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Photocatalytic disinfection of indoor suspended microorganisms
(Escherichia coli and Bacillus subtilis spore) with ultraviolet light
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Abstract New control methods are proposed for indoor air quality by removing fine airborne dust-particles. As
suspended fine dust-particles contain inorganic dust as well as fine organic bacteria, studies for simultaneous control
of these contaminants are required. In this study, photocatalytic disinfection of indoor suspended microorganisms such
as E. coli and Bacillus subtilis is performed by three types of photocatalysts with UVA irradiation. The UVA
irradiation strength was controlled to the minimum 3 /W/cr, and ZnO, TiO,, and ZnO/Laponite ball were used as
the catalysts. The results indicate that E. coli was removed over 80 % after about 2 hours of reaction with UVA
and all three types of photocatalysts, whereas only with UVA, around 50 % E. coli removal was obtained. Among
the catalysts, ZnO/Laponite composite ball was found to have similar sterilizing capacity to TiO,. However, in case
of B. subtilis, which has thick cell wall in its spore state, disinfection was not effective under the low UVA
irradiation condition, even with the catalysts. Further studies need to figure out the optimal UVA irradiation ranges
as well as photocatalysts doses to control airborne dust, to provide healthy clean air environment.
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F=ue} UVAS] oot Ay G v|RE(E. coli L Bacillus. subtilis sp.) A+ A|A A+
1. M2 W3 ANAES SIHAE UVA ZEE 10 Wi o}
Zojof ghrhal WIlskal QITHT].

AYF7)= T I SollA - dulE S5t FEM S ZnO= 71E TiO, F5v) iy, =5l <44
o 2d¥ T8 ALH o £3h-ujEstojof shedl, o WA ATiH R Holx|= o, ﬁxﬂ*“]‘% Ll
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Z n|AEo| Gram( - ) #2 E. coli®} P. fluorescens”’}
24 ez dHA don, Hhdes ZXH(Bacillus
subtilis spore)+= A3 ©|AJE(Indicator microorganism)z
dA e vBER, ZKSpore)S FAsH] ol
RS ame] gt WS vehaz, Aol
A3&Q] tj-8-n]AYE(Surrogate microorganism)© |t 14,15].
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[Table 1] Physicochemical characteristics of ZnO

Nano-ZnO
Purity 99.7 %
Mean Diamete r(nm) 30
Specific Surface(m’/g) > 90
Dry Loss(%) < 03
Combustuion Loss(%) <02
Pb(%) < 0.037
M (%) < 0.0001
Cu (%) < 0.0002

[Table 2] Physicochemical characteristics of Laponite

Physical Composition Chegl)l;:;lBCagiI:)}E;:;tlon
Powder Color White SiO; 59.9
Density 1,000 kg/m MgO 27.5
Surface Area(BET) | 370 m /g Li,O 0.8
pH ) 08 Na,O 2.8
(2 wt% Suspension) ) LOI 8.2
212 O|ME Y A 2N

AlSlo]| AR3E E. colil ATCC 15597)%= Nutrient broth
9} Nutrient agarE ARES}9. 2™, Tryptic soy brotho]
5to] 37 Cold] 24 hr 13} HjeF 5 2%} RS A
PBS(Phosphate buffer saline) 2 HEMA|A Y4lHT] & A
d iAo 7 AMESEIT

Bacillus subtilis sp. (ATCC 6633)2 WsHUE B
subtilis  sp. LM ofA] ARE-3]  Nutrient
broth(Difco Co., USA)o|| Z<(inoculated) 3 37 TCofA]
uljoFslod 1/10 Nutrient agaro]] =3E3F & 5~6Y 2L v
oFslo]  Z2H(Induced 3lgee  HAEA
(Suspended in PBS)2 A2 2}¢](Cleaned)2 # A 80 Cof
A 1587F QA2 (Heat treated)sto] H3o] AMGSIR S
w, Spread plate method B o2 A5l TH17]. pH
2 QU A% B Agelon], ARl AHgH
S8 ZAHGlassware)= 121 TollA 158 ZoF di

(Autoclave)dlo] AL&35}gich

EENE

sporulation)2-

2.1.3 Ag EX|
A AL 100 nm~400 nm2] AL 7}A| 1 QY=
< Ynjsl= Ao mo] we UVA, UVB, UVC
Vacuum UVE WA €k & AFtollA ARSSE 3
UVA %4 29] UV lamp(Pen-Ray ultraviolet lamp, 365 nm)

HENE

£ A1235}9], Collimated-beam UV system ©. & dlo] 4=2]
o7 Yo oA 24tk UV &5ofl4] §EE7]+= Pyrex
deep petri-dish(50 mL, 6-by 3 cm)S AR5} 31 Magnetic
stirrerS ARg-Sto] WRFSHR O™, Fig. 13 ) Hlo] A
7](Light intensity):= UV 365 nm Detector(UVX
radiometer, UVP Co.)& ARE3lo] 243519 on 28|
oF = Ate]o] ARE 3~6 Mz 2HsHTY.

Beam test UV Lamp

T T
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

W W

— Pyrex Feactor

Stirrer
[Fig. 1] UV experimental equipment
21.4 A3 WY
UVA/gZEufjo] o3t njiE Akt AE2 9J3) Pyrex
deep petri-dishol] A| 2% 32} 2445 pH 782 243 &
2L 25 CollAf st pHé 72 24T 24|

A& E. coli Y B. subtilis sp.& FYU3FRoH, ojuf O]
AE 27] =xi 10°~107 CFU/MLE 345kt o7
o] Nano-ZnO % TiO= 100 mgLE FY3Iom,
ZnO/Laponite ball-2 0.1 g/LZ2 Ztz} FsI3ct o] 7)o
UVAES 2|4 AA 2ALE 3 /enz 278kaL, HEGA]
S 2710 Z7IAFEA IR 28 Sges
B4 B0 200 A\ Ak S Dar
Ao A= FZ2u) 37145 FYUSH v Z FU9
SRS 2A17WHA] Z7HAI 7 A] -\—]'7\1‘6“]—011:]— 224
Zd=(IT, ml/en)= A4 ZAFF( M/ e} BH-2-A)7H(sec)
o] Fog AAE AFRAL He3HH Table 33} 7
o B Aol A vE o) Zge AL Fol7] 9
stof 38 whaslel Jlsiaon Hagts Mgk

[Table 3] Experiment conditions

No. with UVA without UVA
1 Only UVA -
2 ZnO + UVA ZnO
3 TiO, + UVA TiO,
ZnO/Laponite ball + .
4 ZnO/Laponite ball
UVA
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Fig. 2+= Dark Jefjoll A v|lAE E. coliof 37H4] 57
o] ZujAE ¢ F RS ATRE 2A7HA] F7FA)7IH
Al FEmle] FHo wef g AESH Aajolt)y. UVAE &
ALBHA] o2 Dark AE]olAl= 37FR] SuljA] 25 AMEE
o] 2F 5 % oJy|2 o] gl AEjo s 72 ukgo] o
= ASR YEpylth

20

—&— ZnO/Laponite
—4&— 7n0
—O— Ti02

=3 o
L L

o
L

Percentage Destruction (%)

T T
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Time(hr)

[Fig. 2] Comparison of Dark destruction of E. Coli

Fig. 3-& UVASQ} 3717 T=0) §Ho| W2 E colis
HAESH Fijo|th. UVA @& ZARRZOA E. coli=
o)A ZFE(IT) 22 mi/croll 4] 65.0 %2 743tk 2}
QA Z3= 1T 22 ml/cnol| A FZ0l] ¥ E. coli APEES
ZnO/Laponite ball + UVAS||A] 99.7 %, TiO, + UVA©]A]
95 % = ZnO + UVAS||A 85.0 % <02 Lehgt) Al
AT} E. coli®] S Y3t A9 =ujA| ZnO/Laponite
balle] Egol 714 EHo| $4 B Ao S
Ti0: ZofA] R AgEo] 943 Ao ek, uf
2hA], TiO, thAlef] 443t ZnO/Laponite ballS v|PE E.
coli SIF AREOE FBI| BE 15 > UL A
oz sk 2 Age] A9E Ha A2 2w 3 Ml
crol Al AAIEE Aito]7] wjZol Ao FEgE ST
A FEiAY &2 ST B B ALt E.
coligz AFEAZ 5= & ZACE AHEw, UVAY] oY
A Aok W AYAESE sie FEHAY & 57
AlZIH S838] Bt Qs Aer wddch

—A— UVA+ZnO/Laponite
—4a— UVA+Zn0

—o— UVA+TIO,

—o— UVA

100 o

80

60

40 4

Percentage Destruction (%)

20 o

0 5 10 15 20
IT(mJlem?)

[Fig. 3] Comparison of Photocatalytic destruction of E.
Coli

2.2.2 Bacillus subtilis sp. &0 HAE

Fig. 4= Dark Aol A v|AE B. subtilis sp.of 37}4]
7Y SHAIE =Y T TSAIEE 2A7HA] S7HA
7IHA FE ] FRel wet At HAES dajo|rt
UVAE ZARSHA] ¢k Dark Agefoll A= 37H4] oA =
5 ApEEgo] oF 5 % ol de] gli= AHlelA: A2
AAZF ot Bz Ao® #ate]o] "lo] fl= AdefolAl=
78] gl ASE Yyt

20

—&— Zn0/Laponite
—&— Zn0
—O—Ti02

Percentage Destruction (%)

0.0 0.5 1.0 1.5 2.0
Time(hr)

[Fig. 4] Comparison of Dark destruction of B. subtilis sp.

Fig. 5= UVA®} 37}A] L=l §-5tof wha} B. subtilis
sp.& HAESH Aufolty. UVA @5 Z2ALxRZA B
subtilis sp.= A4l ZF=(IT) 22 ml/ciol|A] 24.4 %= 7
28l A9jd A 22 ml/enollA FE0 E B
subtilis sp. AFHEL ZnO/Laponite ball + UVA©]| A 43.3
%, TiO; + UVAO| A 483 % 9 ZnO + UVA©o|A] 33.1
% =02 Uelyith. AFAD B. subtilis sp.o] AHE 9
St AL F=2ujA] a8-S v u ZnO/Laponite ball
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o] &2 TiO, FiARHE At A} Qe ASR Y
ERgth. 2L, Fig. 29] E. coli®] A5t HIAES} Hwgh
A3} E. coliofl BI3l| oF 40~50 % k= At]o] A5te
L Aoz Ytk ol B. subtilis sp.7} EARL YA
Ted} o] ARt euE 7HAAL glof 2 amAl HFA
7He 7ok A AE ] el R o AehEH14]. ulet
A, AL g ST7HTIAY BEAIS e ST
Aok o #=2 ARkl B. subiilis sp.t 553] At 4
9L Aoz k)

—A— UV+ZnO/Laponite
—A— UV+ZnO

—0— UVA+TIO,

80 1| —e— uva

Percentage Destruction (%)

0 5 10 15 20
IT(mJlem?)

[Fig. 5] Comparison of Photocatalytic destruction of B.
subtilis sp.

dutze g FEuf vkg HAYSS FS5m7F UV o
HXE 45 A9 (Conduction band, CB)7} A}
(e-)7} A== 11, 3 fj(Valance band, VB)o| -Z(Hole,
h)o] AAIES, Folo] 4kg4o] vl 2 OH iz 5
o] uheAd Ezlo] A= dulkaog uve goryel
200~280 nmi= DNAQ} ghaiglo] 2+ S5t a2
Aol vhe ATHOITH1S). B ATOIAE Mg
365 nmE X3S UVA P9 AL o] mpxle] dle
DNAZ} A 8] F481A] %£317] wie] Fig. 3 W Fig. 501
Al Hi= e} o] E. coli®] -9 APEE©] 60 % o]3}e]
11, B. subtilis sp.2] 79 AFEE| 20 % o|st2 YER}
T 9ltk. BFAk, TiO,, WOs, WS,, CdS, ZnOy, Fe;0s @
ZnS S5} 2L BEU WML UVC gefe] A

B e5he] HhgAJo] & OH o)zt So] Eajxo] AA
Qoi E. coli Y B. subtilis sp.2] 5243} vh-gof THois)
o E. coliZ A} O &2 ZnO/Laponite ball2 FHHS-2 A
71 7:1—?— 99 % o|Ao] AMEES YENAL, B. subtilis sp.
9] 7% ZnO/Laponite ballZ FHF-S A7l H$ 40 %
olAbe] APHEE T UVA Mtk 26 o]4fe] At fa}
7} HolES ejrizt whgol Flofat Ao RAuHr.

S ZnO/Laponite ballE ]85t F=n) v-3-of|A] B.

subtilis sp.2] AFEE©C] UVA T HIg-HTI= 24) oAk
2590, B coli HeFE ApEgo] H]$. stol ofo]
e ) Aol Bag Ao EAEd

3. &

T

2 A7 YA FRedEe] 9% Ausr1dE 29
WA 71e9] S fiste] FEufo ot ndE AbE
ES 2] 9R BAog £3% 72 ATEA, 37t

| 579 L= & 0|83} E. coli & B. subtilis sp. T
3t AMEES A EQITh AY 371 de Ee rE
ol #5838 sletl, HEel § Gram(+) #& B
subtilis©] 2] v|YEo]H Gram( - ) w2 E. coli7} T
EA AER Jgol] Bt RS o o of
Zlob Al 7] Fol A welziolg dEatol
oo el AgEof At vE A Ao 7]

N

g 7| 2H PHORE Eage] vBEE FUstel 4
Hokt o YEujol UVAS) dat 712 AF A3t
of wel vl ApEEe] HlEH AWFIIFe] Fast

H
£ RS YEoiel UVAC] Aelo] 9lrka shaso]
B Aot e AWgsled Aol s

7z A3 dolE R BEe] Slstol ST AT
24 fﬁ—J UVA &9 2ANE 3 ﬂW/CIH°1V\15 2AZF
A HFS(IT 22 ml/en)sPd E. coli®] 7% F=ul#] 37}

2] olAlol| 4] 80 % oAl A|AH 4= 9l 74 o gehto
o, UVA o5 d4& EE]- oF 30 % oAt =A LEhdth
E3L B. subtilis sp.Q] A= A9 RARES Z71A]7)

A, FEAY F= %ﬂ*lﬂ‘?ﬂ Swd| AFEAE

98 Ao Wolu, 7rah oug A i oES
AR A A5A 9 AN 2Ago] Z715] WE
o, SRS S Ho) AR £ 4 ol A
Z--S Zlololslt), ZnO/Laponite ball B31A19] 29 o
k2 0 2 o7 TiO,9} T-50)Ake] AlgtEo] gl Ao

2 IS E. coli®] % 99 % o) AFEo] 7Hs3t
A

124, ZnO/Laponite ballE ©]-83t F=uf Hh-3-0) A
B. subtilis sp.2] AFEE©0] UVA ©= “ﬂ_]'giq-% ujj
A Z71SIOL, E. coli Hrhe AP

of thet S 4ol BRT Ao gerAry. 4719}
2 gorst FeEiE Azt 7S FEuE 283,
BE §871a tFEt EofollA AAH R 2hgol
bt R pek
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