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Abstract

This study applied photocatalytic oxidation reactions to the high efficiency particulate
air filter in order to disinfect microorganisms attached on the filter during infiltration.
Microorganisms retained inside the filter, consequently, could not proliferate nor dissipate to
the clean-filtered air. Photocatalysis occurs when the filter was coated with TiO, loading of
3140+ 67 mg/m2 and irradiated with ultraviolet-A, intensity of 4.85+0.09 mW/cmZ.
Microorganisms used were Staphylococcus epidermidis, Bacillus subtilis, Aspergillus niger,
and Penicillium citrinum. The tests were performed when relative humidity was adjusted to
45+5% or 75+5%, and 100 ppm toluene or 50 ppm xylene was added, as well as the

mixtures of them were added.

The results showed that at humidity of 45+5%RH, photocatalysis could disinfect
100% of S. Epidermidis within 2 hrs, while it could disinfect 87% of B. subtilis, 77% of A.
niger, and 83% of P. citrinum for irradiation time of 10 hrs. In the condition of no UV-A
irradiation, the disinfections were 39%, 24%, 12%, and 12% for S. epidermidis, B. subtilis, A.
niger, and P. citrinum, respectively. When humidity was increased to 75+5%RH,
photocatalysis disinfections were reduced to 89%, 44%, 22%, and 42% for S. epidermidis,
B. subtilis, A. niger, and P. citrinum, respectively. In terms of interferences from toluene and
xylene, it was found that either toluene or xylene could not significantly reduce the
capability of photocatalysis disinfections. Only a mixture of toluene and xylene could
significantly reduce B. subtilis for 10-31%, while other microorganisms were not significantly

affected.

Moreover, this study had applied a photocatalytic filter to an air purifier and
conducted its performance test in a hospital air. It revealed that after the air purifier was
turned on, the total bacteria concentrations were immediately reduced (up to 78%) from the
original concentration before the instrument was on. The quantity of reduction depended on
the distance from the air purifier and environments in each place. Likewise, as soon as the
air purifier was turned off, the total bacteria concentrations were increased to be close to

the original numbers.
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2004) 1%k aumaswIa 10 Um lasnaldingninlinaynleatis 100% dmeyninauia 5 pm

azgnnntiifies 75% WawalaUndnsayn (Hinds, 1982) aymafizwiaiannit 6 tm sulng

ﬁl:mmmmuwﬁnavlﬂmiﬁﬁ@%aLL'iJam.laamJadizuumaLaumﬂlaﬁiauﬁuLLazLﬁﬂgﬂa@H
(Hidy, 1984) aymafidigneandaaindumaaud 0.1 m asn laswudneunafiazidoanin

29 0.01 Um szauagiiniaudan 50% udwuagnayniied 15% it (Newhouse and
Ruffin, 1978) aumamariiiiselsaiatuagdis  manaliiialialuszuumadumsla
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woninitelannevRauazpiividslilomagann laslawizadwisgfagdluanizidme
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fFzaninnemly
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Tundvesszunedng  wuiideimlsadiwin  1-10 m};mﬂmﬁ]ﬁalﬁl,ﬁ@miam%a"lﬁ
waefitie  Rhinovirus  $1W2% 200 mgmﬂmﬁ]ﬁﬂﬁﬁmkwi‘mﬁu e imliamann
uwsnszneale 1-249 m&malwﬁﬁﬂm Qﬂwkwi’ml,wﬂ%avlﬁ 6200 mgma/‘*ﬁ"ﬂm lag
L%al,mhfzﬂ'amﬁ%%@ag’Iummﬂ"léTmmﬁu 10 w1 mmz'ﬁ'gﬂw‘[iﬂﬁ@ uwsisale 5480 aunA/
77139 (Kowalski and Bahnfleth, 1998) ‘lumsmwmgﬂawﬁaﬂ% sansnddasayninaanyn
ldw1nni1 100,000 auNA yafinsloudaznss ﬁ]:ﬂ'alﬁl,ﬁ@]msl,l,wim:ﬁnwaamgmﬂvlﬁ
¥INNI1 1,000 auna (Kowalski and Bahnfleth, 1998) LLiTﬁf’]mi"Laazﬁa‘lﬁl,ﬁ@a%mﬂﬁaﬂnifm'ﬁ
ORE LL@idﬂmmﬁmaamivlaﬁgaﬂd"nmimuﬁa 10 Lvin (Kowalski and Bahnfleth, 1998) Lazan
MIANINLIN A. flavus Tuanmadiuin 1.1-1.2 cfu/m3 (colony forming units per cubic meter of
air) FUNUEALSATINSAALTE 4% § A fumigatus 0.9 cfum’ FUWWEALSasNIAaLTa 5%

. ¥ o o a g X [ o oa X & {
(Streifel, 2004) uaﬂmﬂﬁmwuamwmmm‘%amaagmwaamimmmmu 1.5-3% NI9NANT



sigelsailuanid Taswuinges Aspergillus Lﬂué‘am‘ﬂué'mwmsmwaog}”ﬂ’;ﬂﬂ;ﬂﬂmﬂ"lm
NIzQNEINI 95% %alup&’ﬂ’mim leukemia 18@31N13M1891N Aspergillosis 1 13-80% wazgihe
Wasugneladsanmimeanidad 8-30% (MS Hospital Consulting, 2004) TudsznerSoesd
myansnfinuindelefianufitsinouge Aspergillus spp Twanmemaslssngnuiaiiannnin 2
cfulm’ il‘yuvlﬂazé'&lﬁuﬁﬁumswumsaﬂL%alugﬂ’mﬁﬁ'ﬂﬁua%i TaswulSunmsia Aspergillus spp
128y 1.5-2.3 cfu/m’ Tuuwunidgnanelunszgn uazgetis 4 cfum’ luwkaslnsvasunun lag 71%
aduviia Aspergillus fumigatus (Alberti et al, 2001) & nSUUTzndalng NNNIENTI
T59WeNUNRAUIA 700 Lae9ludIniavauuiunuin Aspergillus spp ﬁuﬁﬂ%mmg@q@luﬂ&jmao
Hadeaady 31 CFUM (wu'ldasus 0 aufls 152 CFUIM®) wio 8% MNmIUAUNIE

niuandnm lasanwugigafounungihoWlniiiauain (M@ Trsthpuszame, 2548)

m‘sﬁﬂmslL%aqﬁuﬂ%ﬂumimmﬂmaﬂsawmmaﬁwi@i’lmiﬁ%’oﬁ UV  (ultraviolet
germicidal irradiation: UVGI) 32UUSYLNE0MARAANZEY  ULaeN13NIa9a1MARIBULHRNTEY
aumariiaLizEnSnings (HEPA filter) udatnslafiana ymiinufe 98 vV iwlianansnain
slasvasdanldateiilsintaw (Kowalski and Bahnfleth, 1998; Montz, 2004) &IWN13
'izmslmmﬂfmﬂumsﬁaﬁmmmLiT&l"iTmaaL%ﬂﬁ;ﬁuﬂ%ﬁﬁaslmsgmmmﬂﬁnﬂmsmam“ﬁ']m
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V\lélunEluLL'Y]uﬂLﬂquuquiﬁﬂqiﬂq'ﬂ@?auﬂﬁﬁLL@QU']\‘]l@ “anNINnNH LLN%ﬂiaﬁ‘ﬂﬂizﬁ@ﬂ‘ﬂzi”ﬁﬂiaﬂ

a o
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L%aaauwdﬁmmuu@ﬂi:ammw 99.97% mmumgmﬂmm@ 0.3 Um EINAUNAULTULARS

9
Nz BaNaNgatAaNNT WA LINaBNaI8 (Kowalski and Bahnfleth, 1998) laawuinn1sanau

9

mgmmtmﬁﬁﬂﬁlﬂm 67% NUlARAIIZANNTU <80% IRELLIVEEY >12°C uazunuazly

sanTnenduuuafiFeuwe 1.1-21 um Hldes srwdenuudnavldlutag 50-00% uedh
ANVTUD >80% $1INLUATIBIWAIHNUILHLNTES (269 CFU/M®) naufannninfaurnuwien
389 (256 CFUIM’) swiitasananmsiasadivlausnfinduinunusinnsasintinas (Mritz et
al., 2001)

ImomifﬁomuamsﬁwmLLw'unsaaamgmﬂmﬁ@ﬂszaﬂ‘ﬁmwga (HEPA filter) d28nn3Lt
wlulnindle  (Tio,)  eRsuUmEwlovaIuHUNTa Lﬁawalumsﬁﬁmﬁuw’%ﬂummmao
Tsanenuna Wio991n Tio, sansnmielwiie hydroxyl radical wa superoxide radical fifsnwialu
msﬁwmﬂwﬁfwnmm:mamwmeuaoqauw%ﬂﬁl,i‘iagﬂﬂizﬁuﬂﬁﬁ%mﬁ’;mm uv agelsianu
Uszantnnees TiO, fumaamaﬂﬁﬁwmmﬁugeﬁo 22000 ppmv Lﬁaomﬂlwl,aqamaaﬁ’mzv[ﬂ
wgsimeRauniuiives TiO, V‘iﬂﬁﬁuﬁdwﬁ%ﬁ%%’ﬂﬁgﬁuﬂ%ﬂmmza@a@m (Li et al., 2005)
uaﬂmﬁa"lﬂﬁ]’mmmsidLﬁﬂﬁﬁﬂg’jﬁ%ﬂ’mﬂmsﬁuﬂ%ﬁ%‘ue]sl,uﬂsqiwad vocs  luamedneay
(Ollis, 2000) nstsznalnsdudsanalwwaionsn sudufiaulaindszansnwmsmia
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1.2 agisrasnaslasenms

1. Lﬁaﬂ'@umLLN'uﬂsaaamgmﬂmﬁ@ﬂszaw‘ﬁmwgalum‘sﬁﬁﬂﬁ;'&uw‘%ﬂummﬂﬁ’szl
Uinsulnlanzasla&sain Tio,
dl' = [ % d%’ a A 6 ] Ada a 1

2. WWaANMUITRNNLIARN (ANNTULAZEITDUNIGIZIRedN8) NABNTWadS
ﬂszaw%mwmsﬁ’mmaoLmumadmgmwﬁ@ﬂizﬁﬂ%mwgaﬁmﬁauéf’ssl TiO,

1.3 2OULVAVDINIIIVY

mu‘i’%'slﬁl,ﬂumiw@aauﬂszﬁw‘ﬁmwmaaLLN'uﬂsaamgmﬂmﬁ@ﬂszaw‘ﬁmwf,;m (HEPA
. o @ A (Y Aaaa a { a0 & '
fiter)  lumimiaadunidlusmeaveslsannunadisdjiselnlanzaz lafafifiatuouunin
v woA o v a  Aegd a ' , 7 N = =2
e lasgjasiuinaideqauridiinmzdaaguuuiunsaarimu Lildnlufisnns@inm

a A& A | P a A e
anusanInlumInianiuniduiammgasaasean ldainuduniasudatiela RUNIIN
neagauiiananannguinuanuaznaliiiadywlulsawema uddusnawuineaudg

UaaansfmwIunIAnsIae lawn Staphylococcus epidermidis, Bacillus subtilis, Aspergillus
niger, Penicillium citrinum nagauly chamber NfnuaguniIlin 25°C uazAMUTUTNINS

4515% uar 7515% shumiﬁm’%ﬁizmﬂd’]ﬂumjmaa VOCs NaRaULANIE xylene LAZ
toluene TwaNUITNTH 50 uaz 100 ppm W&y leasAnwludaslianmmasnminaiia

MIUANE WAINLIR UV BUAUAILALADWIUIAN 2550 AUEN TWINAN 2551

luduvasnisnmlulsaneiuna mitdnadunidvasununsas HEPA fiter s
UfRsenInlanzaz lafaiu nszviluzuveaedeswenaima laswSsuifisuiwinuuaiizesa
LLﬂzL%@i’]‘J’Jm]’mﬂ’ﬁLﬁ‘Ll(;f’Jaﬂﬁdﬂ’]ﬂ’]ﬂi%ﬁ@d@i’]\‘i6]6?\‘1LL(v“iﬂ'auﬁ.]@Lﬂ%ﬂdWﬂﬂﬂ’]ﬂ’]ﬂ-izWﬁ’NLﬂﬂ
Ln3oanana mMa-uaznasndaeaswenaime 19 90-120 wifidauiesinly souiifiu
dradlaun wipaadidinmadfinvaslssmennasiuaiuns i 3 wes wihlauazla
WoNUaI lTINENLRATUATUNIIINIAVOULARTIUIN 2 B9 RUIBNUWANTINVBIINLIALNNT
mmimqmm%ﬁd lasfnmlutinfounnuman - Sguou 2552 AuFNNANULT U3 IR
Aedulugaeaing
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A & A A . A v o Aa A o
Tnindealasenlodwiomlulnnily (Tio,) Wegnnidudinussniianusnaiuiay
' ] v a + - . A & v
Ad1 385 nm aznaliiia hole (h) 1 valence band uaz e 1w conduction band Taduea
a o Aa { + o o - & &
panGladuazdr3ddnuuss las h azmwdany OH  luluanavessihinanzdu  hydroxyl
radical (OH) unuzfl e Mudnuluanavasaandiaunauiilu superoxide ion (0,) (Fujishima et
= o o a [ .~
al., 2000; Zhao and Yang, 2003) mﬁmmﬂum‘smmwmmuLmumaafgauﬂ‘%sﬂﬂ (Ibanez et
1 o g = 1 a A 6 a A
al, 2003) lasanwhdenmsgnviasveshimzlnnniaauuafiGauazalaveuuaiisy
o A [y { o { [ ° v a ' a o
audey  Dalevsaisndenuuazanuninvesaafidnaiu Mliaunidudazaiiagnidalu
8a31716n9M% (Huang et al., 2000) N3 97luadia Block et al., 1997 zy ¥ lifianuuand il
A A o A A Aa o [ A A Aa o
Fa92adnaN LT lumMIrasuua RSN INAU AR NI TR RN ULLAN T WATNUINN A NILDR
' ' & n? a o a A ea v Aa & | .,,3; . . -
vudadnila maft dmahaowagaunidnuisenmidulyldnean superoxide anion (05),
perhydroxyl radical (HOO") ez hydrogen peroxide (H,0,) lasdunuidonuaasin hydrogen
peroxide (H,0,) LIudimidaannin OH: Liasan OH ldsansnTurmiaiuuiLsnsas

Aa >

RunITinilaun H,0, ¥le (Kikuchi et al., 1997) udiitasannanududuved Hy,0, luiae

q

. . ! -7 & 1 { o a
2a9 Kikuchi et al., 1997 U@ LW 2X10 " mol/L sm"lugmwaﬁﬁ]zmmwﬁammmmadqauﬁﬁ
1d anzidvAienadn H,0, wuihljisundeny o, ldilu OH. OH uaz 0, muluisazas
AAa Ao ' ° & o A
LLm‘nLimmvl,ﬂgmimmyaaﬂﬂizﬂaumﬂumawuu@nﬂﬂluﬂq@

nInasaulseENTNINID  TIiO, slumsﬁﬁ@L%‘yaﬁ;ﬁuﬂ%ﬁﬁ?ushulmy'azﬂszﬁﬂuﬁwﬁ11
(Rincon and Pulgarin, 2004a; Coleman et al., 2005; Lonnen et al., 2005) %’%afi’]lﬁﬂlmzuu
iua (Ibafiez et al., 2003; Rincon and Pulgarin, 2004b) ﬁﬁﬁdﬁﬂ@aaulummi (Kim et al.,
2003; Hur et al., 2005) LLazﬁaﬂmﬂﬁmaaulummﬂ (Goswami et al., 1997; Vohra et al,,
2005) L%ﬂﬁ;auﬂ%ﬁﬁgﬂmmmaaudaul%qjﬁa Escherichia coli \Twlii1%398189 Maness et al.
(1999) 14 malondialdehyde (MDA) Lﬂuﬁwﬁﬂauaﬂﬁomigﬂﬁwmmsﬁammmmaa E. coli lag
WU MDA tnTwanAs 1.1-2.4 nmolimg cell (dry weight) melwiaan 30 wafl WAL IFYLRY

Aanssunsmelavasims 77-93% &Iu9NuIIpVa9 Huang et al. (2000) 1% o-nitrophenol [3-D-

. & o Ao L% . A & '
galactopyranoside (ONPG) L% TIANILANYDINUILTAVAS E. coli 18wy ONPG AN DL

TATIMAININBURY UV 1% TiO, anzfiminazasluansvmalngjisuwenlod [B-D-
\ a & o , a4 o o ' % I i
galactosidase \ialunasanainly 20 Wil semeiTuaslimasnnuiigazes E. coli
anfae  asfemahaowawsiuwaniliasddsznaumolwasia lnseanunauduaing
& =3 A o & Y \ .
VBINIALVAITD E. coli An waniwita ldanmarawasddsznaunmeluaadis dau Saito et
al. (1992) WUINANMUTNTUVEING TiO, 1 mg/ml JUseAndualun13inee  Streptococcus
. a 5 { A o < +
sobrinus U3t 10° CFU/mI snfigamsluszazioa 1 wifl lasidowunistilnazas K ean
PNEEREENTINGT aenldsfiuuaz RNA Frsanunnmouaniaasd it gnslugiane 120

WA OBURAITIN TR UDINTES L‘ﬁﬂﬂﬂ']x‘]ﬁllyiﬂi



wananit  SefludseRdnmnsaniawaas TiO, lumsinsaiasoiia  Candida
albicans, Pseudomonas aeruginosa Wae Fusarium solani g lusladsfia Acanthaamoeba
polyphaga (trophozoite stage) Tsnuaaanufauuszuss UV laasiwisatafvesunefiGounsa
UINTa Bacillus subtilis luﬁwﬁuﬂ‘agﬂﬁﬁmmaauﬁam“ﬁuﬁ‘u 1ag Lonnen et al. (2005) 5@
[T upaIUEs UV 2malndlfnsfusisunad 200 Wim® suddssansmumamiaalasas
B. subtilis iulsifviniinaslasanswinaladldifies 1.7 log unit Tuszazinan 8 5alug wmedl
qauﬂ%ﬁﬁuﬂa@ﬂ%mmvlﬁ 4.2-55 log unit Twszezaan 2-4 Talusiintiu aenelsfien cysts a9

A. polyphaga "L&igﬂﬁﬂ%’@uaﬂlwﬁmswmm 8 TN lagMWIINNLIIANNENNEURINT

a A 6

MansTeasduniditssausauaniteldennlaasit £ coli DH5¢ > P. aeruginosa > A.

)
polyphaga(tropozoite) > C. albecans > F. solani > B. subtilis (spore)> A. polyphaga (cyst)
ﬂs:ﬁw%mwiumsﬁ’]mm%aa;auw‘%ﬁmaa Ti0,  wuenvaasldannisaauiives
éx‘lﬁaﬂuluﬁ?ﬂmdﬁ?ue] L% toluene, trichloroethylene, dimethylsulfide, trichloropropane WIDET
UNAWTH S sz N ﬁl,ﬁ@ﬂﬁﬁ%m photooxidation lad1ananaidu inorganic form RERUADELUY
Awia9 TiO, 44 (Ollis, 2000) lNu3sowas Rincon and Pulgarin (2004) Wi HCO;,
HPO,” AMMTNT® 0.2 mmoliL ﬂ'@manﬂizﬁw%mwmiﬁﬁ@ﬁﬁuﬂ%ﬂuﬁﬂaU'Nmﬂ@i”aUmilfﬁﬁ
wiavhufaseniudmeandled wiallimzAaun active site w04 TiO, 3Rl CI, NO;, SO,
Na~ K ﬁmmLiuﬁmﬁmﬁuﬁ'@mmaﬂi:ﬁw%mwﬂ']'ﬁﬁ'}%’@@‘ﬁuﬂ%ﬁlﬁﬂﬁazJ &%  dihydroxy-
benzenes isomers TEIHETBUNITANNTITNTNG IwndsnaaLAaLTzENTMWYD TiO, LTUN
lag Coleman et al. (2005) ldvhmsfinmludnsaidsiiuuszaiuayuil HCO; 91N NaHCO,
buffer \Judnslun13iuLlezgan h" AiRufa989 Tio, nanetdu HCO,” duan udasslsfanud
WU TiO, Degussa P25 anadudu 1 g/ib liuszanTawlunsmiaa E. coli §I9 T8930
hydrothermal catalyst luaNLTNTULASINY 3% magnetic photocatalyst aNLTNT® 2 g/iL 1#
Usransmundningesriiausn udilofmady Ag lWlu Tio, MmImda E. coli azininilid Ag
Tugrusasmsinsamsdunisluonmanisluenans  wuindeenududnfs 22000 ppmv
UszAnBA1nlunIi9a benzene, toluene, ethylbenzene WAz o-xylene aARILARD 2%, 15%,
28%, WA 35% AN 27%, 67%, 76%, Waz 80% AN&1GL (Li et al., 2005) %a;ﬁ?&la;ﬂiﬂmaqa
maaﬁﬂuﬂﬁﬁ%m photocatalytic yasfaineliugomefauniniaves TiO, limsinzda
LazNaEaImIBUTITanas wananin1sdfie NO luszuudisinasenTanauasmMIrinans
RIBUNITINGR FIWNNIATA SO, 11ana Ao and Lee (2004) Wuin SO, Qﬂﬁﬁmﬁw‘ym’m
77% I 80% LilaanuTwiAinann 2100 ppmv 11 22000 ppm, Lﬁaaﬁnﬂmmimﬂ'&ngﬂvlﬂ
du 50,7 vuwdunsasloutaldlasdne ﬁ”'af:m’mLﬂiTmTumaaL“‘f?aagﬁuw‘%ﬂumsmmﬂﬁ?uﬁuﬁu

a

gnwwasauduinay laswuiigunnil 25-30°C ANUTUFUANNT 60-70% uazaNALTIANT

=4

wosnd1 1 m/s azwuANUTNTUTNFINEA (Lin and Li, 2000) v wuailiTutuaey laale

q

AMUTUFI guazazinaadiinaminmelu 1 Blualeanuiuduinsaglugie 30-60% (Maus
et al., 1997)
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d‘yd a @ = = & = 1 a
Tassmsndszozinalundse 2 9 Iuﬂmeﬂumiwwmuwumaamql,mmu@
UdnTmwgslasniafouuiunsaddin TiO, udanodmouss UV-A iialiifadjisenlnle
azazlafy LLazmaauﬂs:ﬁw%mwmsﬁﬁ@L%aﬂﬁuﬂ%ﬁmams&umaoé’aﬂﬁh’ﬂu chamber N84
o A en o ' ' & ° ') = ad A
lu%aoﬂgmmi °11aunwsawaamsmaaulmmazmagﬂmvlﬂﬂiuﬂgaLﬂaﬂuLLﬂanﬁmsmaau
SR ad [ = a a ' < 2 t:llddl
sfmmaﬁmsaﬁagﬂLmulum‘sﬂﬂmﬂszaﬂﬁmwmaaLLNunsaaﬁmmzm"L@am’s::mwq@ Tag

oUMNNUATAMUTUFNNNTVRIaIM Al chamber nasas Mwualifl 25°C uaz 4515%

gusau §uludn 2 unmeseudiudsansgiineatasnudseEnTamwnm I wuaIuks
v TAa A g dl 1 U n:l'd

389 leun BnTwazasnnuTu uazlazinevad toluene WAz xylene Nadlunguues VOCs Nl

' o Y a A 6 Aaaa a AKX A o a

Wadansiaaauniduesljisoninlaazazlegs  vnfiinaihldneseuaiilulssweina

el

3.1 M3LARULHWNIBINE TiO,

A [l = ,_-3’ A . & ,_-3’ A [l & A Y v
MILARDULHWNTOI IUMSANHRLITIT dip-coat mmuaammmumaduugmﬂaaﬁ_lvl,’amﬂ
o & v a P Y . = \ o PRS2 o o
m‘mumﬁnﬂiidmu@wa@ nIaaaualg Tio, v laNsanszin lalasass luniidanesssinaa
o o ad L VLG/ ' A a o) () [e) [e) .FL o
RINUUINILITANINU LaA NININGMANA 200 C, 300 C, 450 °C uaz 550 C nIIuaiuad
Yinazany 95% ethyl alcohol, acetone, chloroform Wag n-hexane w1 10 Winana1daana284n
Na% NN13819628 0.1% hydrogen fluoride LazN1¥819678 0.08 M sodium dedocy! sulfate (SDS)
g: g: té gj ™ v kg v U [l v
1 ATILAT 2 AT DINANIINARINULEAI I IuraTe 4.1 laglunfiRanldmIssusunsasey

SDS uaaf A ﬁaua};uaﬂumia:a’m TiO, (Degussa P-25) @NULTNT% 2% W1 10 WAl 1

Tuds dewshldevfigaunn® 120°C wu 1 Talas anuwiusiunsaslalilu desiccator ating
Was 12 Talusnawiin lUosihnin USunos TiO, loading UBLH®BATEINITIL IFINNANVULANGTS
PoaMTNTBILHINTRIaUMTIAREL NUIWINYaILHBNTBINAINSIARaY (NTugmnniiuas

& % . & ., A [ A Y & v da £ A a .
ﬂ']’]ll"ﬁuiuﬂ desiccator NINBULARDULAZARILARDLLLAI) IR WBNNLANNT BN DLTN T TiO, U

WHWN389 915N TiO, loading lumsanunitagf 3140467 mg/m”

‘u

snwadulonsfindovuas lldedeudananmsldiedas  Scanning  Electron
Microscope #ananiissiimsanmnanusuanasununsasfitiaannseday Tio, lagld U-
tube manometer TAANNLANAIITBIANUTHATUAILHRNTBIADUAUTAG WS IV ILHUNTB
dialdanuisian (afRmiurwnad) 0.1, 0.3 uaz 0.5 WASAWT uazdimIfnsnIMgaing
W89 TiO, sremslaununsasitadouudqlu chamber wszidla blower IWaaamemnyuinag
maluimudunsasmn 10 Tlusdsanusauniiuunses 0.3 wasAwi lagliimade
VLW%%aWuL%aﬁgﬁuw%ﬁ vmeines TiO, UuLLNumadﬁmﬂﬂ%ﬁamngmﬂwmmmﬁﬂuﬁuﬁmﬁﬂ

Aawtheneane Usuimuas TiO, ﬁ%qﬂmaaaﬂvlﬂ



@ [ wn | A i [~ o & | =2
RAJINNNARDUAN W USRUUAUILLNUNTRILARAU TiO, @d?ﬁﬂﬂﬂqj‘lﬂuﬂa mu@ﬂu@lavlﬂﬁ]\j

Aa

Wumsnagauanusunsnaasliselnlaazes lafalunsiidnafunidlu chamber lasuein

q
a o

nissfiaiay Tio, AlFimsihlddnsedouss UV-C wiu 10 wifinewianldlumnasasmn
A%
3.2 Chamber naaaJ

Chamber ﬁl*’ﬂumimaaaﬁmsaammulﬁmmwgmua%inwslua%imaa@nmﬁ’mm
9@31N blower 1a8Ta9NI9 128901 MANIMUENIN LN TBIUTERNTAW 40-60% migagl,ﬁ'a
m'ada%mﬂﬁmﬁlamﬁ’m’]ﬁ‘um:uamﬂm manwgdundid il chamber  nazvilasld
nebulizer (BGI. Incorp., model MRE-CN 25) fdadiuLasas compressor ﬁagﬁumwaoﬂ‘sma
(gﬂﬁ' 1) AU auAwLEUNTastE e 137 0.3 Wwasun? Safirtinurunsadsy hot wire
anemometer (Airflow Developments Ltd., model TAS5-Flexible probe) %oLﬂumwﬁam"ﬁﬁuag
TagrlUgwiuununsos HEPA filter Tulsowenuna FUNIINAINNYNWUBANUIAIN nebulizer
fugnﬁﬂﬁuﬁﬂmmiwﬁ%a"lﬂmumuﬁ'mvl,ﬂmﬁamiﬁ;jusiunsaoﬁmamm blower  h34i
AauntinununIad Inaaaln UV-A 1u1a 36 W (Sylvania F36W-T8/BLB) 311471 5 #aaAINIHN
PNLHUNTAIUTZAI 10 LTUALNAT ANNLTULRINAGIE  radiometer (Cole Palmer, model
LW09811-50) fawinuRunsasagf 4.85£0.09 mwiem® 1agdunidlunszusamelvaands
FIUVDILNUNTDI ﬂizLLammﬂVL@i”QﬂLLﬂaaaﬂLﬂuaaaa’m mmnnfmﬁw;jdmmuquﬁvbjﬁms
PYURS UV-A UBULHNNTDY (mamiﬂgnﬁﬂ‘?ﬁwﬁawmaaﬂ PVC) mmzﬁmﬂﬁaaﬂmnﬁg&mu

NARAINNLEI UV-A 8UBLEWATEI

MINAROUNITIIVEY  chamber mzﬁﬂ@mmﬁtﬁmaayjﬁu‘%nmiamiaﬁ‘%amvﬁumao
chamber L‘ﬁ'aé’am@mnﬂﬁﬂuuﬂawaamaayj TugnzasmImaseumIsisay JUNWNIDIDNNNA
ol chamber lefmswuasazanslaloduiiddiinaunsdas nebulizer udrl48d swab wikd
209 chamber YHEIWTUWANUHBNTES LA UREILHLNTEY aRoawumIa Ui uinie

) A &V o o o
AIIINDUNIIINIVBIDINEA Gﬁ\‘]ﬂvLNW‘Uﬂf]ii'J LL@]@U’]\{L@

‘lushummmiﬂaaﬁumiﬂmﬂam%ai}ﬁuw’%ﬁuazmwgma@aaﬂuaﬂ chamber  Wa9d
L%aqauw‘%ﬁ nazvnlasfanaaa il UV-CNenwlstad chamber LaziilaginlTanawn1inaaaduas

RRINIINAR aam%a%unnﬂ%'a



naaa W uv-A (lunnuaasnaaade?

uan3AnE19391lT 5 vaea)

WHUNTBILARAL TiO, (119
A Y
« wilsanouss uva 3ndna

=] NS
niks ld ldansues)

FRINIINVDIDNMAN NN TDI

YIzENTAW 40-60% miﬁ;ag

X A,

Eﬂﬁ 1 Chamber naaa3 a) diagram, b) chamber Tauas, c) nyzugamManuustduraize

a

s &
3.3 n'ﬁm%ﬂm%aa;a%ﬂ'%ﬂ

\regdunignltlummenas lduduuailSy Staphylococcus epidermidis (TISTR 518)
Wae Bacillus subtilis (TISTR 687) LazLTa T Aspergillus niger (TISTR 3012) waz Penicillium
. A & a { { ¥ o @ o 2
citrinum (TISTR 3437) Taflusfianwuannigaluiauduusnannisdnadeayavasenmelu
lswenmauwalng (038 Tothguazanz, 2548) lasigamaiiaadannanamniuiie
a & A o & a & Aa o
Insnenaaiuazinaluladuiidszinalnolugdvasniuds  Tuseumuaisusauuafiiorilay
o A A A o < A & v ¥ o A v 9 en A o '
rauuafiSsuugunusinnauidnanngaldidnnug i ldtiaroaBadinan 1 noaad

Tuam13lasaTa Blood agar &1WIU Staphylococcus epidermidis \naglina wadti luvniwg
Waf 35-37°C W 1 I wIalunstiillu Bacillus subtilis 1113889488 Trypticase Soy

Agar (TSA) g lummnz@adt 37°C win 7 3



L Ax e ¥ . . ¥
lalafluas Staphylococcus epidermidis NwlniaMNNIIWITE #aIINYNITEIIEIEIN

< 'S 'y v o 4 7 [y ° ' . d U
nawdTannizaldianududw 10-10" cfu/mL wdn srunIninlulgwa nebulizer tNaldwnl

chamber lotag walaladtuas Bacillus subtilis %8331NII019A8UINAWLAD G834 Mg a1

1i3euft 80°C win 10 wifliiarda vegetative cell IWindoudsasnan lagthalasiuwiuass
a%iel,umia:my"l,ﬂﬁuﬁwm%m centrifuge AR5 2000 saUMNTUIL 5 WAl 3nsiwidne
aﬂa?’lﬂwauﬁ'uﬁﬂﬂ5%ﬂ51ﬂmm%aiﬁﬁmmL’iTmTuagJistﬁN 10*10" cfumL el ldlune
nebulizer ¢ (Lin and Li, 2003; Vohra et al., 2006)

TUEIUTaITETT  HAINRNINNILTTILRINUINNARUTAN AT IWIINNUALR?  F9%Ea

RIRZAURILUDIMNTLALITE Saubouraud Dextrose Agar (SDA) tnaslina waniihldauwmne

\1a lag Penicillium citrinum WNziTeNg Nl 25°C W 7 u nuwlisatasn e i lunaw

Authnankazin ldudrewaIad centrifuge ALY 2000 JaUANTMIL 5 WHl Nanaziilane
o ¢ < ¥ o, v v 4 7 . . {

aasluwaunuiinaudnannideldianuidudu 10-10" cfumL (Lin and Li, 2003) i@

i lUlEwwadae nebulizer ¢ &1 Aspergillus niger RRINNRUARITAZANILUBNWITLALILTD

d x> [ ° ¥ A ' . &£ I3 @
uaznaslvnaugs hldauwnz@an 37°C aunin mycelia Inawduwan (dandszanm 3
% g; { Qo g/ q‘/ v, v v ) 1 4 7 { o Y
Tu) nuudsdsadetldwaunuihnauldlanududuaglugis 10710 cfuml et ldlgwu

I chamber 628 nebulizer LTUAY (Vohra et al., 2006)

\Ta9dunidlu nebulizer (3N 2) gnwuaananlu chamber @8n13ld compressor 86
armedin ldlutaannadnaes nebulizer MBKITIGH 20-30 psig ANNAUAINEILHIIIUTS
& A . A . Aa a A6 1o @ £
gaMaluisulaievas nebulizer Nduagluasazasfidadunidagriliaassnzasiun
anuTia ke LLazmia:mUﬁfugﬂﬁﬂﬁlﬂua:aaaslaﬂmﬂmmﬂﬁé'@mwlﬂ I@mazaamaﬂqﬁuﬂ‘%ﬁﬁ
Wwaanu1 ki chamber gﬂﬁﬂﬁuﬁﬂﬁ@h 882N blower lusz%d']aﬁ"lﬂaaﬂ"lﬂuﬂﬁawﬁﬁgjmumaa
WHNTDIANNNAAINNA ILED

Compressed Air

J—

Ligquid
Solution

U7 2 Nebulizer E%W%’UWmﬁuﬂ’%ﬁ
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3.4 nandngawnidaledjiselilaezeslads

=< a ' a A ea A a A ' & a
msﬂﬂmLimnﬂms‘wufgaumumwu@‘lu chamber 1% 20 W1 TI32RIN9%U blower §
m‘sgﬂmmﬂlﬁlmmagmﬂu mmﬁﬁﬁﬁ;ﬁuﬂ%ﬁﬂuagﬁaﬂ%d"l%ammmuﬂsma%imaa@nm
dl' AR A . ¥ [l g; 1 0/ o a d(d’ﬁ
\Waasy 20 wasla nebulizer Loz blower WATNUNUNTDINIFBNINENAMITIWIUIAUNITAY
v { a 1 1 a é o L= 1 : =1
@mﬁLm:@magummuﬂsaamm%maa Wang et al. (2001) S9vihlasdaunnwnsaddubuan 9aslu
PNABUIENNITOUTUNT 25 TaRAAT N lweeLaIad vortex Wt 2 W aN@E
NIFURLLNAUAILLATAI sonicator Wk 15 W ﬁamﬂﬁl,ﬂ@@@mmzma 0.1 UARAAINILNAY

UnaIMILAEILTe SDA #MILLTaT Uaz blood agar MnTLLUATIGY (FUN 3) mmaauaTen

Aa

VL@Tﬁ']"LaJﬂmW’]zL%aﬁqm%m 37°C W 18-24 TLASAWTULUANISY UAZUIW 24-36 TN

U

fTU A, niger &% P. citrinum \WiziTanigmangil 25°C w 36-48 72109 MNRURDIIUIU
lalafiidang (U7 4) udrgudiod diution factor MMy lasgunsalynFuinisain

U U
v 1
Q/ A

L%aEmLﬁmﬂmaLw atlasnuwmsduiilan

v Aa =< ' A o o ° a AeY o Aa ' o

%mﬁnﬂmmimLquﬂ‘saaLwam"l,ﬁaﬂ@mﬁnmuﬁ;aumﬁmmumagummuﬂ‘samm
@ia"l:ﬂLﬂumiﬁnmmiﬁﬁ@L%agauw‘%ﬁﬁqmJqjﬁ%ﬂﬁIWImﬂmﬂa%auuuﬂumaa AIANENILTH
mnmm.l?iﬂuLLNumao‘*g@sl,mjLLﬁuﬁﬁﬂﬁiWuL%aw%mﬂ@ blower luﬁﬂwm:ﬁmﬁ'uﬁﬁﬂmgﬁu-
AL w A A ed . @ & a o Aq o, & & o A
ridasdunndszna I@sﬁ;aumﬂmghmw nebulizer mmLﬂw’g@mmnuw’lmwwﬁam@m )
WlTaawATL 20 WINLA30Ta W UV-A TAEaIUBIE®NTaIWI% 1 T2 lad LUaaATULIIAIAILN

) o a A ea A ' \ a & A o a A ga

mtaaaaﬂvlﬂan@mmmm;aummmaaagummumaaaﬂmmm mmuﬁ;aumﬁm@aﬂﬂmﬂ
'ﬁwmuéﬁGTuLLamﬁdﬂsxaw%mwmaaﬂﬁﬁ%miﬂmﬂ:@1:VLaaaluﬂﬁsﬁﬁéT@ﬁ;ﬁuﬁﬁuml&iuﬂiaaﬁfu
TagSaunauanuanadseningeui luinmadaln Uv-A Audunimatlalu wazdnun
sepzam e lWndesnuaanlufe wiw 3, 4, 5, 6, 8 waz 10 T lad %ﬂuu@iazq@mimaaa
a A ' & ' ' A a = ' & A
menmsmasmmumaaLﬂuﬂ;@‘lmLLazwumaﬁ;aumzﬂmnﬂma LRZLUDATUTELLIANAINTT
WalWeuniinuauad "«ﬁaﬂhLmumaa"l,ﬂaﬁ'@mﬁ‘hmuﬁ;auﬁﬁﬁﬂ'@ﬂmaamﬁaagﬁaﬁﬂauﬁm
AU lanana bl



gﬂﬁ 3 i’u@aumsaﬁ'm%aﬁ;auﬂ‘%ﬁaaﬂmnu,w'umaa HEPA filter
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&l

4 ﬁ;ﬁuﬂ%ﬂ aNAAINNUEBATES HEPA filter a) Staphylococcus epidermidis, b) Bacillus

=h.

Eﬂ

subtilis, c) Aspergillus niger, d) Penicillium citrinum

3.5 nmsansanlsndnansznudaljisanlilaazazlads

Tusrnaasansndneluin 2 Usznavldamsanuiusunninuiiuain 4515% Ll
7515% laultia3a9 ultrasonic humidifier (Microfrog, model T10) iHudinuazaadlesilvi

g v & Aa v o v { [} a o g o
AMUTUMNARINT Tagunniidanainualif 25°C iguidn MInTareuauANNTUNIET

% { .. a s { £Y) ' =
lawldinsasila digital hygrometer (Testo, model 400) JaanuduAinsinLEUNTES TslunmInaaas
Idsoauanuzuagluszaundasnisauaafiug BuimInaaastrlnifislsz@niawms
o a a 6 1 3 aaa Aa dvv a = K A A
dapauriduuukunsasemadinl it lnlanzazlafa  wananfdilinsd@nsiadnina

A A6 [ \ v AA
V2IFIBUNTHIEnANlUNguTas VOCs ldur toluene waz xylene fifldannnuaansnluns
iagdunidvasljisenlnlanzazlafa lavldasazain toluene uaz xylene uIT3luLIM
nebulizer TRARZVIA L& compressure 8ABNNIAARILAMNAL 2.5-3 psi FINTU toluene WaT 1
. o ol v & ‘é

psi 13U xylene latdwlaszinevad toluene 100 ppm wazlaszineaad xylene 50 ppm 4
asamauaNutudulasld VOCs analyzer (Miran, model 1-BX) nafianadadunliasnann
[ ' . . o et o < =
NMABAIINAT Threshold limit values (TLVs) 81ARIUNIININW 8 331049 59 ACGIH/NIOSH/OSHA
frAuaA1 TLVs &3 xylene a4ia o, p, m-isomers 119 100 ppm &% toluene 14 NIOSH
fnua liN 100 ppm wouefi OSHA fviuaf 200 ppm lunitdsRanltanuidiud toluene fi 100
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A > = & =3 aana
ppm  tiveenudaaanslunmsfinmnassy  nuuImasauauaEnsaeslnsenlnlaas
azlafruuununsaslumatdnfunidlunsdinannad toluene wia xylene agiuean (I3

Wk toluene Uaz xylene Wiaw 9riu lasursusniusfiaszaia) anuisildasunsliludredu
3.6 n13AnE InlsaneuIa

=1 a A ﬁ’ a A 6 1 v a wa v A dl
uanINMIANBIBnSnasasnNuTuLazasawnsdsisluiosdjdfnmeuan  1uln
2 ﬂ'@"lé’ﬁmsmLmuﬂsadmmﬂ‘*ﬁﬁ@ﬂszaﬂ%mwg\iﬁmﬁau TiO, vlﬂﬂs:qﬂmﬂ%ﬁ'unﬁﬁﬁ@qﬁuﬂ
a o o A A A A
3luemavaslsanenLna I@m@mlugﬂmaaLmaawgﬂmmﬂwmﬂummumaammﬂmaau
. . 2 ¥ . [ 1
TiO, (loading 3140 mg/m’) uazlinaaalW Sylvania F18W-T8/BLB $1173% 4 #aaaIN9%1997n
' a (% o | o 2 {
WHWNTEIUTZNN DL 3 LTURLNAT TAANUTULRIUBUHINTEI L 3.1820.75 mW/em (3UN 5) lag
A A o & a [ = A @
inreananaMalionMIgaemMa 270 anunadWami (Ieannanuauitesnsdnves
pIMeuaIguUBfunnnaatesnIinvesaIawenaIne)

3U7 5 i03esena meanlfl it inlanzas lads

o @ a a a Ao A ¢
msmaaunwsnwa@@auwsﬂuaﬂﬂﬁﬂmaaLmaawaﬂmmﬁmlLqunsaaIWImﬂz@zaa@
uIT98Y mzﬁﬂ@mﬁué’aaamﬁ;auﬂ’%ﬂummﬁmﬂiuﬁaamammﬂﬁ;ﬂ%ﬁﬂﬂ']ﬂﬁﬁﬂﬁ‘i’luau 3
#09 uaznihielauazlofiouduin 2 RosualsanenuadIuasuns @ua 770 1&e9) Imnqﬂ
#aaltruumstSuanmauuuIIN (central air unit) WaNINNRSINMTALAIBENINRUILNUA-
a s 1 tﬁ d v { s a @ o {
nINTeINEAEM I IMgULAI i slFiaTasdiumanun@aniiiuan 1 wevas mulu
Wil avinwu 7 a2 laglugiaanenis (8.30-16.30 w.) azilaliusms 5 a1 laslssiiu
Auawd Wlaidaldusmsly lusreueniianams (16.30-19.30 4.) FsazTaliuSnmminrua
TGz In WAL 8 ININUA 3-5 39 lﬁﬁmsm:mm;l@Lﬁuéﬁaaha‘lﬁﬁ‘aﬁama:l,ﬂuﬁumu
A = o A & A o o A A .
dunifluemaliinniige lasifufiszauanugetszanm 1.5 was duoieladila single-stage

impactor (SKC Inc., model Standard Biostage)(gﬂ“?i 6) ﬁn’mluUii’ngﬁLﬁmL%a Tryptic Soy
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Agar (TSA) S1%TLULANEY WaZaNW1ILA89LTa Saubouraud Dextrose Agar (SDA) §1%3LLTaMN
sl,%é'mwmsg@mmﬂ 28.3 RAT/UN W 3 mmmlﬁia:"g@ TagisuduiunisiAuaiatnsame
v ai e 1 A dl' = 3; = A dl' =3
muluwasngsluimadlaiesasnanainawin 90 w1 nnuIdaiasasnanainiauaziiy
@28871991MAwI% 120 WA LazvinmItlatasadwanainiaualtiualatnssiallan 120 winiNe
[ dl o a A 6 a ‘ﬂl 1 A dl
aam@muﬂaUu,u,ﬂawmmmuqaumﬂﬂamﬂ@msaaWaﬂmmﬂ =R INUaLaIaInanaIne
(-5 =Y dl g; dq‘ =3 s 1 1 dl Q =1 U e
uazvadntaeTaananainia  leaansnuaiiiuaatidatiaanuliles ladnnsiiuszazwn
Waliiduaunuuasanmamealugisnadoiny (NInuayszunm 56 1a1u4) alg5aruns
LAUA2AENS mmnﬁmL%agﬂﬁﬂﬂﬂmmu%aﬁqmﬁgﬁ 3711 °C w24 TlasdnTu
A A < ° o A o A A A & & o &
LUATITULAZ WY 48 TALNIEIRIUTaT mmuIﬂIaumaaLLm‘nLimmzu‘ﬁas’mugﬂumwmu
o g; ] =) g & [ v |2 { U
FwunIvuelag insuanaievadaa smmmuiﬂiaﬁmsmﬂﬂsmmmmﬂﬁgﬂg}mm
d ' ] . . 3 & & ' Aa aa
iesiiaanazagluniiouad cfu (colony forming unitym™ Basa1me NaknUIBIATIINENAREN
PAIITINLILNABUINIANA 3 Had  AaraLeIuNaInig vasdwgUnial  uashasdfudnns
é’ﬂwm:aaﬁﬂs:ﬂaumUluﬁaaw%“am;@ﬁLﬁuéhama"l,@ﬁmmvlﬂugﬂﬁ 7-9 sty lauazle
\Wanuwiudatwndeaanladie GUn 10) uazdastrazde U 11) wiheiuanisuii
LL&@\‘llugﬂﬁ 12

SURELOER

Eﬂﬁ 6 Single-stage impactor wasdaulAuaiasing (SKC, Inc, 2009)
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[
wazma VOCSs Tuns
Aingauns dueauniu

nsealllanzazaa 1uilh 2

A 4

A

nagovUas U Isanenia (N 2)

A & =S a v
Eﬂ‘ﬂ 13 VUADUVDINITANEIILY
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unn 4
NAN1IAN®E

wamiﬁﬂmmiﬁ'@umLm'uﬂiaamgmmﬁ@ﬂizﬁw%mwgaLﬁaﬁw%‘@ﬁgauﬂ%sﬂumﬂ’mmad
lsawenuadiswnlunalulad leudaduidadsgmuiaglsrssduazitnisdnm Fa'leun
maafay Tio, fimanzaw mymdaaunidunwiunsssdisdjisenlnlanzezlada Jedveu
ANUTHLAZENTBUNSTIzAeN toluene AT xylene ﬁﬁ@iaﬂs:'ﬁﬂ%mwmiﬁﬁmﬁuﬁﬁmaa

uHnnIadInlanzaar a9Teaziduada bl
4.1 wennadAaay TiO,

NMINARBIMAATIINWINNLAROULBUHWNTES HEPA filter 21nNI30ATMINGER @28n19

LL"ﬂ%@hﬁﬁaszJ ethanol, methanol, n-hexane L.a< chloroform #1% 10 PN NAURINILUINAY

uRaUlALAIN 120°C w1k 60 WA biaNNInRNAasNINUINaaNaanLHwN T L6 I@ULﬁa’cg'u
WHUNTBINHIWNIINITAINAMRIIUETAzaNY TiO,  asazag liaunsaimefauniivasnyn

dd‘ 1 g; L = [ v o 1 . s = Y o v
N8y wwznstiiuduwnsasuugsasionag Lmema}qafLua’mzaw Tio, nuhilagluidasrinla
wAdLFEAaw aTazany TiO, Jdaansaimziale waddiazlinsnudSuna Tio, loading LY
nye9d Lﬁaomﬂ"l,;immmmmﬁmﬁfﬂﬁLwTﬁ]'%waaLwJumaaﬁL?JUmqj'u muﬁa"l,ajmmsﬂmmw

ﬁmﬁfmmumaﬂﬁmﬁm’]ﬁ‘unﬂﬂ%‘a"lﬁ

M3814638 hydrogen fluoride AMALTTY 0.1% nauduaslumiazany TiO, Tadlasaelu
AMILARDLLHWNTBITWALINY NIT AN TeNadAa M3a96e sodium dedocyl sulfate (SDS)

ANMNLTNTH 0.08 M lagd1uiuaIdnadnisans (1 a3 %I 2 a3d) AwadalSunas TiO, loading

(§

A '

ULFW L d’sumiauﬁqmﬁﬂmm@ 200-400°C lasnunsntnaasnsnwinuniiwntadld Nags

u
Mlruennsadnwd fuuduiinanadnay I@mmmuﬁqm‘mgﬁ 450°C wwiaas1 N Il

vwiuiliiafey Tio, uuwiunsadld uddsnewudymuduntasdfomduiihansey loo

a

Warinamnniln 550°C auwin 120 wifi Juwiasnandvaznua lduazldisnsnfouuuy

9 U

a

dip-coat l¢ HANTNARBIVBINTENIGLE SDS wazn13auN 450-550°C wazUTanmw TiO, NAAL
WHWNTBILEAD I UANT197 1
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4:{I o 3 s 3/ a . dl = v ad
AN 1 MImaasInwiLazyINIm TiO, mﬂaau"lm’]mﬁmq 9

a o % L 3’ 1 . . ' 2
ATMIMIARIINWINLHUHHNTDS TiO, loading UULLNWNTEY (Mg/m )

N13819978 0.08 M SDS

91 ass LLﬁaﬁjuiumia:mﬂ TiO, 2% 10 W 1870 + 169

92 a5 LLé’aﬁjwlumia:mﬂ TiO, 2% 10 W 3140 + 67
miauﬁqmﬁgﬁ 450°C

- 8u 30 Wl udrguluasazany Tio, 1% 10 Wil 3577 + 143

- 81 60 w7l udrguluaIazany Tio, 1% 10 wifl 4496 + 287

- 89U 120 W Ltﬁaﬁjuiumsa:mm TiO, 1% 10 4445 + 252
miauﬁ'qmﬂgﬁ 550°C 11w 120 w1l udagalu 4825 + 681

81382818 TiO, 1% 10 w1l

\WawisuSanas Tio, loading Unudunsasfi ldanismIs1esae 0.08 M SDS 2 asanuy
miauﬁqmﬁgﬁ 550°C wi% 120 Wil WU nIsaLuWunIasi 550°C dauduasluasazas
Tio, 1¥navasUSunas TiO, loading UnUH®NIB9§9nI 1M IaN96In 0.08 M SDS HRRFUNIERTSY
(p = 0.0001) Y gAANNENTHVES TIO, AlFlWITmMIey Hesniluwdinmsaedadn uaziiio
wrunsasin Ui samsiwinde33esesldosndas scanning electron microscope WL
mMseuft 550 °C swnsarinsamItwin ldainamuaiunitnissn (gﬂ‘ﬁ' 14) uependlsfiany My
1981w 0.08 M SDS wulianuszarnlumnfianunnnit 8nmis Tio, loading lutSanas
89 qfuwuqum’waaﬂmmLNunsaﬂﬁdwn'ﬁﬁ (gﬂ“?'i 15) Tufifiasldmsaournnsasey 0.08
M SDS 2 aSsudislsiuss ﬂ'amjwLmuﬂsaaaﬂummzmﬂ TiO, ANMNENT® 2% w1 10 1N
FaldUSin TiO, loading UnudunIaalusuan 3140 + 67 mg/m’ swsuldlunisnasas

NIRUA

HEPA filter 11599 1%HE@  HEPA filter fiaufi 550°C  HEPA filter fig19628 SDS

U7 14 L& wle) HEPA filter 71131 16N %N1IR90ULasNNIWANIRNI Q81 TN L
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HTEG 15KO #8080 S MTEC. 15KU
. ¥

8196738 0.08 M SDS 1 A39 8196738 0.08 M SDS 2 A543 aufi 550 °C 120 Wil

37U 15 aynna Tio, uuiduly HEPA filter fiknumIriaanuianisengg

Ly - , , 2 A o

M99 WHUNTaINLARBY TiO, loading 3140 + 67 mg/m” et lUnasauanuauanly

s £ d'd:’ 1 v é 1
chamber 1aa78 U-tube manometer ﬂumagmﬂlu VN RWIVBY U-tube manometer ag
U v 1 1 U ‘é " v L 1 v Q In v [l

AUAUILHUNTDI muﬁﬂmwmagmumwamwumad TFanusay  (JanRnivaIuHnL

n389) 3 AU Aa 0.1, 0.3 Uaz 0.5 WaATAWN sznisununsan luldiafaunuunwnsasn
LARAUNIGIUNTUFILAZMUN LUTUFT NARBUNTZAUANNTURUANT 4515% uway 7515% Ha

Unngeaiannii 2 lugdvasdnafotandounanasgiu

AN3HN 2 ANVABAS (BI11) VOIWHBNTBINANNLIIANAINH

WHWN I8 AMWTINN ANMNTUTUANT 4515% ANMNTUFUANT 7515%
m/s dudlifiugs | duhduas | dwmdlufiuss | duiduas
vL%JIVL@quﬂa?JU 0.1 1.00+0.00 0.97+0.06 1.17+0.06 1.13+0.06
0.3 2.00+0.10 2.00+0.00 2.10+0.00 2.13+0.06
0.5 2.97+0.06 3.00+0.00 3.10+0.10 3.13+0.06
Lﬂaa‘].l TiO, 0.1 1.00+0.00 0.93+0.06 1.27+0.06 1.30+0.00
0.3 2.23+0.00 2.20+0.60 2.53+0.06 2.50+0.00
0.5 3.23+0.06 3.23+0.06 3.35+0.07 3.37+0.06

A . o Y o . A a X & o s ¥ 4
miaRey Tio, Mlianuduaavadurunsasfidnintuintes (g9ga 0.26 i 7
ANMVTURUANT 4515% Waz 0.43 HnANNUTUTFNANT 7515%) lasanusSandadn anu
a =3 QI v ¥ a a { J o v a AI J ) a 1
auaanaztiua N lldrs uazanuTusuAnInuINIwNlAaNuaBAaRLTBTWAY Twiudivadns
' . A a & o A ' o [ Ad & =< d‘Vqu
waaaNved Tio, Nenafeduldilioduszpzinanisldnulddnizoeniounn lunsfnmild
naaadl# blower Whaugaiiadli chamber fnuuEnnIadduiaIwn 10 TlusAszauaNNS?
SUMINURUNIBY 0.3 WadAwfl  lasssihwinudunsasnanuaznasnmesad  wadyngin

2’ £ . 1 s 1 < 2 ¥ P 1A
N Ued Tio, unuHwnTadnaatan 10 T2 ladaaadly 10312.41 mg/m” ludnefi lddinsans

2 o { a & o . & o
werd wazaaad il 11022.77 mg/m” ludnsnfimsansuas wiadaidu 3.5% wadtinnin TiO, addn



2 ) { o v | o a a o
(3140 = 67 mg/m) Fsdusasunvosuinanie ldinlinsenunulssdniawnisvhnues
Uinsenlnlanzaslafs lasnwdsvas Tio, Medeuunduly HEPA filter 9nnaas scanning

electron microscope 2a3uNuNIBINHIUNTLNANGIL blower Hudsasaglugnwia dauaaslu

317 16

' o AN A
WA NI e LR La

L i

FESL 8 1

A 4w

' v Aa
NN \11%@’]%7‘ WL

gﬂﬁ 16 annea TiO, vuLFule HEPA filter NenunTiThanun 10 w3 la

42 mamIndunidluainaalsdjiselilaezeslads

wiun3ad HEPA filter NHUJAsenIWlanzaz lafsannisiadaueie TiO, loading 3140 +

2 ) o 2 a o @

67 mg/m  @1PEIBURS UV-A anudaugs 4.85:0.09 mWiem  Jenusiansalunisiige
wuafiouazisannfnaguuuiunies  dvanuiunsasnlifidjitonlnlaazasleda  (Ifudu

NT04LARBY TiO, Ranun ud bl leasugd UV-A) atnadiuldta (913199 3 uae 4)

13191 3 328RVINNIANALLANIISBUBLEWNTEY HEPA filter Ntafay TiO,

LA (T2La09)

Staphylococcus epidermidis

Bacillus subtilis

lsifiuas UV-A U9 UV-A laifiuers UV-A Hugs UV-A

0.5 28.8 89.8 - -

1 36.4 96.2 7.1 43.3
1.5 447 97.6 - -

2 39.0 100 - -

3 48.2 100 9.9 61.0
4 43.3 100 7.6 64.9
5 15.6 78.7
6 20.7 79.3
8 21.6 82.9
10 23.7 86.8
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lunsthvas Staphylococcus epidermidis mMitiaUfisenlnlanzasladalua 2 2l
mmmﬁﬁ@L%aﬁaﬂﬁhﬂﬁamoawyszﬁ 100% Ve Bacillus subtilis TITULUANTINFI
& a a o & \ Y o &R o o
aﬂammzummwumﬂumanauqauu "L;JmmmmwaﬂaﬂmamaauyimmLmﬁ]:’lfn
=4 QI/ v =3 é v A = o = dql dl v 6 ) = >
AWIREY 10 TAlNLaRaY FelnaAssnumIaaaNa el asiTuaeInn

AN319N 4 F888ZVBINIIRNRALTEURLEUNTES HEPA filter Nt@day TiO,

LIRN (%LQING) Aspergillus niger Penicillium citrinum
Tadfugs UV-A | Suss UV-A Taifugs UV-A | Tuss UV-A
1 4.3 35.3 7.4 37.0
3 10.4 47.1 11.4 52.8
4 8.3 61.4 10.0 64.4
5 6.6 69.4 15.4 65.4
6 6.2 70.1 12.5 69.4
8 9.6 77.0 10.4 72.7
10 11.6 77.1 12.0 82.7

&
4.3 HANIENUVBIANMNDW

rda&/

ANMVTUTNANTTLNNIUIIN 4515% 1Tu 7515% Hnadannuaansavesdfisenlnla

a

Az laRF WM AR WNI T U RN WA TAINADLNILAY O TR Imlugﬂﬁ 17 waealSaungy

q

A e A e

IWiAuIznianIhandunidn 4515% (Fruile) AUMIMIaadunidn 7515% (unile) il
lusUsmdunniduuuge (Fyansol A) Lﬂu’i”azla::maamsﬁﬁ@@auﬂ%ﬁmaaﬂﬁﬁ%miﬂm:
azlafa lagudunsasnuwafoy Tio, udanaussaigln UV-A duiduwiaes (Suanwol m) 1fu
i*aUazmaaﬂ’]sﬁ’ﬁf@ﬁﬁmﬂ%ﬁmaaLLNuﬂsaaﬁvl,&ivl,@Tmﬁau TiO, WABUFIAE  UV-A  #38
a aaa . A a & o o ' { o {
\iadi3e1  photolysis  THRUVEHRUDAMITAINMIRBLEIEENGLY I EUNAN
g o 6 | v o a a 6 ] A A . 1 ' v v
Fyanwal A) Husesazrainisianidunidveudunsaiiiaioy Tio, udlildansusisdan
UV-A uaztdugarine (fyansol O) (Dulasazvasnmamdagauniduauduntasildldiafeu
. ] v v & 3 Y aaa a 1 g; d Qs
Tio, uszldldanoussdin UV-A  Gsazmiuladn awzdfisenlnlaszas lafavimunlasu
WANIZNUIMNMILANANNTH VN[ A387 photolysis (aeussadnadas lidinsafeu) uas
' A & A a N ' A ai = .
uHunIaIn lilnmsansuss (menedavuas ldldinfen) unulaiinsdfouudasay 49 Goswami
o 1 @ 4 A ¥ o o o . a £ [
et al. (1997) NN INTUNUINNANVTUFUNNT 50% NNIHNIA Serratia marcescens a2 b
1 QL " v g AI J | 1 a L U
adnsanysnimulunadszainm 13 Hlus uddanutudsdmdu 85% wuiadunidaimnan
dinanasnieseatinay  10%  lasduldlddenutugs gruenssznioniliasddszney
= dl o 7Y s v 1 a A :/ a ] d%/ a
mulussiimadasuudasauiliiidaldmnnind wialuansvesihldimz@aaguuiuiia
. o v g In Y a s L v v ‘é . a
284 TiO, awhliindenunfiliadunidaudaldtooss 3 Li et al. (2005) fiaTunodsingmyal

lwhueadeiiuin  Audhluansveshazislumsai™e hydroxyl  radical  lun1s
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Aa aan a A A o . & { A
Aaufisenlnlaazaslade uwdillofisaagnits d1uam hydroxyl radical uuazasnuazlaiiia

° a =2 o ~ Y a ' =
mmuan@avlﬂmLme:LwaﬂNLaqamaamaﬂmﬂ@mmu

A.niger: 45% RH A.niger: 75% RH
100 100
—a— coat (light)
- 891 R —m— uncoat (light) -
2 . —a— coat (light) 2 . —A—coat (dark)
S I —&— uncoat (light) S —B&—uncoat (dark)
a —A— coat (dark) ‘3
I = —8— uncoat (dark) e
2 2
S S - S 20 %
0 0 ; z ; ; ;
0 2 4 6 8 10 12 0 2 4 6 8 10 12
irradiance time, h irradiance time, h
P. citrinum: 45%RH P. citrinum: 75%RH
100 100
—a—coat (light)
80 f-———— e A e —_—_—————— i
c - 80 —m— uncoat (light)
S ool A —a— coat (light) 2 o —A—coat (dark)
§ —m— uncoat (light) § —5—uncoat (light)
Dol —A— coat (dark) 3
[ [
3 —B— uncoat (dark) 3
B B3
0
0 2 4 6 8 10 12| 12|
irradiance time, h irradiance time, h
S. epidermidis: 45% RH S. epidermidis: 75% RH
100 A A A 100
c 801 c O~ oA oA —a—coat (light)
ke 28 —m— uncoat (light)
S 604 S L e A —a—coat (dark)
g = —5—uncoat (dark)
0 4 _ i — _ _ _ __ [ T R e S — ;S
e 40 —A— coat (light) 2
S —&— uncoat (light) X ol /) _ A ________
L Y 74 —A—coat (dark) ]
—B—uncoat (dark)
0 ; ; ; ; 0
0 1 2 3 4 5 0 1 2 3 4 5
irradiance time. h irradiance time, h
B. subtilis: 45% RH B. subtilis: 75% RH
100 100
—a— coat (light)
c 80 +——————————— — S =&~ _4 coat (light) c 80+ - —————— - —— —a— uncoat (light) -
RS —m— uncoat (light) o —A—coat (dark)
3 60 +-————— AT - A— coat (dark) ‘g 60+ ------—-- - —B—uncoat (dark)~
,3 —B—uncoat (dark) =
U il A = ——a- - R i e i
2 2
<}20 + e — ———— - - — - - — — — — > 20 4
0 T T T T T 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
irradiance time, h iradiance time, h

Ellﬁ 17 WRUDIAMUTUG a@mummmlumiﬁﬁ@qﬁuﬂ%ﬁmaa LHNTY
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4.4 HANIENUVDIFIIDWNIHIZIRLINY

loszmeaas toluene vhlwanwmansnlumamidaadunidnnaiiavesjizoninlans
oz lafaanasdszano 0.8-11.8% (3UN 18) wanNuuanan ey neaia (p = 0.662
&IV A. niger, p = 0.636 §1A3U P. citrinum, p = 0.533 §1M3U S. epidermidis a2 p = 0.353
§ 3y B. subtilis) lavlugdiuaasumduiosazaasmamdaadunidaindjiselnlanzas lads
(PCO) WisuLBuNUENNNA toluene 100 ppm aEjTueE (PCO+oluene) YmrzfildwN WD
wuasnuluanuausnvasusnwnIasiafay Tio, dnenbiinmadali uv-A lunsdinlaid

~ o o A | o @ A A6 . AV A
toluene uAzHl toluene MNAIAL TIANUUANEluMITITRIRUNTIvasuNunTaIN lailuas UV-
A lidazdiv3alaid toluene Bulifinafmanmesi@iTuiden (p = 0.980 §HIU A. niger, p =
0.116 §W3U P. citrinum, p = 0.662 §1RIU S. epidermidis U8z p = 0.768 §1AIU B. subtilis)
1R CZA) & < a 1 A' Ada -d' o v v

WEAIINEIUNIN toluene wmduNweaFINTIa uanTzaUANNITNTH 100 ppm Aeluiian 10

1149 toluene wuldraliiiamadsuuiaila gdaduiuadunidnimafinm

—e—PCO

A.niger P. citrinum
—o— PCO+toluene
100 —m—no light 100
gg ] —5—no light+toluene Zg | ‘
S 70 § 70
S 60+ --—--—-—-—-——— T S 60 -------- = - - - —e—PCO
ﬂc_’ 50 f - - --——— e ___ % 50 +-———— -~ - - - - - - - - — — — —o— PCO+toluene
@ 40 ‘@ 40 + —m—no light
;\g 0 T+-f— """~ § 30 —5— no light+toluene
20+ /- e — - 20 /""" — =
10 A 10 4 w
O T T T T T 1 0 T T T T T 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time, hr time, hr
S. epidermidis B. subtilis
100 ~ ® * * 100
90 4 —e—PCO RO et~
80 +--F---——————————————- —o— PCO+toluene 80 4
E 70 4 —m—no light s 701 —e—PCO
g 60 A —B— no light+toluene g 0 -——---—> o —o— PCO+toluene
€ 0T e g E 0 f - e —=—no light
@ 40 A % R e —2—no light+toluene
U e S 30
20 + 20 4
10 f{f/-—-——-————"—"——"—"————"—"————"—————— - — - 10 1/~ === e l
0 T T T T 1 0]
0 1 2 3 4 5 0 2 4 6 8 10 12
time, hr time, hr

a

A ' o @ A ¢ | A .
U7 18 Wawd toluene danumINIDlUuMITIa AR ITaLHUNTENARY TIO,
1 v v 1 o Y a A 6 aaa

luguzaslaszing xylene anudutu 50 ppm danstdnaduniduesdjisolnlans
azlaFaunuHuNIas Wud xylene lianusansnlunsidagdunidynaiiaanad 0.6-15.9%
(3U7N 19) udillanazeun19aiid Hadsnginll xylene (PCO+xylene) laildvinlinisrdanu
@99MEN1UnG (PCO ag9tl@pn) aglnufALTWIY (p = 0.376 §1WIL A. niger, p =
0.415 §WIU P. citrinum, p = 0.201 §1W3U S. epidermidis Waz p = 0.284 §1WIU B. subltilis)

LA o A A ' A o a A 6 | A . AV A
LDULAEINUN xylene vL?JﬂJNa@]aﬂ’]il"l_laU%LL‘IJN\‘]Tﬂ\jﬁ]’]uqu?auﬂiﬂﬂuuwuﬂjaﬁLﬂﬂﬂl] TiO, ‘YIVLNN
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MIABURI UV-A (p = 0.767 &1 IU A. niger, p = 0.107 §1%3U P. citrinum, p = 0.704 113U S.

epidermidis W p = 0.497 &1L B. subtilis)

A.niger P. citrinum
100 100
90 90 A
c 80 -~ e g 80 A
o 104 E 70 4
‘g 60 - —e—PCO S 60+ --————-—— - —e—PCO
£ 90 -5 B S —o— PCO+xylene £ 50 A —o—PCO+xylene
v 40f-p— o —m—no light 8 A0 p ot —=—no light
§ 0 - —&—no light+xylene § 30 1 —B—no light+xylene
20 20 +
10 1 10/ g——"0—8 - F—8—— % 4
0 T T T T T 1 O 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time, hr time, hr
S. epidermidis B. subtilis
100 > % 2 100
90 + —-e—— -2 ________ —e—PCO 90
80 —o— PCO+xylene 80 -
S 70 —m—no light S 70 —e—PCO
g 60 - —8—no light+xylene g 60 - PCO+xylene
2 /A SV — W~ R = 50 °
£ 50 £ R —m—no light
& 40+ ----5 e i 2 40 _
5 30 1 S 30+ Lo —5—no light+toluene
X >
© 0 S 20 1
wHl e ___ 10
0 ‘ ‘ ‘ ‘ | 0 : : : : : |
0 2 4 6 8 10 12
0 1 2 time, hr 3 4 5 time, hr

gﬂﬁ 19 WALaJ xylene @iammmmmiumsﬁﬁwﬁm‘%ﬁmamw’unsaomﬁau TiO,

' = A A ' ) o o
aendlsfionn  alimsnuazaaduad toluene wWiangnu xylene nlulu  chamber

anusanInzaslfisenlnlaazaslagalunmmdagfunidunaeatadrainldtalasanis

08989AY Bacillus subtilis (p = 0.046) (gﬂﬁ 20) LL@iﬁﬁﬁ%’Uﬁgﬁuﬂ%ﬁﬁmﬁa ANMALANFANITZTAIN
PCO NuU PCO+mixture U84 toluene LAz xylene ﬁ?uﬁoiﬂﬁﬁfﬂéwﬁmumwﬁa%uﬁ'u (p = 0.126
§195U A. niger, p = 0.244 §1WSU P. citrinum uaz p = 0.226 §MSL S. epidermidis) VmAzTILLE
nyasfthifdugisenlnlanzasladedadudunsasfinfon Tio, ndaugiuudlufinsansus
UV-A s amauandeszninanazdnduazanisiid toluene+xylene Tidnoiayneaia
2t laTa (p = 0.893 §WIU A. niger, p = 0.258 §IU P. citrinum, p = 0.327 §W3U S.

epidermidis \Lag p = 0.862 113U B. subtilis)
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A. niger P. citrinum
100 100
90 - M0+ """ s
80 80 -
s 701 5 70
S 601 —e—_PCO S 601 —e—PCO
= ?18 T —o— PCO+mixture k= 28 i —o— PCO+mixture
% 777777 —m—no light % —=— no light
ES 80 p-f s —B—no light+mixture S 80 /o —a— light+mixti
20+ /P no lig Ixtul 204+ /ol — e no light+mixture
10 1 10
0 i 0 i
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time, hr time, hr
S. epidermidis B. subtilis
100 s N N o
90 |
80 -
80 +--f-—~F----m -
c c 04+ ————- - AL /<>
S 707 S —e—PCO
S 60 S B0 o AT o : )
L £ 50 —o— PCO+mixture
e NIl A e 2 401 —-—no light
% 30 4 —e—PCO Z\é 30 —8— no light+mixture
= 04 —&o— PCO+mixture 04+t ] o
M- - —m—no light 10 4
0 . . . —8— no light+mixture 0 |
0 1 2 3 4 5 0 2 4 6 8 10 12|
time, hr time, hr

3UN 20 Waved toluene uaz xylene luniardagAuriduasusunsasuafo Tio,
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4.5 nﬂiﬁﬂﬁmqﬁuﬂfmﬁluam'sm%\maa‘[ﬁ?awmma
1. ﬁﬁaﬂqa%ﬁﬂmﬂﬁﬁﬂ

LﬁaﬁnLﬂ%aowEmmmﬂﬁﬁLLNuﬂiaaIWImﬂ:mzaa@ﬂﬂmaauﬁuqﬁuﬁﬂummﬂmaa
%mmqa%ﬁﬂmﬂﬁﬁﬂ THIWENUNAFATUATUNS 3% 3 WaY Ao WadleIuNaWITIRLILTE Wad
v 6 3 a wa A a Aa [ .
moqﬂnsm LLazmaﬂgu@msQam’mm NNTzUUNITUTLaIMALUUIIN (central air) WaLIINg

1 v = g; a dd‘A dl a =3 a ] & A dd‘ o
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Abstract This study assessed the application of photocatalytic oxidation to the HEPA filter
for disinfection of airborne microorganisms. Experiments were conducted at two TiO,
loadings (1870169 and 3140+67 mg/m?) on the HEPA filter irradiated with UV-A at the
intensity of 0.85+0.18 or 4.85+0.09 mW/cm? under two relative humidity conditions (45+5%
and 75+5%). Inactivation and penetration of four microorganisms were tested, including
Aspergillus niger, Penicillium citrinum, Staphylococcus epidermidis, and Bacillus subtilis. It
was found that microorganisms retained on a photocatalytic filter were inactivated around 60-
80% and even 100% for S. epidermidis when the photocatalytic oxidation reactions occurred.
Lower penetration was also found from the photocatalytic filter for all airborne
microorganisms. High humidity decreased photocatalysis efficacy. Increasing TiO; loading
or irradiance intensity did not substantially affect its disinfection capability.

Keywords: Photocatalytic oxidation (PCO); Disinfection; Bioaerosol; HEPA filter;
Photolysis.

Practical Implications

The high efficiency particulate air filter (HEPA) is used widely to remove particulates and
microorganisms from the air stream. However, after a period of time those retained
microorganisms can proliferate and dissipate into the filtered air. A filter that is meant to
remove microorganisms thus becomes a source of microbes instead. This study aims to
eliminate that problem by using photocatalytic reactions. Although photocatalysis is applied
to many fields lately, the evidence on a photocatalytic HEPA has not been reported before.
The knowledge learned from this study allows practical applications of the technology.

Introduction

Photocatalytic oxidation (PCO) process is gaining popularity for airborne microorganism
disinfection. In principle, when a photocatalyst, mainly TiO,, is irradiated with ultraviolet
light, a photon from the light excites a catalyst’s electron in the valence band to jump to the
conduction band, leaving a hole behind. That hole can further react with surrounding water to
produce a hydroxyl radical (-OH), while the electron in the conduction band reacts with
oxygen and yields superoxide radical anion (-O;"). These radicals can attack microorganism
cell membranes and release K*, RNA, proteins, and other important components which cause
the cells to die eventually (Wamer et al., 1997).

With this capability, researchers have applied the PCO to many substrates. For example,
Goswami et al. (1997) coated TiO, onto fiberglass air conditioning filter, which was placed
in a recirculating reactor housing with 24 UV lamps (14 W each) and used culture plates to
capture viable organisms behind the filter. Wolfrum et al. (2002) sprayed TiO, onto 3.8-cm
diameter polished quartz disks and porous quartz fritted disks. Microoraganism suspension
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was dropped on the disk and irradiated with a low pressure near-UV lamp at the top. Kiihn et
al. (2003) applied TiO, to a 3x3 cm Plexiglas® slide and observed microbial destruction on it
after irradiating with UV-A. Lin and Li (2003a) observed penetration of various
microorganisms through a commercial TiO; filter while in a follow-up study they coated
TiO, onto a microscope glass slide and investigated its disinfection against Bacillus subtilis
and Penicillium citrinum (Lin and Li, 2003b). They also tested a commercial TiO, filter
(large 500 um pore size) by dropping those microorganisms onto it and irradiating with UV-
A light. Vohra et al. (2005) coated TiO, onto a 5x5 cm aluminum substrate and compared the
improved destruction to a fabric (polyester) substrate for Bacillus cereus using UV-A
irradiation. Keller et al. (2005) reported the inactivation of E. coli using a flowing air stream
in TiO,-coated Vigreux-like Pyrex tubular reactor (60 mm in diameter and 300 mm in length)
with UV-A irradiating around the tube. Vohra et al. (2006) developed another test by
recirculating microorganisms in a chamber before inserting a photocatalytic fabric filter and
turning on UV-A lamps and observed microorganism destruction by swabbing filter surfaces.
Li et al. (2006) coated TiO, on the outermost layer of surgical fabric masks and tested
inhibitory effect against bacteria with no irradiation. Pal et al. (2007) impregnated bacterial
suspension onto a TiO,-loaded cellulose acetate membrane filter (0.45 um pore size and 47-
mm diameter), placed in a Petri dish and irradiated with fluorescent light compared to black
light. Yu et al. (2008) coated TiO, onto a synthetic fiber filter and irradiated with UV-A lamp
in a reactor that allowed the air flow through at a rate of 50 L/min or face velocity of 0.058
m/s.

However, none of these applied the PCO to high efficiency particulate air (HEPA) filter in
a HVAC system. The HEPA filter has been mandated for use for airborne microorganism
removal by many codes for health care such as the American Institute of Architects’
Guidelines for Design and Construction of Hospital and Health Care Facilities (AIA
Guidelines), the American Society of Heating, Refrigerating and Air-Conditioning
Engineers’ (ASHRAE) standards, the Joint Commission on Accreditation of Healthcare
Organization’s “Environment of Care” standards, the Center for Disease Control and
Prevention (CDC) guidelines and recommended practices (ASHRAE, 2003). While the
HEPA filter can efficiently capture aerosolized microorganisms, it can become a breeding
ground for microbes as well. When temperature and humidity are suitable, the microbes
retained inside a filter can multiply using particulates adhered to the filter as a food source
and their offspring ultimately disperses into the filtered air (Goswami, 1999; Jankowska et
al., 2000; Simmons et al., 1997). Thus, instead of being an apparatus to control air quality, it
becomes a source of pathogens.

In order to eliminate that problem, this study applied the PCO to a HEPA filter in an
HVAC system and experiments were carried to investigate the effectiveness of the
photocatalytic HEPA filter under various conditions in order to solve the breeding ground
problem as stated above. Since in HVAC, the air flows through the HEPA filter all the time,
with a recommended velocity at 1.5 m/s limit (ASHRAE, 2003), those studies that had no
flow through do not provide practical knowledge. In addition, the velocity of 0.058 m/s in the
study of Yu et al. (2008) was too low for HEPA infiltration, while the study of VVohra et al.
(2006) had no filter inside when the flow was circulated in a chamber. The filter was inserted
after the flow had been stopped; thus, it did not simulate the actual HVAC operation. Also,
Goswami et al. (1997) collected microorganisms behind the catalyst filter, not from the filter;
it could not be used as evidence of solving a breeding ground problem of HEPA filter. This
present study was conducted in a closed loop chamber that circulated the flow all the time
and extracted catalyst filters for microorganism concentration instead of swabbing the
surface. This provides more realistic data for microorganisms retained inside the filter.
Experiments were carried for 4 species, Aspergillus niger, Penicillium citrinum,
Staphylococcus epidermidis and Bacillus subtilis which are the most commonly found genera
in hospitals in Thailand. In addition, Thailand is in a hot and humid climate. Effect of relative
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humidity would be important and was therefore also studied. Very high RH not only reduces
the probability of microorganisms contacting with hydroxyl radicals, but also provides sites
for microorganisms to hide and survive. Excessive water molecules could occupy the reactive
sites on the filter surface; hence, the PCO efficiency could be reduced (Goswami et al., 1997,
2003; Li and Wu, 2006).

Materials and Methods

The 99.99% efficiency HEPA filters (Dumas Co. Ltd., France) were cut into pieces of 20x52
cm and dip-coated in a TiO, (Degussa-P 25) slurry. They were subsequently baked in an
oven at 120 °C for 1 hr, and then pleated and put into a frame. Two titanium loadings on the
filter were studied: low loading (1870+169 mg/m®) and high loading (3140+67 mg/m?).
Determination of loading was acquired from the different weight of the filter before and after
coating. Figure 1 shows a schematic design of the filter testing system. Microorganism
suspensions with an initial concentration of 10°-10" cfu/mL were introduced into the system
upstream using a 6-jet nebulizer (BGI. Incorp., model MRE-CN 25). A serpentine-vane
section, adapted from Griffiths et al. (2005), was used to dry out the droplet before it was
divided into two parallel flows. One flow entered a control section with no irradiance or dark
section (the lamp was covered with a PVC tube), while the other entered a test section with
UV-A irradiance (light section) at a face velocity of 0.3 m/s, measured with a hot wire
anemometer (Airflow Developments Ltd., model TA5-Flexible probe). In the light section, a
36-W UV-A lamp (Sylvania F36W-T8/BLB) was inserted for the irradiance intensity of
0.85+0.18 mW/cm? measured with a radiometer (Cole Palmer, model L\W09811-50) on the
filter surface. This intensity was chosen according to the TLV for UV-A which is limited to 1
mW/cm? for periods lasting 1000 seconds or more by the American Conference of Industrial
Hygienists (ACGIH, 2007), and it is referred to as a low irradiance intensity hereafter. For
high irradiance intensity, five 36-W UV-A lamps (Sylvania F36W-T8/BLB) were inserted,
and the irradiance was 4.85+0.09 m\W/cm? measured on the filter surface.

In terms of microorganism characteristic, A. niger is a very hydrophobic spore-forming
fungus (Wolfrum et al., 2002). P. citrinum is subspheroidal or spheroidal of 2-3 um in
diameter and also is a hardy, hydrophobic spore-forming fungus (Lin and Li, 2003a). S.
epidermidis is a gram-positive cocci vegetative bacterium that inhabits human skin and
respiratory tract (Foarde et al., 1999). B. subtilis is a gram-positive, rod-shaped and
endospore forming bacterium that was reported resistant to photocatalysis (Pal et al., 2005).
All microorganisms were purchased in freeze dried culture from Microbiological Resource
Centre, Thailand Institute of Scientific and Technological Research. To revive the
microorganism, the culture was suspended in the sterile water and transferred onto agar plates
following the procedures of Lin and Li (2003 b) for B. subtilis and P. citrinum and the
procedures of VVohra et al. (2006) for S. epidermidis and A. niger.

After the filters were installed, the nebulizer was started to generate the bioaerosol for 20
min. Then the filters were pulled out to extract for the initial microbial concentration retained
in the filter. A new set of filters were installed and the nebulizer was restarted for another 20
min. When it stopped, a UV-A lamp was turned on for a designated duration (1, 3, 4, 5, 6, 8
and 10 h). During nebulization and irradiation, the flow was circulated continuously to
simulate the real situation of filtration. At the end of each exposure time, the HEPA filters
were pulled out to extract for microorganism concentrations remaining in the filters. The
same procedure was repeated for different durations using a new set of filters each time. The
microorganism extraction follows the method of Wang et al. (2001). Briefly, the filter was
cut into pieces and soaked in 25-mL distilled water. The beaker was stirred on a vortex for 2
min and sonicated in an ultrasonic bath for 15 min. An extracted suspension of 0.1 mL was
drawn and spread on an agar plate and incubated at 37 °C, 18-24 hr for bacteria; 37 °C, 24-36
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hr for A. niger; and 25 °C, 36-48 hr for P. citrinum. The media used were blood agar for
Staphylococcus, TSA for Bacillus, and SDA for both Aspergillus and Penicillium.

The mechanical impact on microorganism viability due to the extraction procedures was
also evaluated by dropping 0.1 mL of microbe suspension onto 25-mL distilled water. One
was vortexed and sonicated, but the other was not. The suspensions were drawn to culture as
stated above. The resultant survival ratio was 98.0+3.4% for S. epidermidis, 93.1+5.2% for B.
subtilis, 93.9£1.9% for A. niger, and 93.0£12.8% for P. citrinum, indicating insignificant
mechanical stress from the vortexing process. However, microbe recovery from blank HEPA
filter (no TiO; coating) by this method was 94.8+4.5% for S. epidermidis, 84.8+6.9% for B.
subtilis, 79.8£3.9% for A. niger, and 73.8+18.9% for P. citrinum. Due to an affinity to a
hydrophilic catalyst surface, the recovery from the coated HEPA filter was reduced to
85.4+13.0% for S. epidermidis, 72.9+8.4% for B. subtilis, 70.0+5.4% for A. niger, and
73.2£17.9% for P.citrinum.

For the penetration study, two single stage impactors (SKC Inc., model Standard Biostage)
equipped with the above mentioned agar plates were used to collect each species in front of
and behind filters in both sections every ten minutes for one hour. The flow rate was 28.3
L/min and the sampling time was 1 min. The corresponding cut-size is 0.6 um. Two levels of
relative humidity were studied: 45+5% and 75+5%, while temperature was fixed at 25+1°C.
Humidity was controlled by an ultrasonic humidifier (Microfrog, model T10), and its level
was measured by using a digital hygrometer (Testo, model 400) at the filter’s surface.
Pressure drop across the filter was also monitored using a U-tube manometer under the face
velocity in a range of 0.1-0.5 m/s. After finishing each set of experiments, UV-C irradiance
was applied thoroughly for several hours to eliminate the remaining germs. An inside surface
swab was performed to confirm the chamber sterilization. Statistics, T-test and the analysis of
variance (ANOVA), were analyzed using the SPSS software version 9.

Results

Photocatalysis Efficiency

Microorganism disinfections by photocatalytic oxidation are shown in Figure 2. Since the
pattern of microorganism disinfection was similar for high or low TiO; loading, or high or
low irradiance intensity, only high TiO, loading with high irradiance intensity is illustrated. It
can be seen that at 45+5% RH, the disinfection pattern of A. niger was similar to that of P.
citrinum and that the photocatalytic filter showed an obvious disinfection compared to those
with no irradiance or coating (p = 0.0001). UV-A irradiance alone with no TiO, coating (or
UV-A photolysis) had only a very small effect on both fungi. Statistically, the UV-A
photolysis was significantly different from the coated filter in the dark section (p = 0.047 for
A. niger and p = 0.001 for P. citrinum). Only 20% of photolysis disinfection occurred after 6-
8 h of irradiance for A. niger and P. citrinum.

However, in S. epidermidis, UV-A photolysis on the uncoated HEPA filter demonstrated
disinfection capability around 80% compared to that of 100% from the photocatalysis (UV-
A+TiO,) after 2 h of irradiation. The difference between photolysis and photocatalysis was
significant (p = 0.0001); while in the dark section, the difference between coated and
uncoated filters was insignificant (p = 0.675). A similar pattern is also seen in B. subtilis
although photolysis was only 40%. Photolysis disinfection of B. subtilis was significantly
different from the coated filter in the dark section (p = 0.0001); while in the dark section, the
coated filter and uncoated filter yielded insignificantly different disinfection (p = 0.273).

When relative humidity increased to 75+5%, the efficacy of the photocatalytic filter on
microorganism disinfection was dramatically reduced to around 20% for A. niger and around
40% for P. citrinum and B. subtilis. There was no statistical difference in coated filters
between light and dark sections (p = 0.078) for A. niger. Nevertheless, for the case of S.



58

epidermidis, small reductions, 7-23%, were observed from photocatalysis at high humidity
condition, while almost no changes were found at 2 h or longer from UV-A photolysis. Thus,
both photocatalysis and photolysis were still effective for disinfecting S. epidermidis with
insignificant difference (p = 0.238) between them. Overall, relative humidity had less effect
on uncoated filters for microorganism disinfections (p = 0.015 for A. niger, p = 0.800 for P.
citrinum, p = 0.446 for S. epidermidis, and p = 0.019 for B. subtilis), while on coated filters
of high loadings, humidity showed strong effect on disinfection performance (p = 0.0001 for
A. niger, P. citrinum, B. subtilis, and p = 0.018 for S. epidermidis).

Effects of TiO, loading and UV-A irradiance intensity

Figure 3 shows effects of TiO, loading (1870+169 vs. 3140+67 mg/m?) and irradiance
intensity (0.85+0.18 vs. 4.85+0.09 mW/cm?) on microorganism disinfection. It appears that
they yielded similar levels for microorganism disinfections. Statistically, the differences
among those conditions were insignificant (p = 0.248 for A. niger, p = 0.182 for P. citrinum,
p = 0.093 for B. subtilis, and p = 0.517 for S. epidermidis).

Pressure drop across filter

Table 1 illustrates pressure drops across HEPA filter at different face velocities and
conditions. Change in pressure drop mainly depended on face velocity. At face velocity of
0.1 m/s, the pressure drops of low loading and high loading were insignificantly different
from the uncoated filter (p = 0.791 for humidity of 45+5%RH). At face velocity of 0.3 m/s,
the pressure drop of uncoated filter was significantly different from that of coated filter (p =
0.0001), but the difference between low loading and high loading was insignificant (p =
0.08). Similar result was found for face velocity of 0.5 m/s.

When humidity increased to 75+5%RH, pressure drops from uncoated filters were
significantly different from coated filters for all face velocities (p = 0.011 for velocity of 0.1
m/s and p = 0.0001 for velocities of 0.3 and 0.5 m/s). However, pressure drops from low
loading filters were not much different from high loading filters (p = 0.1 for velocity of 0.1
m/s, p = 0.024 for velocity of 0.3 m/s, and p = 0.645 for velocity of 0.5 m/s). Overall, a
maximum pressure drop of 0.26 in. of water (from face velocity of 0.5 m/s) was found
between a coated HEPA filter and an uncoated filter at humidity of 45+5%, and a maximum
of 0.34 in. of water (from face velocity of 0.3 m/s) was found at humidity of 75+5%.

Penetration

Microorganism penetrations from regular and photocatalytic HEPA filters under relative
humidity of 45+5% and 75+5% are shown in Figure 4. Less penetration was found from a
photocatalytic filter (coat + light) in both humidity conditions for all microorganisms. It
should be noted that the flow was not a single pass as it is used in the method of testing the
arrestance and dust spot efficiencies. Penetration from this study should not be compared
with the removal efficiency by that method.

Discussion

In this study, disinfection efficiency of 77% was achieved at 8 h of irradiation for A. niger
at 45+5%RH (Figure 2), similar to Vohra et al. (2006) that obtained less than 78% after 24 h
in their conventional photocatalysis. For P. citrinum, 73% disinfection was observed at 8 h of
irradiation and 83% was acquired from 10 h of irradiation. The 50% survival happened
around 3 h of irradiation, which was similar to the study of Lin and Li (2003b) that reported
2.55 h for 50% inactivation and 8.35 h for 90% disinfection of P. citrinum using a 500-um
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pore size commercial TiO- filter with black light (365 nm) with an intensity of 740 uW/cm?.
Lin and Li (2003b) also pointed out that photolysis contributed less for P. citrinum while free
radicals from photocatalysis had a stronger effect.

In case of S. epidermidis, a 80% disinfection from UV-A alone may result from formation
of oxidative damage to cellular DNA induced by UV-A (Kiihn et al., 2003). Since its
qualitative and quantitative formation is prone to vary with the nature of the cells that contain
different types and amount of photosensitizers (Cadet el al., 2005), the UV-A photolysis was
not that important in both fungi. Our findings suggest that both fungi do not contain
photosensitizers responsive to UV-A. In a dark section, the coated and uncoated filters gave
similar results for S. epidermidis inactivation (around 40%). This should have been the nature
of S. epidermidis, which is more sensitive and vulnerable to environmental stress than other
microorganisms in this study. Meanwhile, Bacillus subtilis, an endospore forming bacterium,
showed vulnerability to UV-A light although it was less than that of S. epidermidis. Kiihn et
al. (2003) reported that vegetative B. subtilis is strongly sensitive to UV-A and could be
reduced by 7logi within 10 min without TiO, when using two 15 W UV-A lamps, but it was
not possible to reduce the spores of B. subtilis by photocatalysis during 60 min.
Unfortunately, their light intensity was not mentioned. Pal et al. (2007) showed that when B.
subtilis was irradiated with UV-A alone (intensity of 4.28 mW/cm?) its inactivation rate
constant was 0.1279 min™ . When the bacteria were immobilized on a catalyst filter (TiO,
loading of 234-840 mg/m?), the inactivation rate constant was 0.1263-0.1979 min™,
demonstrated that UV-A could directly damage B. subtilis by exciting photosensitive
molecules within its cells. Pal et al. (2007) also observed 20% of B. subtilis inactivation in 2
h from fluorescent irradiation without TiO,. In our study, B. subtilis were reduced to around
40% from UV-A photolysis and around 80% from photocatalysis after 5 h of irradiation at
45+5% RH. As the spores are exposed to PCO, their hydrophobic exteriors are mineralized
and external changes of spores occur, allowing the hydrophilic interiors interact with
photocatalytically produced radicals which finally lead to the cell inactivation (Griest et al.,
2002).

In terms of the effect of humidity, it was clearly seen that the fungal disinfection dropped
more than half when humidity was increased. Goswami et al. (1997) also reported that at
50%RH, there was complete inactivation of Serratia marcescens in about 13 h, but at higher
humidity (85%), 10% of the organisms survived. They explained that high humidity may
induce reactivation of organisms, or water may occupy most of the TiO sites; hence, less
available sites for microorganisms remained. This agrees with Li et al. (2005) who explained
that although the presence of water vapor enhances a promotion of hydroxyl radical
formations, at certain humidity level, the radical formations would not increase with
increasing water vapor and even decrease due to the occupation of the adsorption site on the
TiO; surface. Consequently, high humidity decreases the efficiency. Another explanation was
from Peccia et al. (2001) that an increase in relative humidity may change biopolymers
interior to the cell or change protein structure which affects the DNA repair enzyme,
including cell wall characteristics, and hence could protect the microorganism from
desiccation and/or attenuate incident UV irradiation. Therefore, microorganisms better
survived when humidity increased. However, they stated that this cell-water vapor interaction
tends to be organism dependent given the variable physiology of each species. For the case of
S. epidermidis, only small reductions, 7-23%, were observed from photocatalysis at high
humidity condition compared to other microorganisms tested, while almost no changes were
found at 2 h or longer from UV-A photolysis.

When TiO, loading and irradiance intensity were increased, insignificant increases in
disinfection efficacy were observed. A possibility is that the UV-A light has a limited depth
of penetration. Hence, a thicker TiO, layer will not yield more radicals as only the surface
layer can be exposed to the UV light. The study of Pal et al. (2007) investigated the effect of
TiO, loading from 234 to 8662 mg/m? on acetate membrane filter and found that some
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bacteria showed inactivation rate constant with increasing TiO, loading up to 2300 mg/m?.
Loadings higher than ~2300 mg/m? could not increase disinfection efficiency of B. subtilis
anymore and even decreased the disinfections of Microbacterium sp., Paenibacillus sp,
Microbacteriaceae str., and Pseudomonas fluorescences. They reported the optimum loading
to be between 511-1666 mg/m®.

In terms of increasing UV-A irradiation intensity, the inactivation did not increase for all
selected microorganisms. This also agrees with the study of Pal et al. (2005) who observed
only a small increase in inactivation rate constant of B. subtilis when the UV-A intensity was
increased. They found the rate constant of 0.2427 min™ when the bacteria were irradiated at
1.82 mW/cm? and slightly increased to 0.2443 min™ when the irradiation increased to 4.28
mW/cm?. The irradiation intensity was even increased to 6.28 m\W/cm?, but the rate constant
was still found as 0.2479 min™* when using TiO- loading of 867 mg/m?; unfortunately, clearly
discussion was not made in their article. However, Zhao et al. (2009) conducted the
experiment to observe the effect of UV-A irradiance on B. cereus photocatalysis and found
that the maximum rate of photocatalytic inactivation was at 3 mW/cm?; beyond this intensity,
a negligible inactivation was observed. In our system, low UV-A irradiance was enough to
yield maximum production. Higher UV-A irradiance, however, lead to a competition
between UV-A and photocatalysis for dissolved O, which is needed for generating strong
oxidant species. Because UV-A is more effective in consuming O, photocatalytic
inactivation is not enhanced although the irradiance intensity is much increased. Besides,
UV-A at high irradiance can generate superoxide radicals which can combine with hydroxyl
radicals or holes at the TiO, surface, reducing the microorganism inactivation effectiveness
(Zhao et al., 2009).

Conclusion

The TiO, coated HEPA was demonstrated to be capable of eliminating 60-80% of airborne
spore-forming bacteria and fungi retained on HEPA filter using photocatalytic reactions. The
catalyst filter performed better at 45+5% humidity than at 75+5%. TiO, loading of 1870+169
mg/m? was enough to inactivate the microorganisms under the irradiance intensity within the
TLV limit, with no need to further increase TiO, loading and/or light intensity. Maximum
increase in pressure drop of the coated HEPA filter compared to the uncoated filter was
around 0.26-0.34 in. of water, depending on the face velocity, which should not affect the
HVAC system. Moreover, the microorganism penetrations were reduced when the filter was
coated. The breeding ground problem of HEPA filters as well as indoor air quality problem,
hence, can be lessened with the application of photocatalytic HEPA filters.
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Fig. 2 Efficacy of regular and photocatalytic HEPA filters on microbe disinfections at

relative humidities of 45+5% and 75+5%.
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Fig. 4 Microorganism penetrations at different relative humidity



Table 1 Pressure drop (inch of water) across HEPA filter
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Face velocity

Pressure drop at 45%+5%

Pressure drop at 75%+5%

Filters (m/s) Dark section | Light section | Dark section | Light section
mean+SD mean+SD mean+SD mean+SD

0.1 1.00+0.00 0.97+0.06 1.17+0.06 1.13+0.06

Uncoated HEPA 0.3 2.00+0.10 2.00£0.00 2.10+0.00 2.13+0.06
0.5 2.97+0.06 3.00+0.00 3.10+0.10 3.13+0.06

Coated HEPA, 0.1 0.97+0.06 0.97+0.06 1.23+0.06 1.23+0.06
low loading 0.3 2.23+0.06 2.20+0.10 2.43+0.06 2.47+0.06
0.5 2.97+0.06 2.97+0.06 3.30+0.06 3.30+0.06

Coated HEPA, 0.1 1.00+0.00 0.93+0.06 1.27+0.06 1.30+0.00
high loading 0.3 2.23+0.00 2.20+0.60 2.53+0.06 2.50£0.00
0.5 3.23+0.06 3.23+0.06 3.35+0.07 3.37+0.06
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