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##5370303321: MAJOR ENVIRONMENTAL ENGINEERING

KEYWORDS: PHOTOCATALYSIS PROCESS, TOLUENE, TITANIUM DIOXIDE
PLOY SUJARIDTHAM: EFFICIENCY OF TITANIUM DIOXIDE COATED FILTER
FOR TOLUENE REMOVAL BY PHOTOCATALYSIS PROCESS. ADVISOR:
ASSOC. PROF. WONGPUN LIMPASENI, CO-ADVISOR: SITTHSUNTORN

SUPOTHINA, Ph.D., 109 pp.

The objective of this research was to study efficiency of toluene removal by
photocatalysis process using titanium dioxide coated quartz fiber filter and glass fiber filter. The
experiment was carried out by using fluorescent lamp and blacklight lamp as a light source. The
intensity of fluorescent lamps and blacklight lamps were 0.6, 1.5 and 2.1 pW/crn2 and 52, 124
and 156 uW/cmz, respectively. The amount of titanium dioxide loading on the quartz fiber filter
and glass fiber filter was 10 g/lrn2 and initial concentration of toluene was 1, 5 and 10 ppm. The
toluene removal efficiency was carried out in a 30-L reactor at controlled temperature of 25+2 °C,
relative humidity of 50 -70 %. The size of quartz fiber and glass filter coated titanium dioxide was
0.156 m’. The treatment time was 180 minutes. TiO,-coated quartz fiber and glass fiber when
tested with 10 ppm of toluene showed the best removal efficiency of 42.88 % and 21.74 %,
respectively. In contrast, backlight lamp at all UV intensities can remove toluene to the standard
level according to the residential indoor air quality guidelines which is 0.6 ppm for long term (24
hour). When testing at 187uW/cm2 UV intensity and 10 ppm of toluene with TiO,-coated quartz
fiber and glass fiber for 60 and 45 minutes, respectively showed the best removal efficiency of
95.84 % and 95.42 %, respectively can be obtained from the test. As a result, it can be concluded
that using blacklight lamp can remove more toluene than fluorescent lamp. Due to the backlight
characteristics which have high capacity to generate electron in an excited state, toluene removal
is faster than using light in visible range from fluorescent lamp. These results were in accordance

with the photo catalysis oxidation theory.

Academic Year: 2012 Co-Advisor’ s Signature
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ad A A o 1 [ o 2 o o Y a
UDUBLANANTIDU !Lﬁgﬂ'J”I'JJEJ”I'Jﬂﬁu‘VILﬁﬁJTgﬂULLﬂU%@Q’JNWﬁ\‘]\‘]TUGUf’Nﬁ"]iﬂ\WYJH”I”lV\lV\l”IUNGIfuﬂ

Tauaaal3luasian 2.3



M99 2.3 AUHUVD D VYDIIINAINUYDIAT IRV TIA

ﬁﬁﬁﬂéﬁﬁ'l LLOU’JTLE‘]‘HG]? HoUNIN ¥99I19UDY ﬂ??ﬂﬂ?]ﬂﬁﬂﬁl‘ﬂh?%ﬁﬂ
Semiconductor | Valence band | Conduction band Band gap NUFDIINUDL
(eV) (eV) (eV) Band gap wavelength (nm)
TiO, +3.1 +0.1 3.0 380
SnO, +4.1 +0.3 3.9 318
ZnO +3.0 -0.2 32 390
ZnS +1.4 -2.3 3.7 36
WO, +3.0 +0.2 2.8 443
CdS +2.1 -0.4 2.5 497
CdSe +1.6 -0.1 1.7 730
GaAs +1.0 -0.4 1.4 887
GaP +1.3 -1.0 2.3 540

A Y X a Jan 4 9
NU7: Robertson, 1996 1909l Nunasung UANTTEUDY, 2548

Tao Tud Inmidionlaeonladil uuy TassadawaniivanmaduuiaIdiiv

3 giia laun

=2 A

< < {
(1) 9UUNA (Anatase) (Huzwanni Insearaiunuy tetragonal Hiadesamuini

U

I [
= =

gugin luAssddesiguuglg iesnniguvgiilszuim 915 sermuaaidea jUwan
3 J 4 ! ] {
suveuumaznaeiiugUranuuug na uazienldeusinanudeg ldansonlaeu
nauAuld Taseuumalautialunmsin tagaztounas ( refractive index) 1oan113Unan
4 1 ddy AAa a ann 1 =3 4 a a
puuy Ina uavzlinunam lumsinalnsen ( surface area) MINNNFURANUUDF ING ( DAWA
= o = s a A ] =
lweamuasa, 2549) Tagia T lnnudien lavon ledatiatioz 19 photoactivity gana1lnmuiien
S a A
laoonladyiindu
4 < 4 <
(2) 31na (Rutile) HugiwaniiiTassadrailunuy tetragonal ilaseaiwanadie
W3 nag Tus9u1e Tiadesamuniiguugiige uazliaunialumsinim uazaztoundas 1a
=S 1 = Idg a a aan 9 1 = =X A ]
anngUnanuuveuma uatinuim lumsinalfnseniosniwanuuueuima Jeiiewi

= S A dy 9 I a A 9 a 1 =
"lﬂmmsm"l@@@ﬂulwwuﬂumcl% L‘]Ju’f]lalﬂ']ﬂ Gluﬂ']iWa@]ﬁ'uﬂ’]q@]ﬁ’]ﬂﬂiihﬂﬁ’lﬂ%uﬂ (YU o



10

4 9 J a o s A o a
wse9d1e1 drunauluems udanaaduaitive 1Wav1 nazasnunaariadz nouuas
Tunsniiuaa
¢ S { S 1 ]
(3) ugnlas ( Brookite) 1HugUwaniiilnseadruilunuy  orthorhombic liiidfosh
a A A a a =2 J A
gl iosnniiguugiilszna 750 eeruwadod juUnanuuvDga lanvznlasugl)
I

Y
pandunuugIndlassaluwia Tavdnauda lnnudionlavenladwtiall lidisuinnlfau

d’ 1T ) =S
LH’EN%]'Iﬂi]%QﬂW‘]J]’lmul,ﬁLWﬂ\i@ﬂNm&J’J

(2) OUUNG b glnd ( o) unlai

i 2.2 Taseasawan Innudioy laoon lae

11: Smyth, 2009

A ~ s v = A o & v v
mﬂﬂ”IS‘VI"lTWﬂL‘LlfJ‘JJulﬂ@@ﬂul“]fﬂniﬂiﬁﬁ'ﬁﬁNﬁﬂ‘ﬂuﬂﬂﬁﬁﬂuuu ﬁ\iNﬁi‘ViTﬂiQﬁiN
=2 1 9 = wa A 1 o ) o = s @
NﬁﬂLLﬂﬁgiﬂiﬂﬁiﬁnf’]mﬁuﬂ@]‘l’llmﬂ@]Nﬂu ﬁTﬁiU"lﬂﬂTLuﬂMllﬂﬂﬂﬂulcﬁﬂﬂiJaﬂ‘]elil!%
F 2K 3 g a ] 1T o 1 1 4
TﬂiﬂﬁiNNﬁﬂL‘]Jl!LL‘]J‘]J’E]u”IWIﬁuu UAANUHUMUUNMINY - 3.895 NTUABYNUIANIUAT 114
A = P 9 = (3’/ a0 1 1 o
éumz1/1"hnmmﬂullﬂ@@ﬂ"lcmmiﬂsmsnwammug"lﬂauu UAANUURUUWNINDY 4.2743
[ 1 o o 1 1 Y (% 1
ﬂill@]f]gﬂ‘]ﬂﬁﬂm@]i Tﬂ‘N’d%’Nwﬁmm°u“ugﬂ"lﬂﬂﬁmmmwumuummu 4.123 DNIUAD
4 wa A 1 v o 1 o
QNUIANNAT (Smyth, 2009) ﬂmﬁummmﬂmaﬂumﬂammGlﬁ’wﬁﬂiﬂim%’mmmmmﬁ i

=

' 1 o 1w ad 4 { o 1 1 o Y
UDUBDIINNNAINU INNY 3.23 maﬂmauhaﬂ Glmlmwg"lwaﬁ UDUBDIINNANTU ININU
ad =) =\ S Y = =
3.02 maﬂmaui’mm mmslﬁ’"lmnmﬂu”lﬂaaﬂ"lcmwﬂﬂﬁﬁiwwamumammﬁ U
1 a Aaan 1 9 = 4 9 = 4 a
Joe I lumsialfasegennlaseainanuy ugalan uazTaseaiunanuung nd szina
@ ] - + Y g’/ =} a A A [ A= %
ﬂﬁi’)h@l’ﬂﬁh"ﬂ@ﬂ e llag h Ulﬂ\ﬂﬁl mmnmmmmmiumammm HAZRANAUIITDANI
o ' Y =2 o = Y o A
Vl’JI@Lﬁﬁ@nﬂ’HIﬂiﬂﬁ'iNW’ﬁﬂll“]J“]J’E]'HH‘I/]ﬁ GI,‘L!ﬂ1iu1ﬁ1ih]fl/]‘l/nluﬂhulﬂﬂﬂﬂvl“]fﬂ{ulﬂal%ﬂﬂuﬁﬂﬂll
9 Y 0o R R v A @ = a 4
ANHLVNEN ICADIANUIIATUNITUNLH G Llagﬂ']iﬂ‘igﬂ'lfl"llf)\‘illﬁd"llﬂﬁW’dﬂ“b'uﬂghlﬂﬁ WIS

= @ [ a A J ' I 3 J
%31]Wﬁﬂi$°l/l‘ﬂcl‘u@nﬂﬁ1\m‘uﬁTi’E]uVI‘ilel'lﬂﬂ'ﬂllﬂﬂ@u'llﬂﬁﬂizu'lﬂ‘l 20 BIRHE I
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d' = (% A =~ J 1 J
mM319i 2.4 manfSeuiisuanvazauiiaves lnnutioy laven ladszraneg nd uazeuune

Property Anatase Rutile
Taseadanan 20 155011 20 155011N
WEIUUUUAUAN (eV) 3.200 3.030
AMULTS (Mohs) 5.5-6.0 6.0-7.0
AMUHUWUY (g/em’) 3.84 426
WaUdasTEAUE (keal/mole) 2114 2126
AAIRUBILAATY, a (A°) 3.784 4.593
Ansiveaanie, ¢ (A°) 9.515 2.959
AaoNLHal (°C) Lﬂéﬂmﬂmwﬁg"lmﬁ 1858

A a J o 4
NV FIAT NTUSNTING (2549)

9 [ Ao A = I o 9 I @ 1 ann 2
ﬁ’lﬂﬁﬂ\?’luﬂﬂﬂuvhﬂ‘vnluﬂllUl@@@ﬂulclfﬂvlu'lll'lslslﬂﬂugnﬁﬁﬂaﬂﬁﬂ’lGlUﬂﬁicl/]ﬂﬁ@\?uFﬂg

I Aa o @ Sld' Y o A = I 4
Wuveuiem wosiiu Meld¥onsA1 Degussa P-25 aalgUnaniluouuna uazg Ind waw

nuludns 3:1 Dguaulianinsan 2.5

d' A =1 J
M99 2.5 quaniiaves lnnuiien laoon led Degussa P-25

AuANIA WY Tnnutionlaoonlod p-25
Mg (m’/g) 50
WOW(4% disp. In water) - 3.5-4.5
ViReUMAImaY nm U3231% 21 nm
WEnaanuiy wt.% <15
asiimelonnsees) Wt.% <20
Ysua Innutienlasenlod(%) Wt.% 299.5
egiilouoan lua (ALO,) wt.% <0.300
Fanoulaoan laa (si0,) wt.% < 0.200
wian (1) oon laod (Fe,0,) Wt.% <0.010
laTasAassn (HCI) Wt.% <0.300

N Degussa, 2002
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24 nszvaumsiiinnzazlaBa (Photocatalysis Process)

241 nquiuazndnmanalal

Y
a 9

v f Pl Il
T lanzag lagaduismnilen1¥lumsthia wiomlvermeusgninluies

Y a 3’; [
NITVIUAUT LLaSDINA Waﬂﬂﬁﬂl@ﬂﬂig‘ﬂ'J‘Llﬂ151ﬂ1@ﬂ$ﬁ$1ﬁ%ﬁﬂﬁ$ﬂ@ﬂﬁ}]ﬂ 2 YUADUNAN

Y
AD VUABUMTAARAND HAZ NI
1. NILUIUMIAAAARNT (Adsorption Process)
a a 3; ~ = d
NIEVIUMIYAAARIPANUATININIAY Scheele 111 A.7. 1773 FauTlunszurumsga
a a (4] 1 ~ Yy a A =
AarveIMy tazaou 11l a.a. 1785 TagununszuIumMIsgaaaRIvemITazaIe ¥
a a g S o w = =\
N521IUMIRARARIY U INGMIANHIAYVBINTEVIUNMINIMENN FINN LIl
[ ' Y
NIZUIUNTAARAAINGIVOINUMTAZANAIVBIATT W3 OANUATNTUVBIETNUT AN U
Y Y '
WIDILNINAINTN (interface) NFZUIUMIHANUITONAVUNTENINIRAIMTNVDA 2 an1izlag
] o v (9] o <3 o <3
(Y VBUNAINVVYBIHNAY YBAUNAINVNE MAFAVYDILTL HIDVBUNAINVYBILYS 1Ay
S o 1 o 1 <3 laa & 1 [
TuananaaosaNgNgAILEENNAITRNAATY ( adsorbate) AIUVRIMAINTH N UNINIZIY
9
YOIATYNAATY (58N A159AGU ( adsorbent) NI5IMZIVVDY TWIANAVUAIVOITITOINNAYL
) Ay AV ' o
AYLUTINNININHIBAIBUTININAT HIDNIADI08197IUAY dIunTzLIumMs I Taazaz la
a a a a I [ a J Y] o
Fa MIgAAANIIZINANINUIIMAALTUNAD (FIAS NTUOTINA, 2549)
2. MIN1ELE (Irradiation)
a o I [ Aaan %
nszuums Il Tang Tade ( Photocatalysis  Process) iHumsisefnsenIasldin
a 14 % o A d v 1 aan % ~
AzAZATA (Catalys) Fasoinmihidudnsaljisenld lasmanszqualond Faueaen
¥ v & o > aned o Y A o )
Tdunszuuindunasdaa laloan Taemnzazdaatzimihfaanasaunszquueans
a aan [ o a a o A Y [
malisen nanmsmhauvesnszuiums I lanzaz lagaesndiadu Aoms ldnasanaa
4 1 1 @ v I 1
1) lussuieo1wug 10UFe9I19NGINY (Energy band gap; E,) Fuilusivesndnuuan
1 1 @ ° . Y @ A g
A5z NandInuveaaumsth Wi (conduction band; CB) AuuauWaINUNANLE)
(Valence band; VB) hondanuuaan 1iunszuuiiaminy #3ounnnaauseddna
o 9y = Y ad Aa . Aa
WA (Bang gap = 3.2 eV) uicm]mlm'iainamﬂmaumﬂsg@ ( Electron hole pairs) NH7
[ v 9 '
VY9Ia15NIA211 (- Semiconductor) FINTLUIUMIHIFTENI A5LVIUMT 1 TnoonTHiadu
4 a
(Photo-oxidation) (Robert and Malato, 2002 8199411 NMgyaLT AOWIH AT UIYY AABT , 2553)
a [ ~ dy a 4 a A da A I a 1
PEUGAIMINA 2.3 NIZUIUMIUAWITO0ONT Iadasounsantianuilunsga uaz 1
H J Y = Y < Ada o~ N
fusadesaas laalrenszuirumsnamnnlrnareiluansiseneuniinuissaniioy

n3e LUl



13

Light
Electron

Organic
compounds [ O,

Conduction band

L
CO,, HOM

Photocatalyst

Ml 2.3 nszuaUMIENFNTITUT NI eA oL uile
Imsmeuaslinuasnadai Wi

17 TiPE, 2008
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Tuesazaeniasnegni iihnaasulvasu ( Av) Nanuenaauimuz ey

U

1 Y Y
Ufnsenornaundas laaeae Tl

Photoexcitation Sc + hv —» e+h' €]
Recombination h + ¢ ——  heat 2)
Oxidation h + D — D 3)
Reduction e + A —> A 4

a g - ac + @ Yy 9 Y (2
A1NATOU (o) 1Az INTIBaNAToU ( h') HAIINYNNIZAUAITLAED 01N

a [ o

v o Yy o = &£ 9 = 9N 9 Y
‘i’)ll@]’)f]ucl?iilhl@@‘(’J'l\?‘i’)ﬂl,ﬁ'ﬂunﬁ1&1/‘]8\1141'!\3?(’31!'@']1!61]6\1??1!0’)1”1/] WﬁVI'IGl?iUl@ﬂ’J'lllif]u

a X {1 ¥ aa

A e o A a 2 o o Y 2 d A
INAYY Wﬁﬂﬂﬂﬁ@\?@’lﬂﬂﬂ@gﬂW'ﬂﬂl@Qﬁ1iﬂQ@nu’lﬂ,ww1 G]Nl,ﬂuﬂﬂmmaﬂmeu L!ﬁ$IW§'\3

ad o ana @ A A A o A ' ya v 1 aan Y o '
@Laﬂ@i@uﬁ'm'liﬂﬂ'lﬂgﬂiﬂ?ﬂﬂt’fﬂﬂfﬂfluﬂ“V]ﬂﬂclﬂJ WiflflqslﬂﬁW’Jﬁll'éNWJl‘i\iﬂ;]ﬂiEJ'lh],ﬂ AN

(3

A wa o a g @ ] a o 1
iy asndauiaiiuaa1doanaseu ( electron donor; D) gNAAFUBGUUAIVDIANTS
Aaan dy o aan [ ad a a @ da!
ﬂj‘]ﬂifﬂ ﬁ'lilmz‘l/]'lﬂaﬂﬁfl'lﬂUIWi\TE]lﬁﬂﬁ'i’t)u UAZINANISUIUNITOONBIATUUY 11!1/]']\1@]5\1

{ ad ) 1 a -4 o aan
uteshliauiasusianaseu ( clectron acceptor; A) gNgATFUBGUNRAY A1sHaziRze

Qlds!

v ag a asa A o [ A
NUDIANATOU uazm@ﬂgﬂimmﬂwmu LAAIANAUNITN (1) — (4)

) o a v A J aan a s ]
ﬁ'1ﬂiﬂﬂi%U’J‘L!ﬂﬁ’é)’é)ﬂcﬁlﬂ%ul%\ilidﬂaﬂiEIW%I’JEILLﬁ'Q"UENIMLﬁQﬁﬁﬁ@ﬂﬂ%ﬂﬁ@giu

[

{ 1 y X o o o {
msazate Una lnmaniindu'lil1ded 2 nalnfe Wemsneanildsunaadingsauuas
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J " v @ 1 ' adg a @ [
1NN HIBWNAUNAINIUYOI¥OIINVBIDUBIANATOUAD 1.M500NTFATU TAsns 3Nl THsa
ad a a % a a o . .
dianaIey 2.mananszuIuMsoendatylag lansendausada ( llisz uag Dombi, 1999
Y X a Jan o Y = a a o a A
o lu mundsuns uasaszdon | 2548) e lavinamsesnd lad laseyya laasendall

Y % a v A 1 Aaan 9 1 a o
un Iduiluna lnnanlunszuaumsesndadudusalgnsendenas daumsoendiaty

[ ad 3’, ad ) Aaan [ a A A ] 1
Tagasany Insed@naseuny Tnssdidnasenazinljnseny luanaasdunidngadueg
Aa 2 o o 9 A a @ a 3’}
nAvesensneani ilih vazinszuiumseendadu lasoyya laasondaiu Tnsa
ad o Ana @ v Aa A 3 A @ 1A a Y I
sianaseuvzlgnsennuny laasonda wie luanaveuingaduegnii ldilueyya

a é = a 4 a 1 dy o ann 9
leasonda Falidnenwlumseondladgs eyyaleasongamariiamsailgnsela

] o =) o aaa o a A J =
pd9390137 taz lutianummzmzaslumshilgasedumsilsznevdunsd Taveznlasu

A acd 1 2qyu 3 ¢ s 3 A A gd
ﬁ’]iﬂigﬂ@ﬂ@uﬂﬁﬂlwa’luclﬂﬂa’IEJLL]JU?]']i‘}J@ullﬂﬂ@ﬂulclfﬂ U1 Llagﬁ'ﬁﬂigﬂﬂu’ﬁ]uuﬂiﬂauﬂ

d' l-ﬂ' 9 (% a <Y a [ d'
’c’fiJﬂ'li‘l/]LﬂfJ'J"lJ@Qﬂ‘]Jﬂ15®ﬂﬂ°lfh1Wlf@’JEJ’01§3J”ﬁhlaﬂi@ﬂ‘ﬁfﬁllﬁﬂ\?ﬂ\iﬁMﬂW‘iﬂ 5-7

OH + h — OH 5)
HO+ h —> +OH+H (6)
.OH i Dads Doxid (7)

o v o 1 ad ad o o < 9 a A
ﬂ”l'iﬂﬁﬂﬂ?ﬁ?ﬂ@?ﬂuﬂlﬁhﬂlﬂﬂﬂmﬂﬂﬁﬂu Lmﬂwmamﬂmauuumgﬂumawaﬂmm
19 Y a da@l g’/ g A @ v @ ] g’/ I Y aan a v A
"I,llﬂlﬁlﬂiﬂ‘uu ﬂﬂuluﬂﬂﬁ]TﬂﬂTﬁﬂﬁ‘Uﬂ'l'i'J?Jﬁ?ﬂu{l‘ViiJ‘Lluﬂgl‘l]uﬂ”l'iéllﬂéll'ﬂﬂﬂgﬂiﬂ']ﬂ@ﬂ%m%'uﬂ
a X o & a { o v adg l a '
GTQLﬂWﬁ‘H ﬂ\i‘lﬂ!ﬂ'l'ilﬂilﬁ?iﬁﬁ?lﬂﬁﬂﬂ']ﬁ]ﬂﬂlaﬂﬁﬁ’f)u IBU Tmafgaaaﬂmmmzmﬂ‘lﬁ’ms
o v o ] ac ad a
ﬂﬁﬂﬂ?i?ﬂﬁ’)ﬂuﬂlﬁﬂmﬂﬁﬂmﬂﬁi@u !,mﬂwsamaﬂmau%'ma Iﬂﬂjﬂlﬁf}ﬁﬂﬂﬂmlﬂuﬁTMTSﬂ
v v adg Y ad a = I
nudianasouleenuainnsedidnasou uazeenauszilasuglliilulosousyya

¢ s & ' 2 a A 3
ghulosoon lu@ (superoxide radical ion; 0,+) Heazaenumsnaoyyaleasondaligeiiu

Q

2 9 o = . Y =X A  daa J 9
NAY UTAIANTUNITN (8) — (10) (Litter, 1999 91909 Tu NuWaATUNS UANT IS UDY, 2548)

0, +e — Oy (8)
2H,0+ O,+ h  —>  2H,0, 9)
2H,0, —>  20H- (10)

Y Y
= -2

A Yy v v ¥ a < P
%1ﬂ°l/lﬂﬁTJﬂJT’UNGlLlGD'GI,WLWu’JWNINmQﬁ"ll’ENLH uaz’a’aﬂm%ugﬂuﬁﬂ%amuﬂﬂu

N3ZUIUMI0ONFTIATUTUT I3 01 1aa
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J v v 1 aan J
242 myaae Ingdudleuassmnuanialgnier Innuiienlaoon lua

Tnnuiionlaoen lod Wudusalfizenilasuanuiionlumsaasarssunidlae

v 4
nszuums Wl lanzas lada Fenalnlgnsemsaaie Tngduiiseaziden ail

(1) nalndfisermsaats Ingdumesudesmwnuansslgnsen
M3 800 019 7135 INgOUAIINTZUIUNMTOONFIATUNUI NAUFRIVBIANTIURAT e

a U ann %l
Inniionlaoen lod o2 ldndndusigamevestjnzonilumiveulaeenled  uazii Tag

'
A a

1 a aan ' v o J a v o ¢ o 1
53‘VI'J'Nﬂ15lﬂﬂﬂgﬂ§€ﬂi]$flﬂTiﬂ@qﬁjﬂﬂlﬁ]ﬂﬁ'lill‘ﬁﬂuﬂ‘ﬂa1ﬂ"]fuﬂ ﬁWill‘ﬁﬂu@WﬂﬂVI!ﬂﬂﬁuﬁ@

@

1 9
Benzaldehyde (Augugliaro et al., 1999 8190 elufidgway viluilszia3sa, 2553) uenaniidad
ﬁﬁﬁ“ﬁ%ﬁﬁﬁﬁ@ﬁuﬁa Benzoic acid, Benzyl alcohol, p-Cresol (Minero et al., 1997,
s s A

. Y =X Aaan A A = o
Augugliaro et al., 1999; dndeluagney niluilszaiga, 2553) Fenalnuanlumsaae

Tngduidludsgiii 2.4

-OH -OH
— Other intermediates — H,0+CO,

OH

M 2.4 naln§iseimsaars TngouTaslduas

N11: Negishi et al., 2006

243 nszuaumsaagIngdu
I < o Aaan
TunszuaumsmsaatsIngdulaeldlnn ullenlasonlad Hunsldausalgnse
A aa o J a ¢y <
BUAIIFHUTY (Heterogeneous catalyst) Hou 19e095201 Avszuunnd - vo s uazvoumad -
< = J < o 1 aaa a < = ]
vouds Taglnn uilenlavenled snifluansaljisoriavewds oz Tngduvzeglu

(%)) A [] < o I ;g 1 anan A Aa 9 ]
AOIUSUNT maaz’m&rag“lummmmcmnﬂﬂmﬂum mamﬂgmm%zmwmwmizmn
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1% = =1 P <3 = Y o o AAa
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et al.,, 2002 91Dl NATNIY niusziaigh, 2553) aungilimsanyimsaats Ingdulu
[ 1 A a ] A Y 1 g
FTUVVRAN AN NI UV UM A AT oI nuauauNe ludnanidueimealdanitluii
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Ml luaunasandsnulumsnienas
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244 ThisiiisninadenszuumsTnlanzas ladavedloszine
Tassitisnsnadenszurums Il lasendadu Idun anududuvesmstuilonds
ﬁ’u (Initial substrate concentration) Qmwgﬁﬂ?mm HAZANINAUIDIVDIDDNTIIU (Volume and
Partial Pressure of Oxygen) AN VDL (Light Intensity) uazmm%u (Humidity)

) 4 L)
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Yy 9 g’/ 9 = 1 a A o o "9 9 =1
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v Y ds! Y Y 3’, Yy U [ Aa a o o ds! 9
FUFDUNINUU ﬂ??ﬂlﬂlﬂﬂ]ﬂﬂl@ﬁﬁ?ﬁﬂﬂ@uﬂﬂgﬁﬁﬂﬁﬁﬂﬂigﬁVl‘ﬁﬂTWﬂluﬂ”liﬂ'lﬁ]ﬂiJ”lﬂéUuﬂ’Jﬂ

Y = o £ 7a P ' v Y
(Ince and Gonenc, 1997 BWQQQ(IU‘ﬁiiﬂJﬁﬂﬂ Tsamgww, 2549) !L@iuﬂTﬂﬁﬁﬂﬂu%TNﬁﬂﬂﬂTi

ANYIUDY Gupta (1994) ldnadoua1siao (Perchloroethylene, PCE) Haf lanoilszanian
9
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nndoyanvamansguugiiuniuhiiediysesasimanalinier  Taegm
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Spectrum of electromagnetic radiation
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Tio,-coated-Quartz Fiber/Fluorescent lamp/5 ppm
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A o v 9 1 Y A
M319N N-1 Namsmammﬂmgaummmmu 1 e luduaiu maaﬂuﬁmaz"lummu

Wonome uazila'ly

Time 1 ppm 5 ppm 10 ppm
(min) | Concentration Efficiency | Concentration | Efficiency | Concentration | Efficiency
(ppm) (%) (ppm) (%) (ppm) (%)
0 1.285 0.00 5.068 0.00 10.300 0.00
10 1.277 0.62 5.034 0.67 10.000 291
20 1.275 0.74 4.921 2.90 9.860 4.27
30 1.263 1.67 4.845 4.40 9.585 6.94
45 1.257 2.14 4.719 6.89 9.272 9.98
60 1.251 2.65 4.614 8.96 9.095 11.70
75 1.240 3.47 4.536 10.49 8.864 13.94
90 1.232 4.13 4.416 12.87 8.669 15.83
105 1.227 4.52 4.308 14.99 8.491 17.56
120 1.216 5.33 4.216 16.81 8.265 19.76
135 1.208 5.99 4.12 18.71 8.102 21.34
150 1.202 6.42 4.041 20.26 7.964 22.68
165 1.197 6.85 4.01 20.88 7.818 24.10
180 1.188 7.55 3.92 22.65 7.664 25.59
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M5190 -1 KaMsNAaeIs Ingduanududu 15 uaz10 damludmdiu naasdluaning

a1 $rmdunszauniosnlead lumaou lnnuilon'laoon lag

Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
0 1.782 £ 0.171 5.599 £ 0.035 10.067 £ 0.895
10 1.689 + 0.154 5.333 £0.126 9.519 +£ 0.680
20 1.657 £ 0.154 5.194 £ 0.098 9.202 £ 0.572
30 1.614 £ 0.161 5.106 + 0.029 8.966 + 0.664
45 1.576 £ 0.161 4.966 + 0.004 8.782 £0.537
60 1.545 £ 0.153 4.482 £0.013 8.533 £0.535
75 1.537 £0.143 4.793 £0.012 8.257+£0.472
90 1.514 £ 0.156 4.677 £ 0.059 8.088 £ 0.425
105 1.475 +£0.150 4.601 +0.060 7.978 £0.421
120 1.455+£0.142 4521 +£0.127 7.829 +0.482
135 1.426 +0.134 4.494 £0.148 7.712 £0.517
150 1.402 + 0.141 4.437 £0.143 7.609 £ 0.511
165 1.383 +£0.126 4.390 + 0.129 7.482 +£0.477
180 1.362 +£0.127 4.325+0.148 7.362 £0.469

M519h -2 wamsnaaodas Ingouanududy 15 uaz1o danlududaiu naassluaane

a1 rmdunszaunsoslondqlimdov innutioy laoon lsa

Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
0 1.976 £0.013 5217 +£1.228 10.550 £0.354
10 1.914 £ 0.028 4968 +1.168 9.903 £0.138
20 1.806 = 0.035 4.891 = 1.151 9.683 £0.112
30 1.771 £ 0.035 4.763 + 1.054 9.424 + 0.093
45 1.752 £0.04 4.667 £1.068 9.064 +0.029
60 1.739 + 0.049 4.597 +1.094 8.844 +£0.156




&0

Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
75 1.691 +£0.038 4551 +1.108 8.638 £0.107
90 1.652 +0.037 4.480 = 1.088 8.453 £0.067
105 1.613 £0.03 4.383 +1.082 8.253£0.141
120 1.579 +£0.027 4.332 +1.088 7.970 £0.025
135 1.551+0.018 4270+1.10 7.796 £0.019
150 1.527 £0.018 4215+1.107 7.604 £0.076
165 1.501 £0.02 4.155+1.072 7.466 £0.076
180 1.483 +0.021 4.107 +£1.07 7.390 £0.127




MANHIN A

HaN1sNAARIYANATILNIAAAAR IV IS INgdHasUHIH U EN IMA

&1



82

M1 A-1 kamsnaaeses Ingduanududu 1 5 naz10 daludmdiu naasdluaning

o'l rmdunszarunsosneadadon lnnuiioylaoon lasa

Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
0 1.063+0.004 4.920+0.226 10.273+0.462
10 0.988+0.016 4.835+0.177 9.599+0.236
20 0.964+0.013 4.735+0.163 9.337+0.222
30 0.940+0.021 4.635+0.148 9.061£0.192
45 0.9124+0.030 4.515+0.134 8.806+0.149
60 0.891+0.028 4.410+0.156 8.551+0.055
75 0.870+0.035 4.285+0.148 8.330+0.018
90 0.850+0.030 4.215+0.177 8.092+0.007

105 0.834+0.032 4.115+0.163 7.865+0.016
120 0.818+0.032 4.050+0.141 7.650+0.002
135 0.807+0.033 3.965+0.163 7.443+0.033
150 0.791+0.039 3.865+0.134 7.282+0.025
165 0.784+0.037 3.795+0.120 7.100+0.031
180 0.771+£0.035 3.720+0.170 6.976+0.035

M3191 A-2 wan1snaaoas IngouaNududy 15 uaz10 damludwaiu naassluaang

a1l rmdunszaunsodloudundov innutioylaoon lsa

Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
0 1.260+0.153 4.900+0.529 10.53+1.089
10 1.199+0.158 4.700+0.529 9.841+0.791
20 1.142+0.147 4.500+0.529 9.387+0.868
30 1.119+0.170 4.367+0.569 8.981+0.734
45 1.088+0.157 4.100£0.265 8.669+0.654
60 1.052+0.153 4.000+0.300 8.477+0.740
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Time Concentration (ppm)

(min) 1 ppm 5 ppm 10 ppm
75 1.01940.158 3.900+0.300 8.205+0.749
90 0.996+0.161 3.733+0.252 8.070+0.814
105 0.976+0.155 3.700+0.300 7.793+0.606
120 0.951+0.149 3.633+0.252 7.587+0.659
135 0.944+0.146 3.567 £0.351 7.453+0.747
150 0.924+0.146 3.500+0.300 7.299+0.809
165 0.907+0.145 3.433+0.306 7.158+0.789
180 0.896+0.140 3.333+0.306 6.982+0.756
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.219+0.166 0.00
10 1.277+0.104 1.150+0.165 9.88
20 1.275+0.106 1.128+0.158 11.56
30 1.263+0.110 1.099+0.148 12.98
45 1.257+0.103 1.072+0.154 14.69
60 1.251+0.108 1.035+0.134 17.23
75 1.240+0.100 1.000£0.121 19.33
90 1.232+0.107 0.973+0.128 20.99

105 1.227+0.104 0.939+0.124 23.47
120 1.216+0.109 0.915+0.117 24.75
135 1.208+0.110 0.890+0.114 26.32
150 1.202+0.106 0.867+0.108 27.87
165 1.197+0.110 0.855+0.101 28.57
180 1.188+0.118 0.832+0.103 29.94

M319f 9-1(1) wamsmsaas Ingduanududu 1 dmludwdiu Taold nszamnsesle
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.323+0.025 0.00
10 1.277+£0.104 1.250+0.056 2.08
20 1.275+0.106 1.240+0.053 2.75
30 1.263+0.110 1.227+0.046 2.88
45 1.257+0.103 1.187+0.064 5.60
60 1.251+0.108 1.163+0.061 6.97
75 1.240+0.100 1.140£0.060 8.06
90 1.232+0.107 1.110£0.040 9.87
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
105 1.227+0.104 1.070+0.072 12.76
120 1.216+0.109 1.047+0.067 13.93
135 1.208+0.110 1.023+0.064 15.25
150 1.202+0.106 1.000+0.053 16.81
165 1.197+0.110 0.960+0.035 19.77
180 1.188+0.118 0.923+0.031 22.25

{ o w Y v : ¥ ]
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.341+0.332 0.00
10 1.277+0.104 1.231+0.296 3.56
20 1.275+0.106 1.162+0.288 8.86
30 1.263+0.110 1.095+0.276 13.30
45 1.257+0.103 1.018+0.251 19.05
60 1.251+0.108 0.935+0.214 25.23
75 1.240£0.100 0.890+0.206 28.23
90 1.232+0.107 0.854+0.203 30.69
105 1.227+0.104 0.818+0.194 33.31
120 1.216+0.109 0.785+0.185 35.44
135 1.208+0.110 0.753+0.184 37.64
150 1.202+0.106 0.726+0.173 39.60
165 1.197£0.110 0.690+0.160 42.33
180 1.188+0.118 0.674%0.165 43.28
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.167 £0.153 0.00
10 1.277+0.104 1.067 £0.153 16.44
20 1.275+0.106 1.060 +0.144 16.86
30 1.263+0.110 1.050 £0.132 16.86
45 1.257+0.103 1.010 £0.182 19.65
60 1.251+0.108 0.970 £ 0.157 22.43
75 1.240+0.100 0.960 + 0.144 22.58
90 1.232+0.107 0913 +0.121 25.84
105 1.227+0.104 0.907 £0.110 26.08
120 1.216+0.109 0.900 +0.100 25.99
135 1.208+0.110 0.860 +0.144 28.78
150 1.202+0.106 0.857 +£0.140 28.73
165 1.197+0.110 0.817 £0.126 31.75
180 1.188+0.118 0.810£0.115 31.79
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.159+0.095 0.00
10 1.277+£0.104 1.085+0.093 15.03
20 1.275+0.106 0.997+0.070 21.80
30 1.263+0.110 0.915+0.063 27.53
45 1.257+0.103 0.849+0.057 32.48
60 1.251+0.108 0.766%0.060 38.74
75 1.240+0.100 0.710£0.079 42.77
90 1.232+0.107 0.65440.088 46.87
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
105 1.227+0.104 0.627+0.077 48.85
120 1.216+0.109 0.599+0.081 50.77
135 1.208+0.110 0.580+0.070 51.97
150 1.202+0.106 0.561+0.067 53.30
165 1.197+0.110 0.536+0.074 55.25
180 1.188+0.118 0.518+0.079 56.35
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.267+£0.153 0.00
10 1.277£0.104 1.167+0.153 8.60
20 1.275+0.106 1.160+0.144 9.02
30 1.263+0.110 1.120+0.131 11.32
45 1.257+0.103 1.077£0.133 14.35
60 1.251£0.108 1.037+0.158 17.10
75 1.240%0.100 0.990+0.156 20.16
90 1.2324+0.107 0.950+0.180 22.86

105 1.2274+0.104 0.943+0.169 23.09
120 1.216%0.109 0.900+0.205 25.99
135 1.208+0.110 0.877+£0.180 27.40
150 1.202+0.106 0.867+0.169 27.90
165 1.197£0.110 0.853+0.205 28.68
180 1.188+0.118 0.830%0.180 30.11
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 5.117+0.707 0.00
10 5.034+0.433 4.723+0.730 6.17
20 4.921+0.428 4.5304+0.690 7.95
30 4.845+0.393 4.317+0.635 10.90
45 4.719+0.386 4.147+0.680 12.13
60 4.614+0.371 3.950+0.636 14.39
75 4.536+0.354 3.723+0.585 17.92
90 4.416+0.337 3.553+0.575 19.54

105 4.308+0.351 3.410+0.536 20.84
120 4.216+0.346 3.310+£0.521 21.49
135 4.120+0.345 3.180+0.517 22.82
150 4.041+0.324 3.020+0.450 25.27
165 4.010+0.305 2.9274+0.451 27.02
180 3.920+0.305 2.847+0.452 27.38

M319d $-2(1) wamsmiaas Ingduanududu 5 dauludmaiulagld nszamnsesle
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 5.000+0.100 0.00
10 5.034+0.433 4.500+0.173 10.61
20 4.921+0.428 4.40040.100 10.59
30 4.845+0.393 4.267+0.153 11.94
45 4.719+0.386 4.133+0.115 12.41
60 4.614+0.371 4.033+0.058 12.58
75 4.536+0.354 3.933+0.058 13.29




Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
90 4.416+0.337 3.933+0.058 10.93
105 4.308+0.351 3.817+0.076 11.41
120 4.216+0.346 3.700%0.100 12.24
135 4.120+0.345 3.667+0.076 11.00
150 4.041+0.324 3.633+0.058 10.09
165 4.010+0.305 3.550+0.050 11.47
180 3.920+0.305 3.467+0.058 11.56
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 5.057+£0.516 0.00
10 5.034+0.433 4.730+0.501 6.04
20 4.921+0.428 4.470+0.463 9.16
30 4.845+0.393 4.347+0.458 10.29
45 4.719+0.386 4.157+0.385 11.92
60 4.614+0.371 3.930+0.375 14.82
75 4.536+0.354 3.730+0.386 17.77
90 4.416+0.337 3.567+£0.297 19.23

105 4.308+0.351 3.460+0.295 19.68
120 4.216+0.346 3.280+0.304 22.20
135 4.120+0.345 3.167+£0.264 23.14
150 4.041+0.324 3.070+0.269 24.03
165 4.010+0.305 2.910+0.225 27.43
180 3.920+0.305 2.800+0.225 28.57
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.833+0.651 0.00
10 5.034+0.433 4.367+0.651 13.26
20 4.921+0.428 4.30040.700 12.62
30 4.845+0.393 4.167+0.651 14.00
45 4.719+0.386 4.100+0.700 13.12
60 4.614+0.371 3.967+0.551 14.03
75 4.536+0.354 3.800+0.500 16.23
90 4.416+0.337 3.667 £0.451 16.97

105 4.308+0.351 3.600 + 0.400 16.43
120 4.216+0.346 3.567 +£0.351 15.40
135 4.120+0.345 3.467 £0.351 15.86
150 4.041+0.324 3.367 £0.351 16.69
165 4.010+0.305 3.300 £+ 0.300 17.71
180 3.920+0.305 3.200 £0.300 18.37
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.820+0.351 0.00
10 5.034+0.433 4.500+0.331 10.61
20 4.921+0.428 4.280+0.312 13.03
30 4.845+0.393 4.100+0.315 15.38
45 4.719+0.386 3.847+0.352 18.49
60 4.614+0.371 3.667+0.358 20.53
75 4.536+0.354 3.457+0.376 23.79




Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
90 4.416+0.337 3.300£0.410 25.27
105 4.308+0.351 3.143+0.373 27.03
120 4.216+0.346 3.003+0.395 28.76
135 4.120+0.345 2.850+0.364 30.83
150 4.041+0.324 2.733+0.363 32.36
165 4.010+0.305 2.617+0.351 34.75
180 3.920+0.305 2.510+0.358 35.97
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.600+0.424 0.00
10 5.034+0.433 4.100+0.566 18.55
20 4.921+0.428 3.900+0.424 20.75
30 4.845+0.393 3.850+0.354 20.54
45 4.719+0.386 3.600+0.424 23.71
60 4.614+0.371 3.450+0.354 25.23
75 4.536+0.354 3.425+0.318 24.49
90 4.416+0.337 3.400+0.283 23.01

105 4.308+0.351 3.285+0.191 23.75
120 4.216+0.346 3.150+0.071 25.28
135 4.120+0.345 3.120+0.042 24.27
150 4.041+0.324 2.930+0.099 27.49
165 4.010+0.305 2.860%0.156 28.68
180 3.920+0.305 2.800+0.141 28.57
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.482+0.995 0.00
10 10.000£0.713 9.696+0.885 3.04
20 9.860+0.534 9.353+0.769 5.14
30 9.585+0.424 9.060+0.699 5.47
45 9.272+0.368 8.636+0.620 6.86
60 9.095+0.343 8.278+0.595 8.98
75 8.864+0.344 7.917+0.546 10.68
90 8.669+0.358 7.556+0.487 12.84

105 8.491+0.360 7.250+0.471 14.62
120 8.265+0.366 6.964+0.464 15.74
135 8.102+0.360 6.668+0.428 17.70
150 7.964+0.409 6.413+0.403 19.48
165 7.818+0.444 6.214+0.380 20.52
180 7.664+0.480 5.954+0.318 22.31
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.27+0.920 0.00
10 10.000+0.713 9.563+0.881 4.37
20 9.860+0.534 9.288+0.832 5.80
30 9.585+0.424 8.898+0.728 7.16
45 9.272+0.368 8.651+£0.813 6.70
60 9.095+0.343 8.291+0.650 8.84
75 8.864+0.344 8.024+7.781 9.48
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
90 8.669+0.358 7.781+0592 10.24
105 8.491+0.360 7.485+0.548 11.84
120 8.265+0.366 7.298+0.608 11.70
135 8.102+0.360 7.063+0.511 12.82
150 7.964+0.409 6.876+0.518 13.66
165 7.818+0.444 6.733+0.484 13.88
180 7.664+0.480 6.581+0.482 14.13

$ o w 9 1 9 1 9
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.176+0.596 0.00
10 10.000+0.713 9.320+0.413 6.80
20 9.860+0.534 8.872+0.476 10.02
30 9.585+0.424 8.482+0.417 11.51
45 9.272+0.368 7.867+0.330 15.15
60 9.095+0.343 7.422+0.295 18.39
75 8.864+0.344 6.925+0.273 21.87
90 8.669+0.358 6.516+0.234 24.83

105 8.491+0.360 6.156+0.187 27.50
120 8.265+0.366 5.806+0.180 29.75
135 8.102+0.360 5.469+0.136 32.49
150 7.964+0.409 5.174+0.123 35.03
165 7.818+0.444 4.864+0.108 37.79
180 7.664+0.480 4.589+0.135 40.13




95

Ms19h 9-33) wamsmiad1s Ingduanudndu 10 aauluddiu Taeld nszawnsesle

Y A =\ J 9 @ d a
udundeu lnnuilonlason led anudunes 1.5 TuTasiadaonsasuamag

Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.517+£0.927 0.00
10 10.000£0.713 9.652+0.807 3.48
20 9.860+0.534 9.211+0.671 6.58
30 9.585+0.424 8.905+0.634 7.10
45 9.272+0.368 8.552+0.765 7.77
60 9.095+0.343 8.215+0.777 9.68
75 8.864+0.344 7.808+0.616 11.92
90 8.669+0.358 7.597+£0565 12.37

105 8.491+0.360 7.333+0.613 13.63
120 8.265+0.366 6.995+0.498 15.37
135 8.102+0.360 6.846+0.518 15.50
150 7.964+0.409 6.618+0.554 16.90
165 7.818+0.444 6.436+0.516 17.67
180 7.664+0.480 6.254+0.459 18.39

M319f 9-34) wamsmaaas Ingouanuaudu 10 amludwdin Tagldnszaunsos
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.011+£0.416 0.00
10 10.000+0.713 9.240+0.479 7.60
20 9.860+0.534 8.717+0.491 11.59
30 9.585+0.424 8.270+£0.494 13.72
45 9.272+0.368 7.668+0.412 17.30
60 9.095+0.343 7.149+0.369 21.40
75 8.864+0.344 6.675+0.391 24.69
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
90 8.669+0.358 6.277+0.350 27.59
105 8.491+0.360 5.893+0.361 30.60
120 8.265+0.366 5.489+0.305 33.59
135 8.102+0.360 5.191+0.294 35.93
150 7.964+0.409 4.925+0.330 38.16
165 7.818+0.444 4.613+0.358 41.00
180 7.664+0.480 4.378+0.282 42.88
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.907+1.829 0.00
10 10.000+0.713 9.514+0.970 4.86
20 9.860+0.534 8.856+0.841 10.18
30 9.585+0.424 8.462+0.762 11.72
45 9.272+0.368 8.136+0.874 12.25
60 9.095+0.343 7.883+0.861 13.33
75 8.864+0.344 7.489+0.955 15.51
90 8.669+0.358 7.283+0.975 15.99

105 8.491+0.360 7.014+0.852 17.40
120 8.265+0.366 6.819+0.896 17.50
135 8.102+0.360 6.542+0.892 19.26
150 7.964+0.409 6.367+0.838 20.06
165 7.818+0.444 6.198+0.711 20.73
180 7.664+0.480 5.998+0.757 21.74
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.227+0.136 0.00
10 1.277+0.104 0.480+0.105 62.40
20 1.275+0.106 0.147+0.031 88.50
30 1.263+0.110 0.060+0.000 95.25
45 1.257+0.103 0.053+0.013 95.81
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.233+0.153 0.00
10 1.277+0.104 0.433+0.058 66.05
20 1.275+0.106 0.133+0.026 89.54
30 1.263+0.110 0.070+0.006 94.46
45 1.257+0.103 0.027+0.001 97.88
60 1.251+0.108 0.009 +0.001 99.25
75 1.240+0.100 0.006 = 0.004 99.52
90 1.232+0.107 0.005 +0.004 99.58

105 1.227+0.104 0.005 +0.005 99.58
120 1.216+0.109 0.002 +0.005 99.81
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.313+0.101 0.00
10 1.277+0.104 0.303+0.060 76.24
20 1.275+0.106 0.097+0.025 92.42
30 1.263+0.110 0.063+0.021 94.99
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.400+0.265 0.00
10 1.277+0.104 0.400+0.100 68.66
20 1.275+0.106 0.090+0.017 92.94
30 1.263+0.110 0.040+0.010 96.83
45 1.257+0.103 0.020+0.010 98.41
60 1.251+0.108 0.012 +0.007 99.04
75 1.240+0.100 0.006 + 0.004 99.54
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.227+0.071 0.00
10 1.277+0.104 0.167+0.032 86.94
20 1.275+0.106 0.032+0.035 97.46
30 1.263+0.110 0.029+0.029 97.72
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 1.285+0.101 1.400 + 0.00 0.00
10 1.277+£0.104 0.450 +0.283 64.75
20 1.275+0.106 0.060 + 0.057 95.29
30 1.263+0.110 0.030 +0.028 97.62
45 1.257+0.103 0.014 = 0.009 98.93
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 5.547+0.791 0.00
10 5.034+0.433 3.310+0.782 34.25
20 4.921+0.428 1.943+0.546 60.51
30 4.845+0.393 1.027+0.427 78.81
45 4.719+0.386 0.410+0.180 91.31
60 4.614+0.371 0.237+0.031 94.87

$ o w Y U 9 1 9
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.533+0.208 0.00
10 5.034+0.433 2.967+0.289 41.07
20 4.921+0.428 1.933+0.231 60.71
30 4.845+0.393 1.200+0.173 75.23
45 4.719+0.386 0.600%0.100 87.29
60 4.614+0.371 0.300+0.000 93.50
75 4.536+0.354 0.167 +£0.058 96.33
90 4.416+0.337 0.100 +0.003 97.74

105 4.308+0.351 0.087 = 0.006 97.99
120 4.216+0.346 0.073 £0.012 98.26
135 4.120+0.345 0.057+£0.012 98.62
150 4.041+0.324 0.043 +£0.015 98.93
165 4.010+0.305 0.040 = 0.020 99.00
180 3.920+0.305 0.033 £0.015 99.15
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.980+1.73 0.00
10 5.034+0.433 2.563+1.01 49.08
20 4.921+0.428 1.013+0.52 79.41
30 4.845+0.393 0.453+0.20 90.64
45 4.719+0.386 0.220+0.04 95.34
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 4.500+0.346 0.00
10 5.034+0.433 2.233+1.067 55.64
20 4.921+0.428 1.067+£0.503 78.32
30 4.8454+0.393 0.500+0.300 89.68
45 4.719+0.386 0.197+£0.176 95.83
60 4.614+0.371 0.113+£0.078 97.54
75 4.536+£0.354 0.060 £+ 0.035 98.68
90 4.416+0.337 0.050 +0.044 98.87

105 4.308+0.351 0.040 = 0.044 99.07
120 4.216+0.346 0.037 +£0.038 99.13
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 5.068+0.492 5.433+0.987 0.00
10 5.034+0.433 1.650+0.304 67.22
20 4.921+0.428 0.310+0.017 93.70
30 4.845+0.393 0.130+0.020 97.32
45 4.719+0.386 0.117+0.042 97.53
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)

0 5.068+0.492 4,950 +0.495 0.00

10 5.034+0.433 1.950 £ 0.354 61.26

20 4.921+0.428 0.500 +0.283 89.84

30 4.8454+0.393 0.150 £+ 0.071 96.90

45 4.719+0.386 0.085 £ 0.021 98.20

60 4.614+0.371 0.050+0.014 98.92

75 4.536+£0.354 0.040 +£0.014 99.12

90 4.416+0.337 0.020 +0.028 99.55
105 4.308+0.351 0.005 +0.007 99.88
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.330 £ 0.868 0.00
10 10.000+0.713 8.556 £0.734 14.44
20 9.860+0.534 6.984 +£0.802 29.17
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
30 9.585+0.424 5.682 £0.759 40.72
45 9.272+0.368 4.109 + 0.646 55.69
60 9.095+0.343 2.928 £0.436 67.80
75 8.864+0.344 2.095 £ 0.461 76.36
90 8.669+0.358 1.450+0.416 83.27
105 8.491+0.360 1.070 £ 0.284 87.40
120 8.265+0.366 0.802+0.210 90.30
135 8.102+0.360 0.493 +0.060 93.92
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 9.377 £0.730 0.00
10 10.000+0.713 7.632 + 0.568 23.69
20 9.860+0.534 6.337 £0.371 35.73
30 9.585+0.424 5.175 £0.298 46.01
45 9.272+0.368 3.881 £0.035 58.15
60 9.095+0.343 2.709 £+ 0.000 70.21
75 8.864+0.344 1.941 £ 0.029 78.11
90 8.669+0.358 1.342 £ 0.045 84.52
105 8.491+0.360 0.943 +£0.106 88.89
120 8.265+0.366 0.670+£0.112 91.90
135 8.102+0.360 0.550+0.100 93.21
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.657+1.193 0.00
10 10.000£0.713 7.044+0.666 29.56
20 9.860+0.534 4.521+0.223 54.15
30 9.585+0.424 2.940+0.144 69.33
45 9.272+0.368 1.497+0.062 83.86
60 9.095+0.343 0.770+0.058 91.53
75 8.864+0.344 0.550+0.071 93.80
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 9.505+0.701 0.00
10 10.000£0.713 6.482+0.350 35.19
20 9.860+0.534 4.400+0.238 55.38
30 9.585+0.424 2.950+0.157 69.22
45 9.272+0.368 1.550+0.105 83.29
60 9.095+0.343 0.815+0.091 91.04
75 8.864+0.344 0.502+0.066 94.34
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 10.614 £ 0.795 0.00
10 10.000+0.713 5.858 £0.732 41.42
20 9.860+0.534 3.261 £0.791 66.93
30 9.585+0.424 1.655 +£0.536 82.73
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
45 9.272+0.368 0.687 +£0.252 92.59
60 9.095+0.343 0.379+£0.172 95.84
75 8.864+0.344 0.200 £ 0.100 97.74
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Time (min) concentration in (ppm) concentration out (ppm) Efficiency (%)
0 10.300+0.586 9.149+0.569 0.00
10 10.000+0.713 5.083+0.319 49.18
20 9.860+0.534 2.542+0.211 74.22
30 9.585+0.424 1.235+0.011 87.12
45 9.272+0.368 0.425+0.126 95.42
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M1 2-1 wamsnaaeas Ingduanudndy 5 diuludwdiu naassluannzida’ly

o A - a U @
nnvasarlgossdiua N anudunasgd 2.1 lulasiadsemsuananes saunuNTzaY

S 1 A = 4
nseanloag bimaoy Innutien'laoon laa

Time Concentration (ppm)

(min) No filter Uncoated-Quartz Fiber Uncoated-Glass Fiber
0 5.14£0.170 5.420 +0.879 5.276 £0.303
10 4.929 +0.280 5.088 +0.960 5.020 +0.338
20 4.731 £ 0.251 4.920 +£0.862 4.868 +0.307
30 4.573 £ 0.206 4.796 + 0.798 4.773 £0.327
45 4.400 +0.173 4.665 + 0.793 4.663 +£0.341
60 4.252 +0.149 4.522 +0.738 4.600 £ 0.384
75 4.105+0.139 4.428 +0.669 4.501 +£0.361
90 3.969 +£0.075 4.335 +0.602 4439 +0.376

105 3.862 +0.084 4.266 +0.571 4.379 +0.355
120 3.794 +£0.081 4.187 £0.552 4.339 +0.389
135 3.713 £ 0.049 4.125 £0.523 4.293 +0.402
150 3.637 +0.040 4.057 +0.480 4267 £0.414
165 3.568 £ 0.018 3.980 + 0.457 4.228 £0.410
180 3.491+0.019 3.933 +£0.470 4.202 +0.427
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Time Concentration (ppm)
(min) No filter Uncoated-Quartz Fiber Uncoated-Glass Fiber
0 5.451 £0.363 5.398 £ 0.363 4.605 + 0.497
10 5.102 £ 0.390 5.200 + 0.282 4.331+0.482
20 4.930 £ 0.436 5.038 £0.211 4.189 +0.508
30 4.787 + 0.483 4912 +£0.220 4.144 £ 0.515
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45 4.622 +0.464 4.795 £0.173 4.009 £0.528
60 4.507 £ 0.462 4.695 £0.205 3.853 £0.559
75 4.410+0.429 4.603 £ 0.211 3.782 + 0.548
90 4.313+0.415 4.529 £0.206 3.700 £ 0.565
105 4.233+£0.376 4.456 £ 0.221 3.646 £0.583
120 4.168 +0.346 4.398 £0.226 3.589 + 0.597
135 4.119+0.352 4.334+£0.232 3.522 +£0.619
150 4.051+£0.298 4.288 £0.226 3472 +£0.611
165 3.995 +£0.257 4.222 £0.233 3.454 £0.573
180 3.955 +£0.250 4.150 +£0.212 3.415+£0.565
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