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Evaluation of inactivation kinetics on pathogenic microorganisms
by free chlorine/UV hybrid disinfection system
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ABSTRACT

Chlorination and UV illumination are being widely applied to inactivate a number of pathogenic microbials in the environment.
Here, we evaluated the inactivation efficiency of individual and combined treatments of chlorination and UV under various
aqueous conditions. UV dosage was required higher in waste water than in phosphate buffer to achieve the similar
disinfecting efficiency. Free chlorine generated by electrolysis of waste water was abundant enough to inactivate microbials.
Based on these, hybrid system composed of sequential treatment of electrolysis-mediated chlorination and UV treatment
was developed under waste water conditions. Compared to individual treatments, hybrid system inactivated bacteria
(i.e., £ coliand S. typhimurium) and viruses (i.e., MS-2 bacteriophage, rotavirus, and norovirus) more efficiently. The
hybrid system also mitigated the photo re-pair of UV-driven DNA damages of target bacteria. The combined results
suggested the hybrid system would achieve high inactivation efficiency and safety on various pathogenic microbials in
wastewater.
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1_ A-I E Salmonella typhimurium (S. typhimurium) (Leclerc et al.,
1997)2} 72 pathogenic bacteriaol] 2J3F Hwhzhed Ab
2|2 =42 §-99)= novel swine-origin influenza A S0 AZ v E B K= ¢ om, o|y3l AL
(HIN1) (Peiris et al., 2009), middle east respiratory 3)A o]z ol HYA nAYES aFoR Ao
syndrome(MERS) 2 & A coronavirus (Hemida et al., ol———— 71«0l WQAo] Zrtsln ok E3|, virus:e
2013), A9 FE3tE= rotavirus (Parashar et al., ZF(host)E Wi7fE Blo] ZA/HEE doy|7] mE
2006), norovirus (Glass et al., 2009)2} 72 pathogenic oﬂ Q17 ZEO] B E Austs vjESA|A(EZA
virus@} X252 SHSl= Listeria monocytogenes (L. A A, SH A AL 5) YA AHolE F=
monocytogenes) (Allerberger and Wagner, 2009), Zo] A LU AL Zo|7] Y3t 7P YA A o]
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Hol SEHA QAL HiFE Ha Amoit A9
(ultraviolet, UV)AE-S F2 ARt 9ot 13U,
Qb 2E0] A%, FA0] i SO
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% 4= Q17] Wj&o] (Travis and Heath, 1981)
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93}

=

o §lE UV A5 ANE 253 9 246l A4,
24 4% 7)F0] bacteriaE 3 log (99.9%) &4

/\]715 Aoz AAEo Q7] wel Hdido
L UV ZAFEHUV dose)S Q7 L3l= virusS 111016‘}

HU

ol FE3IA] gt} UV 2502 virus?] 3 log 24
o @S A 71E AYIE oF 6~108] FHiAlA
of sluz Az 9 29 SwoA FAANL FH3})
Az ofHwe] e + At
2 Aol ot dES =55 SlH o
£4Q asAD] YHoEN A A2 A7|EHE
E3 A" A JAE ALEtT, T AR

£ ZAFSHE= free chlorine/UV A A AHIS A9k
st 82 g a(free chlorine)= Cl, gasS A&35}A
L} NaOCl solution(sodium hypochlorite)2] &2
Hato] ALgstE Aol AukHelH|, MiEe| Alofo]
U 7b20] 9814 S0 913 (Kraft et al, 1999)
2ol 2] 1~40f Yehd uie} o] chloride iong %
| Eal3le] free chlorineS WA A|7]= ZAHo] Z7}
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ot
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Anode: 2C1- — Cl, (dissolved) + 2¢~ €))

Cathode: 2H,O0 + 2¢ — 20H + H, 2
Between the electrodes:

Cl, + H,O — HOCl + C1° + H' 3
HOCI — OCl” + H' 4

%3, 8k Wolli= chloride iono] EA3}7] wiZo]]
He g Asjdes JA7re 2.7t gloh Su|sAE &
]2 UV ZAS A X84, free chlorine-2 4] 5~79
ol B3l Hof ulgl (Watts and Linden, 2007), A8
=71 ‘Iﬂfoﬂ RS A= 2=A7L §’rﬁoﬂ v} & =
A oot gk A ol Axlo] flow, vk 53l A
= radicalat ngFe dE24o] A A “H—r A A
o]t} (Hwang et al.,, 2017).

HOCI + UV photons — OH- + Cl- %)
OCl" + UV photons = O - + CI- 6)
O -+ HO — OH:- + OH @)
o] * 9, free chlorine/UV At A|AEHIS] AL T

w2 vle e

A A A QAL
(Fang et al., 2014; Wang et al., 2016), ©o]of w3} =]AY

z7o]

o] BgAsle] it A W wulsh Agoln,
A2EL2 93 FA HLLE A= AHegAHol HulE
o Aot sj4o] Basith meb, B A 2

Al Al 7FA] F- Al free chlorine/UV 75@ A28 o]
FLALS AESH7| 93t A1E =85kt A, o}
oF3} w|XE(bacteria: E. coli, S. typhimurium; virus:
MS-2 bacteriophage, rotavirus, norovirus (murine))= tff

Ao N A% 2 27 (UV AE, free chlorine 4~

oA 584G aes AFHoR AuEdth &4,
HelAl  w)AYE(pathogenic bacteria:  S.  typhimurium,

pathogenic virus: rotavirus, norovirus)S tAto = Agt
~% 3o 78S ARSI A, UV £59] o
el u|WE9 I3 E(photo re-pair) = 3] (dark
re—pair)Oll ol 3l 4(Sinha and Héder, 2002) S. typhimurium
S At 2 UV A= A3 A% o= FALS 747

83 ¥, 3% B8 Frskach

2o

water, DI water)S A3} Ao ALE S8 %
ZHglassware)= 121 CO]]H 1587 2
Ax AL AR = A3

=Y

(autoclaving) 2}

2.1 DYEO| B o 24

H A ILof| A= bacteria(E. coli, S. typhimurium)®} virus
(MS-2 bacteriophage, rotavirus and norovirus (murine))<
goE ABE Sasta, 2] ngEe that
& % EAEHE g3 Aok E coli= 300 mLo
nutrient broth (Difco Co., USA), S. typhimurium-2 300 mL
9] Luria-Bertani (LB) broth (Difco Co., USA)o|| Z+zF 3
Z35}o] 37°C shaking incubatorof| A oF 18A]7F E-0t HfjokS:
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AASHE ) (Cho et al., 2005; Dhandole et al., 2019). B 9F
%l bacteria+= phosphate buffered solution (PBS, pH 7.1)2
o]-g-35to] 1,000 x gol|A] 1587 A4lEelE AASH L
ojo} e AlA A2 33 ZIPstict. npAek TAo|
A] bacterias- 4=EH(harvest) &, 30 mL2] PBSE ©|-&35}0]
re-suspending S A A] 3} 31, ‘stock solution’ &2 T Y3}
24} Aol A8 9Is) WaRBS sk

%7] bacteria®] =l E2/3t AF & 4okql
bacteria®] 5=+ spread plate methodE ©]-&35}o] &
31 al, A= colony forming units (CFUY/mLE LEF
AUt

MS-2 bacteriophage— soft agar overlay (double-agar
layer) method (Cho et al., 2005; Sjogren and Sierka, 1994)
£ o]-g3to] X519, host®2 E. coli C30002 AME-3}
At 3-8 oS3 Lk E coli C30009] culture broth
= 100 mL2] DI water 7]& 22 tryptone 1 g, glucose
0.1 g, yeast extract 0.1 g, NaCl 0.8 g, CaCl, 0.022 g&
Z¥Zy A 7Vel4 AL, top agar®} bottom agar+= culture broth
o] 2740l 7 gL} 15 g/L9] agar powderS 212} 715}
At} E coli C3000% culture brotho] A&E3d}o] 37C
shaking incubatorof| 4] 2F 16A]7F 5-9F vy AA5HA
t}. o] & AJ2-& culture brotho]] Al =35} oF 46471
B2 v FA)A A1ATSE ALE 9] hostE MS-2 bacteriophage
Hof AR3}it) HatE glass tubeo] top agar 4.5 miL,
host 0.1 mL, 12|31 EA4]5}31%} 3}= MS-2 bacteriophage
0.3 mL= spiking 5}1L, glass tubeE Y02 Ax}HA &
o] 531 top agarS bottom agaro]] HE3}9)om, 37C
incubator]| A 24A|17F F<F vieF £, A/ plaques A
45}o] plaque forming units (PFU)YmLE YeERU St
MS-2 bacteriophage 2] stock solution th2-1} 722 114
= &5l SRSt v plaqueZt F4E o2l 7iE
top agarE harvests}o] 1,000 x gof| A 1587F A&
& A=l HyE 02um filter2 o] 73t ¥, -80T
deep freezerof| X343}t

Norovirus(murine)+= RAW 264.7 H|32E SF 2 AFE
3l © o, plaque assayS ©]-8-5}o] B354} (Lee et
al., 2008; Lee and Ko, 2013). Norovirus(murine) stock
solution®] =H|= 7teFs] Awgsld o} 2t RAW
264.7 A|3E uljoF-& v} X]+= Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, USA)o|™, 10% fetal bovine
serum (FBS, Gibco, USA)E RE7}slo] o]&35tich
Norovirus(murine)~= RAW 264.7 A|3E o] HE35}4]

o [

W

~49] %0t CO, incubator (37°C, 5%)0ll 4] HjoFS A3}
Aok AHE Alzs viuss HE5H7] 9f8f 391 542
X

e

2|

:g

A5 WAL A AE otEe PAE (2,000

g, 1052 23| A|A3t91, virus7} E3HE ArZole
E=35}7] 93| ultrafiltration (Amicon Ultra-15, Merck
Millipore, USA)S ©]-8-5Fo] H41E2](5,000 x g, 108)E
shglon, 225t Age] AH8317] A7 80T deep
freezero] XI5}tk Norovirus(murine)2] plaque A4
= 3915}7] 93t plaque assay= th23} 7t RAW
264.7 HZE plateo]] ZZ3}0] CO, incubator (37°C, 5%)
of| A 6A|7F ot Hjok W Bk AL A ST AA
Ao A MEE A% F, 1 ol virus i‘-“;‘%"—‘,‘
S Axsac A7 AW & AXES A AR
73t minimal essential medlum
, 23 AL AR
Alsker A4 E
3l neutral red

SeaPlaque agarose&
(MEM, Gibco, USA)S HZ51%2
%, plaque7t 2 wj7bA] wijgFe A
plaques & © AHstA s

solution 3 7}51o] plaqueE 7|48} 0.1, PFU/MLE
R giek
Rotavirus:= &3 A|ZZ2 MA-142 AFR3lg 0,

plaque assay S o] 8510] EHFHC). %7 Az wjop
2 norovirus(murine)@} FLgF WP o2 APl
rotavirusE <5~ Al| 320l ZHEA7]7] Aol S35 91t
A2 trypsin solution®] 7} 10| =715 At} Plaque
assay©]| A]+= MEM thA] RPMI medium 1640 (Gibco, USA)
= ARESFAAL, Y A] -2 norovirus(murine) @} 545t
Al Asgstgon, upAa SAQl A4 I A crystal
violet=r 751o] plaqueE A<=kt
2.2 Aluly
221 XM A= 3 Foli L Hi|

UV A5 A8E Sus] 98] Fig laoh 28
collimated beam UV system AR&-5}I T} 32 37
9] low pressure UV lamp (germicidal lamp (253.7 nm),
4 W, Philips Co., Netherland)E A}2-3}$1 11, "Wlo] =2
oz zAEAR zFstck "we] A7l (light
intensity)+= radiometer (UVX radiometer, UVP, USA)&
olg5to] 2l m, WkS7]ek A Afolo] Az, W=
7]1/\E 243} 0.1~0.3 mW/em’E2 A3t A3

S 20Co|A] 4=33}9 1L, collimated beam UV system

Oﬂ 2% air cooling system© 2 ZA3}F Tt
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Fig. 1. Schematic image of (a) collimated beam UV system
and (b) electrolysis apparatus.

H A oA free chlorineE A5t 3 AEH
3|4 whAy Ax) 9] A E = Fig, b9} o, bz
2 @4 wagom Bd AgHE A3
dimensionally stable anodes (DSA)= AM&-5}%th DSA
A=2] Feil= 5% (meshye ARE-SFGLIL, sizes= 50 x
100 mm (7 1 mm)= zz4s}mq HS 7| of3 Yy
AA e 3|52 ¥-8-7] 5 ARE-Sl L, 3702] DSA A=
2 WY pa= sk 184 W] Yl 97
SHA| wHks7] £)3) stirrer?} magnetic barS A&} AL
22 A9 Z37|(TOYOTECH, 30 V, 3 A)S o]slo}oq
ATl AL TS AZE Ak TP 2
A8 7} free chlorine®] AT 7 Hrlstg o,
1) A5 A7 AIZE 2) Q17HE A F=E, 3) chloride ion)]
%, 4) chloride ion®] source (NaCl, HCI, raw water
(wastewater)), 12| 5) 4225, 15, 25, 35C)o] w2 o
32 Aty HQkth Free chlorine?] &%= N,N-Diethyl-
p-phenylene diamine (DPD, HACH Co., USA) A|9F-2- A}

o r_>¢

251 drAEH © & Pocket Colorimeter 11 (HACH Co.,
USA)E o]&3sto] S5t

0

222 OJMZ9| 25M35| AS

2E B3AS AL pyrex HF27|o] 10 mM2]
phosphate buffer (pH 7. 1)$} Z+zro] u|XEo] ETtE
30 mLol A WAL, 33 Wk Sedetgict UVl
R o
Uvel ZAE 3 Sl Aso] AlZtE ik Azk] 7
ahgtoll w1 mLY sampling® AAISILT, B3
3} Awo] wat 1/1~1/10,0007}7] PBSE 3] Aate] 1
e AAsFETE 2702 wastewater KA A E
ZU3A AES #1345} 3, phosphate buffer =73}
WL BHE AAesc
Free chlorineo]| 2J3t n|AyE<2] E&43} AlFL &
g XS E3 AAE free chlorine stock
solution(40 mg/L)S pyrex Wh-7]of A EA L F2
513121, free chlorine®] =9} FA[ofl AF o] A2tE
otk 4= Aol Aupatel ufet 1 mLA samplingS
A A8} a1, sampling tubeo]] ©|2] sodium thiosulfate S
A7kske] A& Y A5 2 942 quenching 3¢
Oi“i 25 AbspAof oJgt E8/ds} deko] mlAA] ¢k
= SItE Al pAEY 2843 Arol ot
1/1~1/10,0007/}z1 PBS= 3|4ste] Bale AAsg.
Aast A% FAo Y3t u|WE(S  typhimurium,
norovirus) 9] E&A3s AL A A=
free chlorine A%, & g2 UV 2=2 X331}
Free chorine®] =+ 0~1.5 mg/L2 ZH39 7, 3%
=0l 2|2 AlAEIg o, UV dose= 0~60 ml/ecm’Z
245kt ¥hgo] TRl ek | mLA sampling s
AA31 a1, sampling tubeo] ©]2] sodium thiosulfateE
H7kste] Al& W £A5+= ZHF 9 4E quenchings}
goul, ngEe] Begst Frof wel 1/1~1/10,000
7hA] PBSE 3|Asto] £A4& AASHITh

rotavirus,

2.2.3 4321} &A3=
El-_?* ﬂ = o
s AFsA ) o 2Ak5F0] 4 log
(99.99%) =273t kA= ek 2) A A= free
chlorine2 1.5 log (96.84%) &3} 3t H, & A=
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T okslRg PSS Falne
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>
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@)

o] %

o2
Q‘L
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o] w incubator®] &&= 25C o]|3}= =X

shzol ool Hi AL WASoRiT sl
FIET Z2 oA AP APl oyt
o] EE= 2 WAsH] 98] dFrles Y&
o|-gsto] Almo| ZRAME = HS Adstich E3L
S. typhimurium-g& 42 AR EZATE Al7]A] &

%
1, FIE s dIIEI U3 =Z(positive
contro) A= AHS APl EE Ao A
AEE=0,1, 3, 5 A7 H3} F samplingS 4 A 810

£4e Agshat.

In}

23 A= HH

g BEHE BRE EHHL YA
2 34 W A}

Abg3foF gtk H Az e
+ =(drinking water)==ol Al At Hdlof #3h
¥t AFE AT v Yoo, o A 2
Delayed Chick-Watson 2 &2 free chlorine 2% (Son
et al., 2005), ozone 4~ (Cho et al., 2003), UV &%
(Cho et al., 2011), 18] 3L TiO,/UVA A% (Cho et al.,
2004)0| A A|FgE v QT o 7] A], 4] 82 chemical
A7 Q] free chlorineo]| d|F3l, 4] 9= UVe| 3j
g3t

N
Log—= 8
N, @®)
— — 1 N
0 if CT < CT, :fLog(f)
g N,
—k(C-CT,) if CT = CT, =~Log| Y
lag Zf = lag — k og ]VO
N
Logﬁo— )
1 N
. - _1 N
0 of IT < IT,, kLog( M))
—k(IT—1T, ) f 1T = IT, —lL N
lag lf = lag — k og ]VO

(N = concentration of viable microorganisms at time t
(cfu/mL or pfu/mL), Ny = initial concentration of
microorganisms (cfu/mL or pfumL), C = [{C/t, dt =
time averaged disinfectant concentration (mg/L), C =
disinfectant concentration at time t (mg/L), I = light
intensity (mW/cm®), k = the inactivation rate constant
(L/mg'min or cm*/mJ), T = reaction time (min or sec),

C T, or IT,, = x-axis intercept of the inactivation curve)

3. 28 o
3.1 718 A= SHol| 2l njd=2l &gt
3.1.1 XIQIM ol ofFt nlZel EEst

ApeAl 2] T e BB Bl UV
dose® UERH 4= l=tl, WO Al7|(light intensity;
mW/em?)@Q} &2 A]7Kcontact time; sec)2] O & L}E}
Y, mW/em’sec = ml/em’© 2 FFE ) Fig 2=
UV doseo]| wh2 ookt nAES] 58493 a6 vl
sfo] thehdl Z1olch Fig. 2014 vheRt whe} o),
virus(MS-2  bacteriophage, rotavirus and norovirus
(murine))7} bacteria(E. coli and S. typhimurium) Rt} 2F
68 =& UV doseE TRE 3t= AL &ols 4= Qi
Z bacterias E3443} A2 AL UV doseS 20 ml/em?
ol F2Es] Alof7F 7oA vinse] AAE =
HEZ 3= 9 UV doseZ 60 m/em’ o]Ako 2 3|
ofgt AyH o g A|oj7} 7hssit) o|E &, UV dose
7} 10 ml/em?®Q] 7%, Fig. 2ac] Vebd AAE, E. coli
= 2F 3.7 log (99.98%), S. typhimurium= <F 2.7 log
(99.80%) o]/do] EEA3S} H= Ao= aE AN
MS-2 bacteriophage, rotavirus, norovirus (murine)+= Z+Z}
04 log Mlgbo.= B4 B AL oelE 4 Aok
olHgt v Ee] 54 Ait= (E. coli and MS-2
bacteriophage) ¥ AP H o] 43 ATET A5
Ao & YEt) (Cho et al., 2010; Cho et al., 2011).
durd o =w ohofgt vlE H EE8A4IE f% UV
dosel= *UWFE < dheejo} < AR < vho]g 2’
S0 Uehhs o2 BIER 9o, X AT
AA], AL A A whE nAE EH B2 aed
E. coli > S. typhimurium > MS-2 bacteriophage > norovirus
(murine) > rotavirus <=2 & UEFGTH 20008t ZHko)|
L g 2707t 242 Uvel o8 BAwe &
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1 Holf Fag/ARd Zet AIARS 080t Held D1Ee| Sadst 7|HEIA Hot
0 & I PT— OJsf] UVT7Z} 50~85% =22 UElYA =t Fig. 2b9]
-2 bacteriophage
—A— Rotavirus wastewater =719] Aatof| A et A" (UVT: 76%)
p i E_O;Z;;““S (murine) phosphate buffer?} 53t +~F9 B3 a8 &
—— S. typhimurium A35t7] YA = 20% oA o &2 $F9 UV dose
_ g 9az sk AL AT 5 vk
g 2
<
8 3.1.2 Tslf FA=p0fl QS DjMEC| S-St
3 dopet £8 2N ARE WIRHAS o, frec
chlorine®] YAHS Fig. 39 YeRQich dutxlo=w
\ AT HE 2ACAE DSA AZe] S4olut WA
0 10 20 30 40 50 60 5ol whe} free chlorine®] B4 s=+= th=A Yeld
UV dose (mW/em”.sec) S 9Tk 2 Aol ALgE 2L 05 A2) AR <)
(a) 7F A, 108 "hof oF 40 mg/L2] free chlorineo] Y4
0 o i
—@— MS-2 bacteriophage = SISHAAL (2T AT oF 54 mg/L, 157), 5
—A— Rotavius HAFeFol A Al7to] Z715ko) whel free chlorine?] 5
) —— Noro@us (murine) JEp Zoste Ae PR 2 9lol
1 —O— E. coli L7t APH R FUMehe AS Stk
S. typhimarim (Fig. 30). Egh, 13 St ARS clslat 49, clrbg
>3 HAFEo] S718= free chlorine®] 5X=7f F715k=
S 2 702 BRI (Fig. 3b), o]0l 3], chloride ion]
3 =1 (Fig. 3c), chloride ion®] TFFsF A~ (Fig. 3d), 1
3 2al & (Fig. 3e)oll o3t FaF2 BaEA] ot
0| free chlorine2 AJAFEHo]l Q1o] chloride ion®] A
A2 wastewater®] #-8-0] 7}solthe AS RoFE
0 10 20 30 40 50 60 70 80 Aoty
UV dose (mW/cm?.sec) H a1 Hiof| 2J5hH free chlorine> °FAHJ (pH 5.6)
(b) Z200lA Hdf 2243t 282 Yetliv, pH7F 71
Fig. 2. Inactivation kinetics of various microorganisms using des E2A4% aso] g45HA Hdacske Aew

UV irradiation in (a) buffer condition and (b) waste
water condition (Light intensity: 0.1 ~ 0.3 mW/cm?,
[N]O: about 10° ~ 10" cfu/mL (or pfu/mL), [pHlo: 7.1
(10 mM phosphate buffer) for (@), UVT: 76% for (b),
20C).

Q= targeto] W] wjEof A& 02 genome size”}
Z AT EAA E2 UV doseTt e 2= ¢A 2
*@}7} He AoR iﬂﬁmxwﬂ (Shin et al., 2001),
I Ao disi A= obA FSEHA A E A AL
AT
Phosphate buffer ZZA3} §-AE X8l B A9
AL JEEO] Qolto)A A9A FEFE (Ultraviolet
transmittance; UVT)E 95% oA o 2 GX| == Hisf,
wastewater®] 79 Zogol| w3kEl chokgh B Ry Ao

UEldT} (Son et al., 2004). Fig. 4= wastewater®] %
71ES|2 AH free chlorineS ©]-8-3}o] T}k vl
A= 58443t B 435 yEhd Zo|tth Bacteria

off vl virusol| Al iAo & CTEE L, 2
log (99%) E-EH312 95 CT ZHe ©F 0.17 (E. coli),
0.20 (S. yyphimurium), 0.23 (MS-2 bacteriophage), 0.27
(rotavirus), 0.32 (norovirus (murine)) mg/L.min® 2 2}
olE] ¢l o, E3] norovirus (murine)oj| A A& o2
£ CT g5 a+ske Aoz Ueylt o3 2
= da Ao A F2 AFE-EE NaOCl (Sodium
hypochlorite) 2] ZAi}e} AX|5}= Ao Uehyton
(Cho et al., 2011; Son et al., 2004), 27| E}E Z3|
MAE free chlorineo] 23] m|AYES] EZAS7F 7}

Stk A ARHOR HolRl Aol
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