouswnulassasives lmmidion lavon lad e liieela lumsis sl fnse
{ 4 : o 1 a Aaan
wlddison lumsnnannsognlales lag 14a asazsiliinnuies lalumsinaljnser uag
' A X ' ) = Ja
MIMIVEHUIANIY ananasasau lmidienleoon lyaau
1 v aa 4
Tobaldi et al (2008) lafn¥imsnauna Inmition lason ledsuiudama e
o I a I a Sa J
il liluens T lanzazdadlunszuauns i lanzaz ladn lunisnaassiilinsiziing
Y v
yosanuuz Inseadnlasldimatia SEM TEM XRD waziihmsiaamnuiididieaunis BET
4 wa A A 4 a 13 a T J 1
omauianMIngauigaioaauanenweIna uag luluiisaosanevesnysd wun
=\ A I { ~ { ° <
Tnmifionlaoon laaniilaseaFwouunaiulassad wimunzaniganazihun iy
@ a 4 4 o aa [ J o
Taa W lanzazaad vazlommsnanganadinums lnniioulaoon loaamsoiila1y
I o a Jd o Y Y ' g @ ,i’ dy < 9
Wuiag i lanzazdad drusvaunaiuds wunszideurain nszideei udu
Akpan and Hameed (2010) Ainmimsinisez@ninmansaljnsedlonas Tag
MIAVASANTINAD TiO, A18I5M3 Iava-1va 1aunsiga1e 9 (B uaz N) ngulanensudsn

(€’ wag Mo™) nquus Tarig 1y rare earth (La™ Ce™" Er'" Pr'” Gd'" Nd'* wag Sm™) ngulavy



42

lu alkaline earth (B¢’ Mg’ Ca’ Sr™ uaz Ba' ) uazngu lavzuaze lane il loooua1 9 9
1 a a a d‘ o = 1 A a A a
WunMsRuEsANnsianmsAnmannsaemulszans amlunszuaums Wleages Tadn
v Y Y
18 unazeludnyuziuanannuiuegnuyiavesasanriaiy
Gao et al 2011) Tadnumaiulszansmmueanszurums 1 Tanzas ladnTae
= = 4 A a ' v o LA A @
mas suens ity laeon led uunuivesn mAuTUAM B oMUANNENTD TUMTAT
a o . % I o
voan3zuums I Tanzaz ladn Tag'ldsiinsfneinisaats Acid red 88 Fuiludswina
! . F) 1 9 =\ ¢ A 1 ~ = 1
WUNTWNTOFAE Acid red 88 Taunnnlgms lnmidien lason lodiissog1a@edng 1.6 w1
Singh, Chaudhary and Thakur (2011) 1@57052msnannnszuIums I laazas ladn
4 o w a aol 1 o a P4 A
iemdaasuanyluindeninunasgusunisldndsnuninuaeriad IasiEuansiusu
a A a Jd ~ 1 9 (X a Y 1 .
Fiiavounsodllfniaiang q Aniuzunmslsndsanunuaseriad laun Parabolic through
reactor (PTR) Thin-film-fixed-bed reactor (TFFBR) (@& Double skin sheet reactor (DSSR) Liag
%] A 1 9 K] 9 a a A d
aualsitinansznuais 9 launa pH anuduvesuds msan H,0, wazmsauaisngu
~ ' a = ° ' ) Ao & ¥ 9
Tospunmngauasnizurums I lanzaz ladn saudamsmunaanasnunsuiludoqls
, & o v 2 A ) ' D) P Y
lumsnaaeauaszuy F9lavemarinI5@en MU AUABEN1ILAIT 1FIIUIITI WD 1911

9 "9 a
ANUANMATULATHIND



=
unn 3

AU NUIdY

3.1 Unin

dy = A A A 9 ~ [ 3 1 aan 9
Uniuaassemsasnltazinodlen lslumsmisuiagausalgnsoalsudaay
Pl [

msnadevdszaninmlunszuaums v lanzas ladnvesyuau delsznoulidreiag

AAo & A A 4 A A o a 4 2’, Aa
tazasnNnI Ny 1nTedlonazglnisinisnaasd 1ATINDIANAZIATIZH 1NUTUDTLNY

ax = g’; A Y 1 9 =3 a 9 A A [
FBMInaaeInazvusouive Inieaenismnles saudieTuienmslsnuveunselodanas

AnTzantianamenngs o Tagaziden

3.2 ﬂ]i!ﬂﬁ!!ﬁglﬂéﬂflﬁﬂ
3.2.1 Jaquazansiail
D lnmidioy (wa32) vouea-Umen 4@ (Titanium (IV) n-butoxide, 99%)
2) 1@MUBAITUAIY (Ethanol absolute, C,H,OH)
3) nsa¥anI3n (Sulfuric acid, H,SO,)
4) nsalalasnaesn (Hydrochloric acid, HCI)
5) n3aluasnidudiu (Nitric acid, HNO,)
6) ‘131 DI (Deionization water, 18.2 MQ cm)
7) ‘gﬂ (Incense)
8) U (Benzene, C,H,)
9) uﬁ”ﬁ@@ﬂ%muﬁqm% (Oxygen, O,)

10) mﬁ’auug (Methylene blue)

Y
°

1) Thwaadn, @11 (3v17, 8% Beauty, U.R. Chemical CO., LTD)

)}

%

23, & 4
12) YH9UATNY (WAX, 8319 BRACO, TKS Chemical (THAILAND) CO., LTD)

A A ¢
3.2.2 msmummzqﬂnsmmwﬂam
J @ Y 1 a a a
gunsaimsneaswan Idun yanaaoullszansnmasnszuiums Wilanzaz ladn

(Photoreactor setup) Aduaadlugih 3.1 gailsznoulidae



D
2)
3)

4)

44

1n53091/fn58l (Reactor)
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Abstract: The photocatalytic degradation of methylene
blue in suspended-TiO; solution was investigated in this
work. The process variables were types of TiO; and TiO;
loading. Two tvpes of Ti0O; were selected to use in this
study, namely type I for P25-degussa and type II for the
other commercial grade. These TiQ; powders were
characterized by XRD, SEM and specific surface area.
Photocatalytic activity was analyzed using a UV-visible
spectrophotometer. The results of XRD pattern display
type I-TiO; consists of anatase and rutile phase structure
while type II- TiO; is a pure anatase phase structure. An
optimum condition of 1g of type I-TiO; loading per a liter
of solution gave 98.58% degradation of 7.8 mg/L of
methylene blue can be achieved in 6 hours. The
mechanism  of methylene blue degradation by
photocatalysis is described by the Langmuir-
Hinshelwood model The study of reusable TiO; shows a
similar photocatalytic activity as a fresh Ti0O,. This work
is further investigated for decolorization of wastewater
dves from silk production.

1. Introduction

Nowadays, the problem of pollutants in the air and
aqueous have been steadily increasing, which had been
huge harm to human health [1] and environment [2].
Due to this strong impact. many researchers have been
trying to study and develop a new process for
pollutants removal to remedy the situation. The
photocatalytic process is one way for removal of
poltutants. This process has shown to be a high
potential method for removing the organic or inorganic
pollutants from air or aqueous system [2-5]. This
process can effectively degrade the pollutants in
presence of semiconductor material as a catalyst and
light irradiation [6-8].

TiO, is a semiconductor material which an
interesting to be a photocatalyst for degradation of
several environmental contaminants both organic and
inorganic under UV light irradiation [9]. This TiO, has
demonstrated to give the highest photocatalytic
activity more than the other catalysts material (other
oxide, sulphides, etc.) under comparable conditions for
degradation of the same compound, which TiO; has a
band gap of 3.2eV [4]. The photon energy (h V') from
the light source will active photocatalyst to generate an
electron-hole pair on the photocatalyst surface as
shown in equation (1) [7].

TiO; +hv — TiO> (hyyg +eCB) (1)

These holes (hyg") in the valence band can react with
H,0 or hydroxide ions (OH') adsorbed on the surface
to produce hydroxyl radical (OH®) as explained in
equations (2) - (3). The electron (ecg) in the
conduction band can reduce with O; to produce
superoxide ions (Oy) as in equation (4).

OH{ads) +h{B — OH{ads) ©)
H)O+hyp — OH{ygs) +H™ A3)
O2(ads) + €CB — O(ads) @

Then. superoxide ions can react with HyO to produce
hydrogen peroxide (H,0;). OH and O; as shown in
equation (5). After that, H;O, can produce OH' as in
equation (6). The OH*is extremely reactive to degrade
organic or inorganic molecules. The photocatalytic
reaction cannot occur without the presence of O; or a
suitable electron acceptor due to the electron-hole
recombination processes [7].

203 +2H,0 = H,0; +20H™ + 0, )
H,0, +egg - OH™ +OH' (6)

Recently, some researchers studied the
photocatalytic degradation of methyl orange [6, 10-11]
and methylene blue [6] in aqueous TiO; suspensions
under UV imradiation in order to evaluate the
photocatalytic activity of prepared TiO; powders and
commercial grade. However, these techmiques are
needed to investigate the optimum conditions to apply
in practical operations.

The aim of this work is mainly focused on the
degradation of pollutants in aqueous. It is the study of
the degradation of methylene blue in suspended-TiO;
solution by a photocatalytic oxidation process. The
process variables were the type of TiO,, catalyst
loading. initial concentration of solution, light sources
and recycled TiO,. In addition. the optimum conditions
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were applied to the decolorization of wastewater dyes
from silk production.

2. Materials and Methods

2.1 Materials and characterizations

The methylene blue solution was prepared by
dissolving methylene blue (C;sH;gN;SCI) reagent
grade with ultrapure water (resistivity of 18.2 MOhm
cm'l)A The molecular structure of methylene blue is
displayed in Figure 1.

Titanium dioxide powders were used 2 types, type
I1is a P25-degussa while type II is another commercial
grade. The TiO; powders were characterized the
physical properties by XRD (X-ray diffraction)
(D5005 Bruker), SEM (JSM 6400 Scanning
Microscope) and the specific surface area by using
ASAP 2010 (Micromeritics).

2.2 Experimental procedure

The photocatalytic degradation of methylene blue
was investigated by using 2 types of TiO,, the
variation of the catalyst loading 0.5 to 2.0 g of TiO,
per liter of methylene blue solution and the inmitial
concentration of methylene blue from 1.6 to 9.8 mg/L,
under 30°C and pH = 6.4-6.7. The suspension-TiO,
solution was stirred in a batch reactor to photocatalytic
activity under the dark condition, normal condition and
UV condition as shown in Figure 2. This rig was set up
by using a glass reactor put on the magnetic stirrer
(IKA C-MAG HS 7 IKAMAG, Germany) with
magnetic bar and UV lamp (TOKIVA G16T5) was
located at the top of the reactor, which was placed in a
black box to prevent any external light source. The
reaction time was varied in the period of 0.5-22 hours.
After the reaction time was stopped, the sample was
then centrifuged to separate the degraded solution and
TiO;. The degraded solution was analyzed the
remaining methylene blue using a UV-visible
spectrophotometer (HP/Agilent 8453, Germany), with

an absorbance at a wavelength A, = 663 nm. The

extent of methylene blue photocatalytic degradation is
evaluated as:

Cc,-C

%Degradation = —>——* %100 ™
Co

where C is the initial methylene blue concentration

and C; is the concentration after a certain UV

irradiation time.

N‘-
HjCHNQSQﬁ/CHS Clr =—=
| |
CH

3 CH;
Figure 1. Structural formula of methylene blue.

Magnetic stirrer
+ +
Magnetic bar

=

o 0O

Figure 2. The experimental setup for methylene blue
degradation by photocatalysis.

3. Results and Discussion

3.1 Physical property of photocatalysts.

The powders of TiO, were firstly characterized for
physical properties ie. XRD, SEM, specific surface
area. The XRD patterns are shown in Figure 3, the
standard of XRD pattern of TiO;’s phases are also
incorporated in these figures. It is seen that type I is
the composite of anatase and rutile phase (Figure 3
(A)) and type II is purely anatase phase (Figure 3 (B)).
Furthermore, the XRD information can also be used to
calculate the percentage of TiO;’s phase by equation
(8) [12].

100
% of anatase phase = ———— @®)
14(1,/0.791,)

where Iy and Jp are the strongest intensities of anatase
phase and rutile phase respectively.

The average crystallite size of the anatase phase
was calculated from the Scherrer equation [5].
_ KA

Pcosd
where 1 is the grain size, X is a constant (0.9), A is the
wavelength of X-ray (Cu K& ), £ is the half-peak
width (FWHM), and & is the diffraction angle in
degree.

The calculated data of crystal composition and
grain size are listed in Table 1. The results clearly
show again that the phase of type I being a
composition while the type II being only anatase. In
this table, the grain size shows a significant different
between the two types of TiO,, type I is smaller than
the type II approximately four times. This result is
supported by the SEM images as exhibit in Figure 4,
that the grain of type I is finer than type II. The grains
are almost shown in spherical morphology.

N\
HSCHN»@S;@\N ~CH, | CI-
i + |
CH CH

3 3

t

®
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Specific surface area of TiO, powders was
characterized by N, adsorption at 77K and using the
BET equation to calculate the specific surface area as

| @

M JWMWMW

Standard Analase

1

Standard Rnﬁ]e' -
.| ®B)
N A
’ Standard: Anatase

Figure 3. X-ray diffraction patterns of TiO; powders

(A) TiO; type I and (B) TiO; type II.
Table 1: The percentage of crystal and grain size of the
anatase phase of TiO, powders
Tvpe of Anatase
T %anatase %rutile  Grain size
TlOz (nm)
Typel 85 15 38
Type II 100 0 155

Figure 4. SEM micrographs of TiO, powders (A) TiO,
type I and (B) TiO, type I

listed in Table 2. It is seen that the surface area of type
I is higher than that in type II. This behavior is a result
from the smaller grain size of type L

Table 2: The specific surface area of TiO, powders

Type of TiO, BET surface area (m’lg)
Type I 51.18+0.4
Type Il 10.69+0.5

The photocatalytic activity of Type I & Type I

In order to select the type of TiO, for testing in all
experimental series, the preliminary study of
photocatalytic activity of each TiO; was performed.
This testing result is found as in Figure 5. type I-TiO,
can degrade the initial concentration of methylene blue
of 78 mg/L to be a colorless solution with a
performance of 98.58% within 6 hours, while type II-
TiO, can achieve 96.53% which is a bit smaller than
that by type 1. This behavior is resulted from the
smaller grain and higher surface area of type I TiO;.
These properties allow type I TiO; can adsorb and
degrade the methylene blue more than that on type IL
It is supported by literature [2], they found that the
P25-degussa or type I TiO, was identified to be the
best catalyst for heterogeneous photocatalysis.

100 ———0
-~ 80
=
R
w0
>
—O— Typell
0 T T T T T

0 200 400 600 800 1000 1200
Time (min)

Figure 5 Photocatalytic degradation of methylene blue
in UV condition using different type of Ti0,.

3.2 Adsorption capacity of photocatalyst under dark
condition

In general, many reports suggest that the
mechanism of photocatalysis is a combination of two
main phenomena [2,5]. The tested molecules firstly
adsorb on the surface of TiO,, then the photocatalysis
consecutively occurs. The experimental series of this
section is to investigate the behavior of adsorption
only. The Langmuir equation is normally used to
describe the system of adsorption on catalyst surface.
The expression for Langmuir equation is shown as in
equation (10),
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9. __bC

=—€ 10
qm 1+bC, (1
It is rearranged to be a linear form as,
C 1 C
_e=_+_e (11)
de bQm qm

where q. is the quantity of adsorbed pollutant per
amount of catalyst at equilibrmum (mg/g). q, is the
maximum adsorption capacity of adsorbate per amount
of adsorbent (mg/g). C, is the concentration of solution
in the bulk phase at equilibrium (mg/L) and b is the
adsorption constant (L/mg).

The adsorption isotherm at 30°C was performed
under dark condition. Figure 6 shows the resulting
adsorption isotherm and also the fitting data obtained
from Langmuir equation. It is clearly seen that the
adsorption equilibrium of methylene blue on TiO; is
well described by Langmuir model. From this result
implies that the molecule of methylene blue formed a
mono-layer adsorbed phase on the surface of T10,. this
is in accord with the assumption of Langmuir model.
The fitted parameters of model are listed in Table 3.
The maximum capacity of adsorption equals 2.28 mg
of methylene blue per a gram of TiO,.

Table 3: Langmuir parameters of methylene blue
adsorption on TiO, type I (1g of TiOy: 1L of MB
solution)

Langmuir parameters Value
qz (mg/g) 228
b (L/mg) 6.18
R’ 0.9988
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=
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.
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g
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Figure 6. Adsorption isotherm of methylene blue on
TiO; type I (1g of TiO;: 1L of MB solution).

From the isotherm data, the information on percent
decolorization with respect to the initial concentration
can be extracted, as seen in Figure 7. It is found that
the percent of decolorization decraeses as an
increasing in an initial concentration. This is due to the
amount of TiO, is fixed as a constant for all runs.
Thus. the concentration of adsorbed on catalyst surface
is limited at a specific value. But the higher
concentration the higher amount of methylene blue
molecule, so the remaining bulk concentration is
higher resulting a lower decolorization.

100

o]

80 — \

60 — ®

40 — ®

Decolorization (%)

0 T T T T T
0 2 4 6 8 10 12

Initial concentration (Cq)
Figure 7. The decolorization of methylene blue at
equilibrium versus initial concentration of methylene
blue solution (Cp) for TiO; type I (1g of TiO;: 1L of
MB solution).

3.3 Photocatalytic activity for methylene blue
degradation

3.3.1 Effect of catalyst loading

Effect of the catalyst loading was performed with
a variation of 0.5 to 2.0 g/L under UV condition. The
results are shown in Figure 8, it seems that all results
are quite similar behaviour. The percent degradation
sharply increased within the time till 6 hrs, then
slightly increased and slightly increased to reach an
equilibrium at a final of 17 hrs. The results can be
clearly seen in a picture of the rate of degradation for
different loading as displayed in a Figure 9. It is found
that the loading of 1.0 g/L give a fastest of degradation
rate. The trend for the rate of degradation shows an
increasing for an increasing in the catalyst loading
from 0.5 to 1.0 g/L. The higher loading of 1.5 and 2.0
g/L give a decreasing in the rate of degradation. Thus,
the optimum of catalyst loading is selected at a value
of 1.0 g'L.
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Figure 8. Photocatalytic degradation of methylene
blue in UV condition for different ratio of TiO,
amount per volume of MB solution.
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Figure 9. The rate of degradation with different
catalyst loading.

3.3.2 Effect of initial concentration of methylene blue

As pollutant concentration is an important
parameter to be studied. the effect of initial
concentration of methylene blue on the reaction rate of
photodegradation was investigated by variation the
methylene blue concentrations from 1.6 mg/L to 9.6
mg/L with a fixed condition of catalysts loading of 1.0
g/L TiO, under UV light. The results of degradation
are shown in Figure 10.

The influence of the initial concentration of the
solute on the degradation rate of the organic
compounds can be described by a pseudo first order
kinetics in terms of Langmuir-Hinshelwood equation
[13]. Firstly. the original equation of photocatalytic
reaction can be written by the 2** order as equation
(12), because the reaction is composed of two main
reactants.

r=k,C,Cy 12

—o— 16mgL
—0— 47mgL
20 —A— 7.8mg/L
—O— 9.6mg/L

Degradation (%)
8
1

0 200 400 600 800 1000 1200 1400

Time (min)

Figure 10. The degradation with respect to time at
different initial condition.

where 1 is the rate of reaction (mg/L-min). k; is the
rate constant (L/mg-min), Cy and Cg are the
concentration of reactants A and B (mg/L).

But the concentration of B is kept to constant since
B is defined as a catalyst. Thus, the rate constant, k.
can be defined as a new term of,

k=k,Cg (13)
where k s the rate constant (min™)

Finally, the equation (12) of a pseudo 2™ order can
be reduced toa pseudo 1% order, as shown in equation
(14).

r=kC (14)

where C is the concentration of pollutant at the surface
of catalyst at any time (t).

Therefore, The concentration of C can be obtained
from the C,; in Langmuir equation as shown in
equation (15).

C_“B:i (15)
C 1+K;C

where C,4 is the concentration of pullutant at the
surface of photocatalyst (mg/L). Cpyy is the maximum
concentration of pollutant at the surface of
photocatalyst (mg/L), K; is the adsorption constant
(L/mg) and C is the concentration of pollutant in bulk
phase at any time.

The combination equations (14) and (15) by
substituting C,4 in equation (15) to C in equation (14).
The final equation called Langmuir-Hinshelwood
equation is shown as following,

i dC 44 SR kK;C

T = —
1+KLC

ads (16)
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where k; is the rate constant = kCpy (mg/L-min)

In order to determine the rate of photocatalysis
reaction, it is acceptable to consider just an initial part
of reaction by neglecting the change resulted from all
intermediate effects [2]. Thus, the photocatalytic
degradation rate can be expressed as a function of the
initial concentration according to:

c _Il._dczds | _kKC
U & |, 14K.C,

an

where 1y 1s the initial rate of photocatalytic degradation
of methylene blue and C; is the initial concentration.

The initial rate with different of the imitial
concentration of methylene blue are listed in Table 4.
It is observed that the initial rate increases with an
increasing in initial concentration in the range from 1.6
to 7.8 mg/L. beyond which it reaches a constant at
higher initial concentration. An equation (17) can be
simplified to be a linear form of the reciprocal initial
rate as a function of the reciprocal initial concentration
as illustread in equation (18). Regarding to this
equation, the kinetic parameters k; and K; can be
determined by a linear regression. The obtained
parameters are listed in Table 5 and the fitting data are
shown in Figure 11. These results give a conclusion
that the Langmuir-Hinshelwood can explain well the
kinetics of methylene blue degradation by
photocatalysis using TiO,.

I S . (18)

Table 4: The initial reaction rate of methylene blue
degradation with the variation of initial concentration

Co (mg/L) ro (mg/L-min)
1.6 0.031
47 0.045
7.8 0.058
9.6 0.058

Table 5: Langmuir-Hinshelwood parameters at the
initial stage of the reaction

L-H Value
parameters
k, (mg/L-min) 0.079
K; (L/mg) 0.872
R? 0.9574

0.08
//O’—'-
0.06 e
o
S 0041
0.02 ®  Fxperimental data
—— L-H equation
0.00

Figure 11. Plot of r; vs. C; for methylene blue
degradation and fitting data obtained from Langmuir-
Hinshelwood equation.

3.3.3 Effect of light source

The light is one of the crucial component in a
process of photocatalysis. The light should has the
photon energy higher than energy band gap of
photocatalyst. In according to this work, TiO; is
selected as a photocatalyst which has the energy band
gap of 3.2¢V. It is well known that the suitable light to
activate TiO; is ultraviolet (UV). In general, the UV
can be generated directly from the UV lamp. and also
1s a trace composition in visible light. Therefore, the
objective of this part is to investigate the effect of light
source on the photocatalytic activity. The light sources
are from UV lamp called UV condition, from the room
condition with the fluorescence called normal
condition and under the dark with a box cover called
dark condition. The results of light source with a
variation in initial concentration of methylene blue at a
fixed catalyst loading of 1.0g/L. are displayed in
Figure 12 (A) - 12 (D). In overview. the UV condition
gave the highest efficiency on %degradation, in which
the maximum of 98% for all initial concentration. The
intermediate one is the normal condition which it's
maximum efficiency is 95% for a lowest initial
concentration and decreases from 65% to 49% for
higher initial concentration. The dark condition give
the lowest efficiency is 92% for a lowest initial
concentration and decreases from 57% to 35% for
higher concentration. These obtained results provide a
clearly conclusion that the light intensity is affected to
the photocatalytic activity as higher light intensity
higher percent of degradation. Therefore, the task of
system design should put a major priority on the
proper light intensity. There is one more point to
discuss in this part which corresponded to the lowest
initial concentration. It is seen that all conditions gave
the similar % degradation. This behavior can be
described as the very low amount of methylene blue
that's why the %degradations of normal and dark
condition are close to the UV condition. When the
initial concentration is higher the amount of methylene
blue higher resulting the step down in decreasing in
activity for normal and dark condition.
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3.3.4 Effect of reusable

In general. the catalyst is stable and can be reused
till its structure is damaged. The aim of this part is to
investigate the photocatalytic activity of recycled TiO,.
After the tested batch is completed at a specific time,
the separated TiO, was washed with water and then
heated at 100°'C to remove remaining water. The
recycled TiO; was used to degrade the fresh methylene
blue solution at a fixed condition of initial
concentration of 7.8 mg/L, catalyst loading of 1g/L
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)
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with a time of 6 hours under UV condition, for all
tested runs. Photocatalytic activity using the recycled
Ti0; was measured for 3 cycles as seen in Figure 13. It
is found that the %degradations are quite close to the
fresh TiO; as the % degradation of the fresh catalyst
equals 98.58% and decrease to be 96.61%. 89.37% and
86.71% for a subsequent runs of recycle 3 cycles,

respectively.
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Figure 12. The photodegradation of methylene blue. (A) 1.6 mg/L, (B) 4.7 mg/L, (C) 7.8 mg/L and (D) 9.6 mg/L.
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Figure 13. Recyclability of TiO, of photocatalytic
activities.

3.4 Photocatalytic activity for decolorization of
wastewater dyes from silk production.

The feasibility on decolorization of wastewater dye
from silk production by photocatalysis using TiO; as a
photocatalyst was also studied in this work. The results
of percent decolorization with respect to reaction time
is exhibited in Figure 14. It is interesting that the
maximum percent decolorization is 99.7% within a
time of 15 minutes. However, this obtained result is a
preliminary test. the study has to be further
investigated in systematic approach of experimental
series.
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Figure 14. The decolorization of wastewater dyes from
silk production.

4. Conclusions

The results presented in this paper show that the
degradation of methylene blue in suspended-TiO;
solution by photocatalysis can be achieved the highest
performance by using the commercial P25-degussa
TiO, called type I under ultra violet light. The pre-
photocatalytic process obtained from the testes under
dark condition is described by the adsorption isotherm
model of Langmuir. The optimum of catalyst loading
for photocatalysis under UV is found to be 1 g/L
which give 98.58% degradation of 7.8 mg/L within a
time period of 6 hours. Kinetics of photocatalysis for
methylene blue degradation in suspended-TiO,
solution is explained by the equation of Langmuir-
Hinshelwood. The recycled of TiO; shows a similar
efficiency as a fresh catalyst In addition, the
feasibility of study on the decolorization of wastewater
dye from silk production by photocatalysis using Ti0,
as a photocatalyst is achieved. However, the
systematic study has to be further investigated for this

part.
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PROGRAM PHOTOCATALYTIC RK

IMPLICIT NONE

INTEGER I, J, N, M, K, L, P, IMOVE

INTEGER TIMES, Q

INTEGER IcheckT, IcheckP, IcheckTX, IcheckTP, IcheckPP, IcheckTPP
INTEGER NUMBEROFPOLLINITIAL, NUMBEROFPOLL, NUMBEROFTIO2, NUMBEROFMOVE

REAL*8 PI, AVOGADRONUMBER, TRI IConstant

REAL*8 RDTI, RDMB IRadius

REAL*8 VS, VT, VTI, VMB 1Volume

REAL*8 BOXX, BOXY, BOXZ IBOXLENTH of system

REAL*8 XTIQ(500), YTIO(500), ZTIA(500) IInitial position of Ti02, TI=Ti02
REAL*8 X0(25000), Y0(25000), Z0(25000) IInitial position of pollutants
REAL*8 X(1000,25000), Y(1000,25000), Z(1000,25000) !position after move
REAL*8 RX,RY,RZ lused to check overlap between Poll and Poll initial
REAL*8 RTX,RTY,RTZ lused to check overlap between TiO2 and Ti02 initial

REAL*8 RTXX,RTYY,RTZZ lused to check overlap between Ti02 and Poll initial

REAL*8 RTPX,RTPY,RTPZ lused to check overlap between Ti02 and Poll MOVE
REAL*8 RPPX,RPPY,RPPZ lused to check overlap between Poll and Poll MOVE

Real*8 Distance, DistanceT, DistanceTX, D, DistanceM
Real*8 DistanceTP, DistancePP

REAL*8 RAND IRandom number value is 0-1

REAL*8 ranxt, ranyt, ranzt Irandom for TiO2

REAL*8 ranx, rany, ranz I'random for initial pollutants
REAL*8 ranpx, ranpy, ranpz I'random for pollutants move

REAL*8 rxmove, rymove, rzmove I'random number for distance of move

REAL*8 DEGRADATION

s
! CONSTANT
s

RDTI =125.0D0 ! Radius of Ti02 in Angstom
RDMB =2.5D@ ! Radius of MB in Angstom

PI=4.0DO*ATAN(1.0D0)
AVOGADRONUMBER=6.023D23
TRI=1.0D0/3.0D0
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open(1l,file="SBOX.txt")
open(2,file="MOVE.txt")
open(3,file="TIO2.txt")
open(4,file="check condition.txt")
open(5,file="Result.txt")

write(*,*) 'INPUT the number of TiO2 in particles'
read(*,*) NUMBEROFTIO2
Write(*,*) 'The number of Ti02 is', NUMBEROFTIO2, 'Particles'’

Write(*,*) "INPUT the initial number of POLLUTANTS in molecules'
Read(*,*) NUMBEROFPOLLINITIAL
Write(*,*) 'The initial number of POLLUTANTS=',NUMBEROFPOLLINITIAL, 'molecules’

VTI=(4.0D0/3.0D0)*PI*(RDTI**3.8D8) | 1 particle of TiO2
VMB=(4.0D@/3.0D0@)*PI*(RDMB**3.0D8) ! 1 molecule of MB

VS=NUMBEROFTIO2*(VTI)+NUMBEROFPOLLINITIAL*(VMB)

Write(*,*) 'The rigid volume of BOX (Vs)=',VS, 'Cubic angstom’

write(*,*)"INPUT The number of TIMEs of rigid volume of BOX (TIMEs x VS)'
Read(*,*) TIMES
Write(*,*) 'The number of TIMEs of rigid volume of BOX (TIMEs x VS) is', TIMES

BOXX=VT** (TRI)
BOXY=VT**(TRI)
BOXZ=VT**(TRI)

Write (*,*) 'BOXX=',BOXX, 'Angstom'
Write (*,*) 'BOXY=',BOXY, 'Angstom’
Write (*,*) 'BOXZ=',BOXZ, 'Angstom'
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Write(*,*) 'The NUMBER of MOVE is',NUMBEROFMOVE
write(*,*)'ENTER THE NUMBER OF MOVE'
Read(*,*) NUMBEROFMOVE

Write(*,*) 'INPUT The divided number (Q) for the distance of MOVE (BOXLENTH/Q)'
Write(*,*) 'Please enter number of Q='

Read(*,*) Q

Write(*,*) 'The NUMBER of Q =',Q

Write(*,*) 'Are you Ready?'
read(*,*)
Write(*,*) 'LET’s GO !!!"

IcheckT=0

DO N=1,NUMBEROFTIO2
11 CALL RANDOM_SEED()
CALL RANDOM_NUMBER (ranxt)
CALL RANDOM_NUMBER(ranyt)
CALL RANDOM_NUMBER (ranzt)

XTIO(N)=(ranxt)*(BOXX) I Position of Ti02 particle in X direction
IF(XTIO(N).gt.(BOXX-125.0D0))then
XTIO(N)=(BOXX-125.0D0) - ((ranxt)*(BOXX) - (BOXX-125.0D0))
ELSE IF (XTIO(N).1t.125.8D@) then
XTIO(N)=(125- (ranxt)*(BOXX))+125.0D0
End if

YTIO(N)=(ranyt)*(BOXY) ! Position of TiO2 particle in Y direction
IF(YTIO(N).gt.(BOXY-125.0D0))then
YTIO(N)=(BOXY-125.08D0)- ( (ranyt)*(BOXY) - (BOXY-125.0D0))
ELSE IF (YTIO(N).1t.125) then
YTIO(N)=(125.0D0- (ranyt)*(BOXY))+125.0D0
End if

ZTIO(N)=(ranzt)*(BOXZ) | Position of Ti02 particle in Z direction
IF(ZTIO(N).gt.(BOXZ-125.0D0))then
ZTIO(N)=(BOXZ-125.0D0)- ((ranzt)*(BOXZ)-(BOXZ-125.0D0))
ELSE IF (ZTIO(N).1t.125.8D@) then
ZTIB(N)=(125.0D0- (ranzt)*(BOXZ))+125.0D0
End if
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!'+++++ Check overlap of initial position of TiO02 ++++++++++++++++++!
IF (N.gt.1) THEN

Do M=2, N
RTX=abs (XTIO(N)-XTIO(M-1))
RTY=abs(YTIO(N)-YTIO(M-1))
RTZ=abs(ZTIO(N)-ZTIO(M-1))

DistanceT= sqrt(RTX*RTX+RTY*RTY+RTZ*RTZ)
If (DistanceT.1t.250.0D0) THEN 1125+125 Angstom
IcheckT=IcheckT+1

I====1loop check number of overlap================|
IF(MOD(IcheckT,100).EQ.Q) then
write (*,*) IcheckT,N, 'Check TiO02'
END IF

End if
END DO
END IF
L e o SO |

WRITE(3,*) XTIG(N),YTIO(N),ZTIO(N) ! Save in File Ti02

END DO

IcheckTX=0
IcheckP=0

NUMBEROFPOLL=NUMBEROFPOLLINITIAL
DO I=1, NUMBEROFPOLL

10 CALL RANDOM_NUMBER (ranx)
CALL RANDOM_NUMBER (rany)
CALL RANDOM_NUMBER(ranz)

X0 (I)=ranx*BOXX I Position of Pollutant in X direction
IF(XO(I).gt.(BOXX-2.5D8))then
X0(I)=(BOXX-2.5D8)-((ranx)*(BOXX)-(BOXX-2.5D@))
ELSE IF (X0(I).1t.2.5) then
X0(I)=(2.5D0-(ranx)*(BOXX))+2.5D0
End if

YO (I)=rany*BOXY ! Position of Pollutant in Y direction
IF(YO(I).gt.(BOXY-2.5D8))then
YO(I)=(BOXY-2.5D@)-((rany)*(BOXY)-(BOXY-2.5D@))
ELSE IF (YO(I).1t.2.5D@) then
YO(I)=(2.5D0- (rany)*(BOXY))+2.5D0
End if
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Z0(I)=ranz*BOXZ ! Position of Pollutant in Z direction
IF(Z0(I).gt.(BOXZ-2.5D0))then
Z0(I)=(BOXZ-2.5D@)-((ranz)*(BOXZ) - (BOXZ-2.5D0))
ELSE IF (X0(I).lt.2.5D@) then

Z0(I)=(2.5D8- (ranz)*(BOXZ))+2.5D0
End if

I'+++++ Check overlap of initial position between TiO2 and Pollutants +++++!

DO K=1, NUMBEROFTIO2
RTXX=abs (X0(I)-XTIO(K))
RTYY=abs(Y@(I)-YTIO(K))
RTZZ=abs(Z0(I)-ZTIO(K))

DistanceTX= sqrt(RTXX*RTXX+RTYY*RTYY+RTZZ*RTZZ)
If (DistanceTX.1t.127.5DQ) THEN 1125+2.5 Angstom
IcheckTX=IcheckTX+1

l==== 1oop check number of overlap ======================
IF (MOD(IcheckTX,1000).EQ.0) then

write (*,*) IcheckTX, I, 'Check Poll vs TiO2 initial’
END IF

goto 10

End if
END DO

I'+++++ Check overlap of initial position of pollutants +++++++++++++++++++!

IF (I.gt.1) THEN
Do M=2, I

RX=abs (X0(I)-Xe(M-1))
RY=abs (YO(I)-Y®(M-1))
RZ=abs(Z0(I)-z0(M-1))

Distance= sqrt(RX*RX+RY*RY+RZ*RZ)

If (Distance.lt.5.0D@) THEN 12.5+2.5 Angstom
IcheckP=IcheckP+1

|==== loop check number of overlap ======================|
IF(MOD(IcheckP,1000).EQ.0) then
write (*,*) IcheckTP, I, 'Check Poll vs Poll initial’

End if
END DO
END IF

L |

WRITE(1,*) X@(I),Y8(I),z0(I) !File SBOX
END DO
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WRITE(4,*) '============================="

WRITE(4,*) 'IcheckT  IcheckTX  IcheckP'

WRITE(4,*) '============================="

WRITE(4,*) IcheckT, IcheckTX, IcheckP I Save in file check condition
WRITE(4,*) '============================="

IcheckTP=0
IcheckPP=0
IcheckTPP=0

Do IMOVE=1, NUMBEROFMOVE
REMOVEPOLL=0

DO L=1, NUMBEROFPOLL

l4+++++ Loop for delete the degraded molecule ++++++!
IF(Xe(L).eq.-100000) THEN

X (IMOVE,L)=-100000
Y (IMOVE,L)=-100000
Z(IMOVE,L)=-100000

END IF
s

IF (X@(L).gt.-100000)THEN

100 CALL RANDOM_NUMBER(ranpx)
CALL RANDOM_NUMBER(ranpy)
CALL RANDOM_NUMBER(ranpz)

rxmove=(ranpx-0.5D0)*BOXX/Q
rymove=(ranpy-0.5D0)*BOXY/Q
rzmove=(ranpz-0.5D0)*BOXZ/Q

DistanceM=sqgrt(rxmove*rxmove+rymove*rymove+rzmove*rzmove)

X(IMOVE,L)=X0(L)+ rxmove
Y(IMOVE,L)=YO(L)+ rymove
Z(IMOVE,L)=Z0(L)+ rzmove

IF (X(IMOVE,L).gt.(BOXX-2.5D@)) THEN ! X axis
X(IMOVE,L)=(BOXX-2.5D0)-(X0(L)+ rxmove-(BOXX-2.5D0))

ELSE IF (X(IMOVE,L).1t.2.5D@) THEN
X(IMOVE,L)=(2.5D@-(X0(L)+ rxmove))+2.5D0

END IF

IF (Y(IMOVE,L).gt.(BOXY-2.5D@)) THEN ! Y axis
Y(IMOVE,L)=(BOXY-2.5D0)-(YO(L)+ rymove-(BOXY-2.5D@))

ELSE IF (Y(IMOVE,L).1t.2.5D@Q) THEN
Y(IMOVE,L)=(2.5D0-(YO(L)+ rymove))+2.5D0

END IF
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IF (Z(IMOVE,L).gt.(BOXZ-2.5D0)) THEN ! Z axis
Z(IMOVE,L)=(BOXZ-2.5D0)-(Z0(L)+ rzmove-(BOXZ-2.5D0))
ELSE IF (Z(IMOVE,L).1t.2.5D@) THEN
Z(IMOVE,L)=(2.5D@-(Z0(L)+ rzmove))+2.5D0
END IF
l==== loop check number of pollutant move================|
IF (MOD(L,100).EQ.8) then
Write(*,*) IMOVE, L , 'IMOVE , L'

I+++++ Check overlap of between pollutant and pollutants +++++++++++++!
IF (L.gt.1) THEN

Do I=2, L
RPPX=abs (X(IMOVE, L) -X(IMOVE,I-1))
RPPY=abs (Y (IMOVE, L)-Y(IMOVE,I-1))
RPPZ=abs (Z(IMOVE, L)-Z(IMOVE,I-1))

DistancePP= sqrt(RPPX*RPPX+RPPY*RPPY+RPPZ*RPPZ)

IF (DistancePP.1t.5.8D@) THEN 12.5+2.5 Angstom
IcheckPP=IcheckPP+1

I==== loop check number of overlap ============|
IF (MOD(IcheckPP,1000).EQ.Q) THEN
Write (*,*) DistancePP, IcheckPP, I, L, 'HEY'
END IF

goto 100

END IF
END DO
END IF

I+++++ Check overlap between TiO02 and Pollutants +++++++++++++++++++++!

DO K=1, NUMBEROFTIO2
RTPX=abs (X(IMOVE,L)-XTIO(K))
RTPY=abs (Y(IMOVE,L)-YTIO(K))
RTPZ=abs (Z(IMOVE,L)-ZTIO(K))

DistanceTP= sqrt(RTPX*RTPX+RTPY*RTPY+RTPZ*RTPZ)
I==== loop for Photocatalytic activity ==============|
If (DistanceTP.1t.127.5D@) THEN
IcheckTP=IcheckTP+1
X(IMOVE, L)=-100000

Y(IMOVE, L)=-100000
Z(IMOVE, L)=-100000
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ICalculate % Degradation
DEGRADATION=(IcheckTP)*100/NUMBEROFPOLLINITIAL
End do
END if ! End of loop IF for check x=-100000
END DO! End of loop number of pollutants
WRITE(5,*) IMOVE, DEGRADATION ! Save in File Result
Do P=1, NUMBEROFPOLL
X0 (P)=X(IMOVE,P)
Yo (P)=Y(IMOVE,P)
Z0(P)=Z(IMOVE,P)
End do

END DO ! End of loop of move

Do IMOVE=1, NUMBEROFMOVE
IF (MOD(IMOVE,10).eq.8) THEN

write (2,*) 'MOVE', IMOVE
DO I=1,NUMBEROFPOLLINITIAL

WRITE(2,*) X(IMOVE,I),Y(IMOVE,I),Z(IMOVE,I) ! Save in File MOVE

WRITE(4,*) '=============——o=-ooooooooooo!

WRITE(4,*) 'NUMBER OF TIO2 , NUMBER OF POLLINITIAL , TIMES'

WRITE(4,*) NUMBEROFTIO2,NUMBEROFPOLLINITIAL,TIMES !Save in File check condition
WRITE(4,*) '===============—===oooooooooc!




NANHIN N

U A v

)

Yoy A NNIANNINVNUIVE

Y



176

= a3y a A A 9
1. 31908YAVITUINATAN HID ANV
a A
ANHUSH; U
' Y
?Jﬁlf); 1170 (Beauty)
v H '
UIENNMEN; UR. Chemical CO., LTD (THAILAND) W10¢ 81 W3 11 5085UaANT 4
o d =
DUUNNITNE UNNA ﬁi{l/li‘ﬂﬁﬂ'li

a9 a a =)

1 I K a 1 o 1T A
grhwmanaan 199; Wudezasan MmuizAvaunedgaiuyumelusinis au
~ S A A 9 ' v oA
Fauavseaaneuaiang q laitlueded
= da’ a % da} =) % %) 1T a 1 %
MRS INNURIIER; WURTagAIszaze1als e n Tuilu asuay Ajuninisda
Y 1 a o A A v a 9 ' =
pon IHHuANDY AIIAQNITIUNINAITIARNIAIINTZAIENTIONOUILAIT
v 1] ] ' . '
msldmihmatadn 499; aunsaldlanuulsamagnnas inseanu e 1ins 4@

2 a ¥ 4 ) Y Y o ! o )
ALANVUATIAVTNTZ01S UM 25% e 1 ade19a9 uazaulinnud neuii 1l g

ke

a o =

;4 v
msdnaguitud; dszaum 300 as.ia Ao 1 glod.unanon UUNUAIIAAGOU 1Az
¥
Uszunm 100-150 A5.9{n Ao 1 glod.unaaY UUNURAIVFY5Y
Y o v W Y va & Y o
Msuraad; duraldniely 20-30 1A arsseliaruusAuRlsEIY 2-4 FTua

1 g).l 1
Aouazasvuae i

Y
2. ﬂ131/]ﬂﬁf]‘]J‘D"LlQTHﬁ}?ﬂﬁﬂTW@TﬂTﬁHUULﬁQ
o & ) v A o I W D] o & A
ﬂ?ilﬂﬂfﬂ\‘]”lu"lﬂ‘ﬂﬂﬁﬂﬂﬂ‘Uﬁﬂ”I'JgLL'Jﬂﬁi’)iJ‘l]ix‘lﬁ]']Lﬂu@ﬂﬂGHﬁgEJZL'JﬁTL!']u ANUUINDAA
Yy r v
i%ﬂ%!ﬂfﬂiuﬂ1§ﬂﬂﬁ@‘ﬂ?ﬂll”Iif]‘thIﬂNTL!ll‘IJﬂﬂﬁ@ﬂﬁ?ﬂlﬂ%@Qﬂﬂﬁ@ﬂ%uQTHﬁ}'}UﬁﬂTW@TﬂTﬁ
HUVIY (Accelerated weathering tester or weathering test chamber) qaud mclugﬂﬁ 12 1A304
Y 4
‘VIﬂﬁi’)‘]Jﬁfﬂlﬂiﬂiﬁﬁ’ﬂ\?ﬁﬂ?ﬁ%%”lﬂllﬁ\ﬂlﬂﬂ PJ‘L! LLﬁZﬂ'JNJ%‘L! IﬂﬂﬁTNTﬁﬂﬁﬂi$ﬂ$L'§ﬁ1ﬂ1§
I A A A A A A o A o o ) [ 2
nagaUNIIzIAY WA UK 1) L‘Hﬁ@LWﬂQ"hJﬂ'Juﬁﬁﬂﬁﬂﬂ'lﬁ WMNIETINITUNATD VYUY
4 ad (4 , N o
LW@ﬁﬂH”INﬁﬂﬁg‘Vl‘]JaU@\‘]?f‘ﬂlﬂﬁfJu"lﬂ ﬂ”lillllﬂ\WI‘Ll NITUANTIN NITWON LATNITFULTINITUN

v
o A ] 1 I
waQmﬂ%mmagiuﬁmwmmﬁmq i Fludu (QUA Accelerated weathering tester, Online)



177

Room Alr Cooling
\' \
UV Lamps
Nozzie
slg\'.‘.-'.y\un only) Tost Specimen
Test Specimen s Up 0
Oxygenation Vent
| Water Heater

v 1] Y
g‘ﬂ‘ﬁ In Lﬂ%ﬁ]\1‘1/]@?('0“”“]51!\111!@?’)8?(5111/‘]81ﬂ1ﬁllﬂﬂl5\1

= o
3. MISWINUN (Sintering)
= g A9 9 a = o o 1 ' Y
miu,mwamﬂuﬂizmumwmﬂ%qmwguqa UUNUINAIAYDYNUINABDINUATU
a A a 1 v 2 9 Y aa o & A Yy
LFITUN Luﬁ]\ﬁﬂﬂt“lﬁ111ﬂﬁ’)uslﬂilluuuulﬂuﬁﬂﬂﬂ1iLW1ﬂﬂﬂquQMﬂQQiuizﬂ’]J‘HLN LW@GI,‘HII
Tasaa? Nﬂqamﬂuazﬁuﬂ’aﬁmmmé’fﬁmmi (Sintering, Online; Powder metallurgy process, Online)
a = g‘/ =1 vy [ 9 1
‘Wi]@]ﬂiillﬂﬁlN'lWLlﬂuuiJ@gﬂ’Jﬂﬂu‘ﬂﬁ18:.]“]JLL°LI°LI l’l,@l,!,ﬂ
=2 i~ . . . ] a 9 @ A g
. MW IWUNLUUFDIUSUDILUN (Solid state smterlng) “BQ%%Lﬂﬂ’Jﬂlﬂ\iﬂﬂW\lﬁﬂLﬂu
< v g
VIILLVILASINIUNIUU
2. MW NHAuuDTaveutial (Liquid phase sintering) UAMIANIZUT Y
[ A d I A o 1 v 2 I [ = ] a9
daulsznoumtuveauas Lummmﬁ@mu“lwtyumﬂummgm (mmmmag“lmﬂusaﬂas
20)
= Y A . . . 2 3 ~ Y a
3. MISININUNLUUUNIVIUA (Viscous glass sintering) “Bﬂlﬂuﬂﬂ]lﬂﬂﬂuﬂTﬂwﬂllﬂ’Jlﬂﬂ
[} 4 A =3 ' = . 1 = a . A
NITHUUND ‘Hi’f)ﬁﬂﬂ’)”lﬂ”liulﬁﬁ‘ﬁuﬂ (Viscous  flow) wulun1siae Ui (Glazing 139
Enameling) Tagaginennuveavad (udaivaow) uazgngu
=2 [ A . . . . A I LY
4. MIFNUNLUUNTNITANANYIUA (Viscous composite sintering) Wieo 1 lastlndu
. . . = = 9 [ AA & ' J = =
(Vistrification) "”INi]gLﬂﬂ’J"lIi’Nﬂ‘US%‘]J‘]J‘VIiJ‘iJSlﬂm"U@QLWﬁ’J@Qiﬂﬂﬂ’l”leluﬂimﬂl’ﬂ\‘]ﬂﬁm”lwuﬂ

a < a o A4a X a o 4 14
LUV aveaan uazgﬂumnmmmﬂmmNuﬂmﬂmuiuNammmwaﬂwaimau

9
Av A

< <
GlmmnEanuﬂﬁmmﬁmmuamuzmmum

=< < Y a

AITININUDHUUFADIUSUDILUN ﬁf]ﬂi$‘U’Jufﬂi‘I/]Nﬂ’31ll%jf]uﬁﬁ1ﬁl°ﬂf]uﬂ1ﬂlﬂﬂﬂ1‘i

q

Y o o ] ) A I < a A Y [ 1 ~
AINNUTECNUDYWAUAD TﬂElTﬂNﬁﬁ\mLﬂu"uENLL"UWzmﬂmima’aumﬂnmaﬂymzmﬁ an



178

Y ! v
m@ﬁuﬁluﬁmmzmu (Atomic diffusion) ﬂ']ilﬂﬂWu‘ﬁ&%ﬂuﬁﬂﬂuﬂﬂﬂﬁ']’)ﬁﬂﬁ}‘]fuﬂuﬁﬂﬁ'm

@

< 2 @ o 1 1 o
Llﬂlﬂllﬁﬂqx‘]ﬁullagﬁwaﬂﬂ'luaﬂa\‘] uﬂﬂﬂ’lﬂﬁﬂﬂ@W‘ﬂ‘ﬂgﬂaW'JulﬁjTl ﬂ13lW1WﬁﬂW3ﬂﬂﬁ\1ﬂ13ﬂ1%ﬂﬁ

q

A 1 1 A 9 o (% 4 A A a [ Y
W?HW@Qﬁ%‘Vi?WQ@HﬂWﬂNﬂﬁluﬁﬂulﬁuﬁu Tage1fan1sHanIv0909alsenoUNFOUAANULAD

a a 9 o =\ 9 ] A & 1 ~ A [ A
mamaay Talddrenu Tastimsaiaiuseiudausesznineymanegaanu lii5e o
1 I~ ] v 1 dy . . .
agunsouteeenilu 3 ¥199300 113 (Sintering, Online)
= ' 9 .. . . = 9 [ [ ) v = ¥ &
1. MIHIWUATINAY (Initial sintering) (NPIVDINVMITIAGVIAINU INUDNATIMHIVD
A 2 2 A o P A 2
auMANT UMy TUFUNUIAZTUNTINARUTE NI HI0AD (Neck) YU

a v 1 { o ] o v 2 ] 1
Uil'.lil!i].ﬂﬁllNﬁﬁ%ﬂ?1ﬂﬁ]1§ﬂ1ﬂ‘ﬁlﬂﬂﬁdﬂ ANUPHUUFUNNTUDIF U U9

'
a

2 =< Y A ~ A & ~ <
wnnIunn 0.5 110 0.6 18 daulnaiiiosmnninmsheymandumdinisuin
v o 2 . 4
anuunay aweaslugdn 2a (V)
=2 [ . . . I ] ~ A 43!
2. MSWINHNFIINAN (Intermediate sintering) 1Huy19NvUIAvDIABITY TAVUILAE

2 A ' 5 4 A g9 ya
ﬂ?mmmmw;uiu%mm%u,imﬂmaﬂwﬂmm Lﬁ@ﬁi]'lﬂ@lélfﬂﬂlilllflﬂiﬂsl,ﬂﬁﬁliﬂ

Y
=X o

a v A 9}@9' a % ] % A
AANUNINGIVH T IHTUNUNANTHAR DI 19FALIY Lmﬁmiuuazmmmiu

a 493 9 v A d' d' A 1 dy o Yy a a 49!
AAVUNIDUNVUNITIAADUNUDIT IV AU ‘I/]'IclﬁiJﬂ15m‘]JTGI"lJ’0\°ILﬂ§u°UNLﬂWUu

o—

Y
c%

dﬂl o =) d’ 1 1 d’ d' 1 1 a
duasutivzauiinlilizos q ednaoiiosluvazigesiwvesgnguazinans
wouaeny (Wingwulla) uazazauganganssuiiluiuiiiogwguwnaiing
v Y
nendavgaoean llagaianin (Wangwguala) N1sHAAIVEIBFUNIUILIAATUNIN
A =3 ' dy [ Y 1 %% o 2 a0
Ngalumarnniingenaieil taze1vazin lianuruuiuduinsvesruauiin
ganadszana 0.9 14 dwaaalugal 2a (a)
=< ) | 1 d 3 ' ~ 2 A A o
3. MIWIWHNYIIGANIY (Final state sintering) (HusaangnyuluguauGuiladies
v
uazAoe 9 gnivalirualUnnunuedied q Taserdena lnmsunsvesernina
v v
INIWUOBNIAWLLIVOUNTY HAIvgaosn lvnArvessuaIy ez lding
v o A X a a 3 v A X =< 1
MInUUANNIUINAUHsuanTos vaveun UL TUNSIRTNTI

E4 1
ganell awaasluzli 2a (1)



179

{ o { a <
3U7 20 mswannves IassadganiniinanInmsIRINLUADIUZ YOI
A g =K o ]
(M) @‘Lgmﬂ‘mﬂumﬂﬂﬂuaglmmimn il
(V) msmmﬁﬂﬁﬁaﬂﬁnﬁu
(M) ﬂ']ﬁlW']Wﬁﬂﬁbl'Nﬂﬁ']\‘]

() M3wwiingegane



WBFFIUUIN NADUADY INAlB TUN 26 IADUNTNYIAY WA, 2531 Bl TINTAUATIHTN

o

o =2 v & o = =l o an a v v @ ~
ﬁ1l5ﬂﬂ15ﬁﬂy1§$ﬂ‘U"]full‘ﬁflllﬁﬂyﬁl']ﬂjjqﬁ g nsererlseaniisie o unellnsare I9MIAUATIIVEIN

5. 3 o a o ¥ a A 4 a
Tudlmsfinun 2548 uazduSamsAnszaulSyarainn duindmiaanssumdas a1

=

a =~ a [ =~ = = 1 = [ = ~
Arnssual uameaoma Tulaggsuis Tudlmsanm 2552 Tusennedniszaullsyaas

a

g‘; ara Yy 9 a 4 Y] A o 49! a 4
¥uUln 3 "lmmsaﬂmqﬂtytynmmaﬂuﬂmﬂu NIV lagnszngInemansiay

a v W 4

[ Y o o = o ] a
Wi ugyeinIve danagudma Tulas Tavizuas Tagunama 11u

#
Yo = o Aw 1 A [ g‘/ A v 9 dy
AsunumMsAnyuaziIteaeilodluszausuln 4 luiide “nszilios

Q

o

ma Tulagurana i
Y

8145 Tu 91niul
=

a ) [} o 9 a Q( ) Y a d‘ = 1 [ { dﬂ! d‘ [y
!,"”IﬁTMﬂﬁTﬁiUﬂ'lﬂlﬁ@'lﬂ'lﬁUSQ'Vl‘ﬁ” Vlﬂﬁl,ﬂﬂllﬁﬁﬂﬁclﬂﬂﬂgﬂﬂﬂ1@@1ui$ﬂﬂ°ﬂﬁ\ﬁ1u IWOWRIUN

U

Y ) A2 = Y Y X ' o = a
ﬂ31‘JJ§LLﬁ$ﬂTI”I‘JJﬁ?ﬂﬁﬂﬂl’ﬂ\i@ul@ﬂWNWﬂﬂﬂlu ‘UQhlﬂl“lﬂﬂﬂ‘leﬂﬂﬂcluigﬂﬂﬂiﬂlﬂﬂiﬂ AU

09

a =) v A a 4 a Y = = = =
AAINTIUAY TIUNIFIIAINTTUAITAT ‘JJ?TW’JVIfJ”IﬁEJLVIﬂIuIﬁEJ’Qiu”Ii Tutlmsansi 2553 Tu

v A

T AR ' v A Vo = A g A
sgrannanyneszauliyo InldsunumsdnyuneduinGeunanaoululasins
Ernst Mach Grant for study in Austrian university of applied sciences (Fachhochschule) Uszind

~ I A 2 J a v d 4 y A 1
poda30 1Uua1 5 hou %QLﬂUﬂTilﬂﬂTaﬂﬂﬂu uazﬂizmJmsmmﬂwmiumumumm

daveIdiiuedsd



