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Wl 2 2P 3= S ASHAIZITE ClO; & =AM vl 8327t a1 oPdZoleh= 54 0= <18l CIo; &
SASH= Al(PRB)O 23k AES)7F AAA7e] 7 S8 Qclog AR 1 Qiu), ARIeA] U sk 4 T
Ao dg o 2RE viEE Clo; o 292 FAdo] Stk e B Aol uix|e] AieA] U ol &
AEE AFst sRdrEe] Clo; w8l FAlles Shivleko s ZAFRIGIT 9 AxbeolxlE 7k« ¢l 83
AIZF 2k Hjoket Ay} RE AR Clo; AAEE0] 0.77% oJekE ul$- W& o g yepdt) Teu 9 AR
oA (acetate, thiosulfate, S°, 3= FOZ H718t 9= AAGE0] I 100%2 e, F7be Axp3oi4 o] 57
o} AFZAFA ) wEt AAEES thfst A 0= YERRith 2 AFolA ARS ARaolA] FelAE acetateS
ARERLS ) ClO; sl Ego] 7Y 93t A0 R YER F599 4] PRBY E/do] MRS o & SITE & <
T-o] A= AR Ul sk wAE] 23t Clo; AR Hish 7124 RE AlFsto] YA AESAx A
Clo; AEslE Sx8] $18t dghliel f-8skA A2 Holct,

Abstract — Perchlorate (C10;) is an emerging contaminant of soil/groundwater and surface water. CIO; has been
shown to inhibit iodide uptake into the thyroid gland and cause a reduction in thyroid hormone production. CIO; is
highly soluble and very stable in water. Biodegradation by ClOj -reducing bacteria (PRB) is considered the most
important factor in natural attenuation of ClO;. Rivers in an industrial complex have potential to be contaminated
with ClO; discharged from point or non-point sources. In this study, water samples were taken from the rivers run-
ning through the Gumi industrial complexes and used for batch test to analyze ClO} -degradation potential of river
microorganisms. The results of 83-h batch culture showed that C10, -removal efficiency of all samples was 0.77% or
less without addition of an external electron (¢”) donor. However ClO; -removal efficiency was higher when an e~
donor (acetate, thiosulfate, S°, or F°) was added into the batch culture, showing up to 100% removal efficiency. The
removal efficiency was various depending on type of e donor and site of sampling. When acetate was used as an e~
donor, the highest ClO; -removal efficiency was observed among the e~ donors used in this study, suggesting that
activity of heterotrophic PRB was dominant. The results of this study provide basic information on natural attenua-
tion of ClOy by river microorganisms. The information can be useful to prepare a strategy to enhance efficiency of
ClO; biodegradation for in situ bioremediation.
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HEZ#|°] E(perchlorate, ClO; )&= A|3E57, Aok 2 Bk
T 2GEoIt}. Clo, 2 H]3 i do| 3 EollA] wilg- 2 g3l
ohg} slshd © 2 Qg Eof A FAlHA] ke m R FH SIS @
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S 228k 5 9lrk: 20 °CollA] NaClO, 9} NH,CI0,2] 48w 717}
2,010 g/Le} 209 g/LOITH1]. ClO, & Al S=uw 724 &

Q) S g ol AT EE S WellskEE A
A7 BT AsliElo] QiAo 2Nkl P& vjZITh2).

FElvetellM= 20060 HE7d AL FAA =l Clo,
7} wEER HAEE A o] g3HEe| tist #wA7] o)k ik
[3]. L ©]% 2008d°lli= ClO, 7} TALAEAZE 2t AG= S,
2010d¢ll= ClO; 7F B8 FARAEE 0 = Al wet A
715 15 g Clo; /Lo] AAE| 4] 18v Clo, ol tist 2o
A=A WESL7SE ob4] 2% <F | Aol

ClO; = TR el AREE)= A, 3, 1184, A
Zp oflojw ARIE, HiElE], JoRE, HlE Alx Felv skt Az
7ol BAAETH5]. Ul Clo, wiE AEje} wiEge] vjet gl
thekst SoA Clo, FEE AR AT HE Rl oH([6-
9], $-2lLizlellA Clo, o edY o e F72 LeD AlZReg e A%
At otAAA Tl viE= = w7t deisiee). ol g Ao}
Haol Clo, AAGTE BaEITH10-13].

nAEL Clo,; & Falls HFAMER wallstn s v g s
Aia7E 2] Ry o w Thd eldeittal Har[14]E %o,
Bt A $74lA Clo; & AES clEsl £ o 3 v dEe] 2
st AEsl7E Cloy &) Al 7F & 71e1E 3 Z1o®E o AR
ClO, & #5k= At (perchlorate-reducing bacteria, PRBY ClO, &
A 07 FRIAZITH(1).

Clo; — ClO; — ClO; — CI" + 0, (Eq. 1)

PRB= AFASHA oA &3] EAlstaL thefst R71& (e, acetate,
ethanol’s) T=i= 715 (¢, H,, thiosulfate, S° 5 )& A} A=
o]gslo] Clo, & $hdah= Zlo® deReH15]. ol 97H
(Fe')o] F-25o] WhAah= H,Z o] 43t Clo; A%l Bas et
[15,16]. o]2]gt AXFoIAE AH-3k= v]d=o] Clo; & HA&
A2 AREEE 9 g HHg-o] Aot acetate (2); thiosulfate (3);
A3 (4); Fe° (5).

CH,COO™ + ClO,” — 2HCO;™ + CI” + H' (Eq. 2)
$,0.> + ClO,” + H,0 - 280,* + CI” + 2H" (Eq. 3)
48" + 3ClO,” + 4H,0 — 3CI" + 480,% + 8H' (Eq. 4)

Fe’ + Cl0,” + 2H,0 — Fe?" + CI” + 20H™ + H, + 20, (Eq. 5)

Yo7 ool FARS Bkt 37112 FAle) s= E s47)) A,
I, T SIAIBEAL Q1o Y Ad g o ® o) gu A Uk, ek
Y57 el 9270 et ofg) ) So] EAlsE R
Clo, 249 XS S Yzt ok Js A o] 3eke o)
ot PR el JAE Al X8k glvk. clo, wiE
A3} 77 A152] PRBE ClO; 2 99% o] Biz #9197
Aol Clog & AA 1= Clo, 55 A das ez 1
=9 Clo,; walso] E5re] el wX= @kl Art 17
U Clo; 2%39] FAdo] Qi AR e kel EAlsh: vl

=2 ClO; Faleel Bgh Q= ob) HalsA] kol el &
Atz Tl ] ARIEA] Aol 1AL SR el Sk vl E
9 clo, Adlls= ARt

2. T2 3 diY

2-1. A|EAHF

THA12] AR U2 3R 43 (Fig. 1ol & AlsE 242t A
3oLt oI5 sk BT Gt ERet Ao dFsIsith AR
W-153F W-162 A1 ARAREA] W] aRxdellA] AF 831, A5 W-14
I} W-172 A3 AR U] spxdellA A 2 Als.2] T4
Aol AHAEL v #rk: W-14, B |dlw 24 sk el
W SR HE T 2R ERAR; W-15, Qe 3 FEH;
W-16, 3833 A58 A3 W-17, S5 4 o] AR, A
gk A+ ice boxell Hol T Fotghy EYEAT = 2Rt
S = AlEE 3k 9 7] gt A] oF | m Holzl AR
9] =l oF 10 em ZolollA AFH3AT. ghE & Al5e] A=
2 L8 A5EE ARSI & AR E AlF s #8449 2%, pH,
71831 £ A~ (DO)= portable meter(PD-70N, Istec, Inc; 3H-9)5
ARgate] SIS AR wABEEE @ TT A Y

Clo; AR ZADEA & AEAR 9 A el B2,

222, AE2| SEIFEN SAEN

A AR 2%, DO, pHE A 4] 4381911, 7]
5% (conductivity)} A= 2 AESH] A T=HBOD)YS A5
AF FL Al Multimeter(915PDC, Istec, Inc)E ARE-510]
5433t = A5 BODE 74293 3A 7= [17]0] wet A
Alste] BOD; ab= 73ttt
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Fig. 1. Sampling sites in Gumi industrial complexes.
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Table 1. Constituents of the microcosms used in the batch test

Microcosms Constituents

Experiment Medium, perchlorate, ¢~ donor”, sample™”
Abiotic control

Medium control

Medium, perchlorate, e~ donor, autoclaved sample
Medium, perchlorate

*One of e~ donors in Table 2.
**Environmental sample (water).

2-3. C10, MEolls Z=AL
A= 2] PRBE] ClO, A3l 57 412 f1al AAlet 3]
i ko] G Table 13} 2t} Sk flall ¥ serum

012137 head spacet= 50 mI= 3T}, EAuiA] 2] AL DS o3
2t} 2 mg MgS0,7H,0, 47 mg K,HPO,, 27 mg NaH,PO,H,0, 16 mg
NH,H,PO,, 0.04 mg NiCly6H,0, 0.04 mg Na,SeO5-SH,0, 1 g NaHCO,
2 /3= £ A7l ARE-E sodium perchlorate(NaClO,, =%
> 99%; ACROS Organics, New Jersey, USAR= #HF 557} 20 mg
Clo,; /L A 3533t} Clo,; = autoclavest Bl 2] ] filter(pore
size 0.2 um) 138 T H7IBIATE BiR|= Z(ultrapure water)S
ARgsto] Azl 71 2] Ao B Sigma-Aldrich Chemical
Company, Inc.(St. Louis, MO, USA)ZH-E F{Jsl31oH 7 &%
(FE 299%)7} =& 710t} Serum bottles< butyl rubbers$}
aluminum crimp= 58t T3 N, gas(:=%, 99.99%)= 237t purge
stod 25 °C, o2 3ol 83 h 9t HHENF(150 rpm)sAT). &
£ A2 clean bencholl A Ht e Aeolld] JgEglom nE A
32 duplicate % AHASFITY

iz Afow shlu|dEs 235 AEE serum bottleol] &
A] k& medium control?} autoclavedt A|EE serum bottled] E-
abiotic control'= 37 2 &&}3IT}. Abiotic controk> 5% v|AE
o] EAo] gl= 7ol vl 717F BRt Clo, & F2E A ¢
stk 7101931, $HH medium controk 2 A-ol] AREE HlX]Ad20]
HiF7 13t B2 Clo; 8] s ERiglel J3s FEAE AR $lgt
Aol et

BFANE Al 2 AR AAE H7Fsle] Clo, Fall el Wl
ZAFFSITHTable 2). A5 AFA Ul9] AREoIAIE o] &5 shxn] g
=9 Clo; Wl dotry] L3l 9F HAtFolAE H7tekA
U2 Z12 NO7 TSI, 3HH 95 HAlgoI A 24 acetate, S°,
thiosulfate, 72] 3 Fe"& 212t 7Vt 218 A, T, S 18] 3L Febal 3%
AlEHITE. Acetatet= 549 PRBE] A} ojx|= A8 Aol
vA] 357-2] ARREoiAll= SH A PRBe &8l AR < Qict

R AAFAAE b 22 FEE AFE T Acetate®
sodium acetate(KATAYAMA CHEMICAL, Y¥; =% >98.5%) &

Table 2. ¢ donors added in the medium used for batch test

Label Added e donor
N None
A Acetate
T Thiosulfate
S S? particles
F Fe® particles
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EIZ FF 0.041 g acetate/L. 1] 1! thiosulfatet sodium thiosulfate
(SHINYO PURE CHEMICAL, ¥&; =5, >99%) HE|Z 2% 0.15¢
thiosulfate/LE - 5I10h. $ AP A4 (S, £, 299.98%;
GOPLAAL, )2 20 gL, G771 URKEE; 9272, 299.98%; ACROS,
Belgium)> 20 g/LE 217t A7F8lGith ARE-s S0 dAke] A58
2~3 mmo]21 2™ Fe® 2] mesh size:= -700]31t}.

Clo,; ghgloll A a3t A=k FoIA9] molar ratio= T2k 2t
ClO; : acetate = 1:1 (2); ClO; :S,0,2"= 1:1 (3); ClO; :S°=1:1.33 (4);
12]31 ClO, :Fe® = 1:1 (5). ©] molar ratio®l] T=A31] 24 A=} &
A= T8 TaeiSinh. = 71t Clo, o @)% 1Ak i Al
molar ratiot=" CIO; :acetate =2:3, CIO, :S,0;* = 1:3°]3]aL, S° 4=}
o} Fe¥ QIAR= 9lof] 7153t -3t oF8 Yot

Batch testol] A8-% serum bottle U] 2] HjFN ] A= FAP]Z
AF3 T DE (pore size, 0.45 um)E 13} F B Qo] wjetr= 3
23] 34135197 jon chromatography(IC) ¥4 ol AR&-5131T}. Clo, A
AgEL 2] 60l 28l Attt 4 6ollA] Ciz wild=719] Clo,

90
Fo)1, 3 Ci= t AIRF$9] Clo, FEo |t

(C,~C,)x 100

CIO; AAZE (%)= c

(Eq. 6)

2-4. B5HEN

Clo,” 5%+ IC(Dionex ICS-3000; Dionex, Sunnyvale, CAYE A}
galo] 77| 23l ol FA eI 2 Qo] AL H 10k
analytical column AS16%} guard column AG16¢] 2¢O+
Al 278 B3 [16]0149} o] EPA METHOD 314.0[18]12 743t
HPHE ARRSIGITE. 2 Aol AREE Z2xd0lA Clo, o] AEdA=
0.5 ug/Le1ATt. IC 24900l AR A 2R AccuStandard Inc.(New
Haven, CT, USA)lIA efiak3ict.

2-5. SMTS AL

Aol TAfsk= wiko] 7hs st FE5FFBH Y F B (total
heterotrophic bacteria)ys ZAFSH] $13ll & [19]9] 7]<d = 3
RS ARt 2t we] 437 olAllsk ] 218l 50 me/L(w/
v)9] Cychloheximide(Sigma-Aldrichys 3713} 1/4 strength®] YPEG
AR ol AL 8|3 A5 E TSIl T Hix]= 25 °ce]
A 72 hvleF 5 Je=E Alsiit). & plate & 30~300712] 5 2to]
@39 1A v e] A=k Aleet 5 Al E Shteto] & AR
1 mlg EAeh= A5 ARFSISITE. YPEG HIA| (pH 7.0) “332(L
D o2 2T} 0.2 g NHNO,, 0.2 g yeast extract, 1 g glucose, 2 g
polypeptone, 15 g agar.

31 Alo| 53 24
A5E AT B739] T 2710 wet $42 o] 7= PRB 7]
37

Aol & Flo)a, 1ol wet Clo, Hills®E gEkR|Elet oA
c. 3 Aol ARS-E Al 52| 542 Table 37 2t AEANF G4
o] &2 23.4~27.9 °Col3Ith. A BAFH A ] pH= 47 A
B F/3e0lA oF e} d-& vERISITE: pH 7.49~8.91. $BH BOD=
0.45~0.81 mg BOD/LE] HI$1E HERo] mAEo] o] &3 = Ql=
7182 Tt v o=@ JhE|Qluh, o) A3 AkigkA|e]] 9l
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Table 3. Physicochemical characteristics of water samples

Sample  Temp. (°C) pH DO (mg/L)  Salinity (g/L) Conductivity (uS/cm) Turbidity (NTU) SS (mg/L) BODj (mg/L)
w-14 27.9 7.49 8.20 0 291 0.55 0 0.45+0.07
w-15 23.4 8.63 8.10 0 316 0.70 0.14+0.03 0.65+0.07
w-16 24.0 8.91 8.40 0.8 1,100 0.65 0.06 +0.03 0.70+£0.14
w-17 26.7 7.75 2.90 0 471 2.24 0.26+0.03 0.81+1.00

A3t o) AN AFHI W-172 TR A|5ol] Hlg] sk £544 Z=(abiotic controlZ} medium controly & 371 slellAl ClO,
Z4(2.90 mg DO/L)¥} & €52 (224 NTU) @ 354 55(0.26 Fof WslE Holx| ttidata A1X) ). 71214 Clo; &) AA
mg/LyE HERASITE 7] A1 A A1 8] 7 sk AR el A A & & AR sfelM= sk ngEel QJsliAnl dojuk= Zlow
F3t W-162 0.8 g/Le] Y5 R3lv, A7 %7} 1100 pS/em® go1=2IT}. Abiotic controk> autoclavedt A|5E5 3713t 74-9-0]aL

SHH medium controk> A|5E 37} 9F 3t 9o}, o] =T

& A SR A Ve oA E2S vl W}o] Egkh= A
o7 AR A EEE o]
LERd gro s o] 2520 F w25 Ak
9] A7) o] F ol HlHE R TABEeA 299 AEE
efa] o nlwsh=d] o8 < Stk

A9} PRB] ClO, #allell st 3ol <8k %7} Clo,
ool F&e wHE Flo7 B uEQeh et 71 93 PRB T
Foll g} T2 A o7 Belth Ba20)el 25 PRBE NaCl &
T7F 0%2 W Clo,” Halise] H#Ql Aow FRlEu). 3 o}
e E.L_[zl o ,]o}tﬂ PRBE= 5% 5%l 78 =2 Clo, w3l
55 Hol1 H 2 ArolE Ballso] TAsIsith

3-2. HEZY0|ES| WEdls =M H YEdl SE=AL

N

A= ) AR sk 8ES] Clo, AEslsg AR ¢
slEks AAEIT Al el PRB7F EA1EERE 159) c1o4

AL (FSHASEE = SIS )0l et 2 Aol A

AEk s ek aselA Clo, 5 EalE Aol :Law 4714 Tk
T YHARFAAIE skl H7kslo] el &8-S ARSI
th. 2 A¥= Fig. 200 YERASITE 3 TtellA }\]-%_t‘il— 2“6“rr«] o)

P BA
//‘//
100 ¢ oT
—_ 90 |
19 os
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Fig. 2. ClO, -removal efficiency of water samples after 83 h batch cul-
ture. Data are given as mean of 2 samples. Electron donors
added in the medium: N, none; A, acetate; T, thiosulfate; S,
elemental S particles; F, Fe® particles. All controls showed no
ClO, -removal (data not shown).

S AR o] AlE U9 Bk wlE] glo] EelskehAQl A
OF Clo,°] AAZE dofuh=A] K] 91 Zlo|3iet. gk abiotic
controlel A= G7FE 3} Q43 2147} 733 04| (Fe’, E=-0.44
V; 8% E’=-0.74 V)Pl = E75laL & AgFzAs = Clo, &
Srislel] Ae] Jako] gl= AoR YERT

S AApFAAE FUA b SREulFe] E9-
0.77% ©13t2] wlulgt Clo,” sl A7-E VR Ith(Fig. 2). ©

N E BT

efek i Aze AR Aok AR el PRBE] A, e
b uhe 840 7)918 5 Q). 1 el PRB} FRE 5
2 EAGARHE 0] §8 5+ 9= AL B ] )
7ol % gl

A 93 WA Woe A% ARe) meol T AL
B 5 gleh, Wbl AAgoIA nebd 7} Al e A

[¢

o] B EE 57 UERARITE 22u acetateS ARRTOIA|E
A7¥et A9 AN E B e SR AAEES Btk W-14,
100.00:£0.00%; W-15, 20.01£14.07%; W-16, 99.60+0.57%; W-17,
100.00£0.00%. “121A 015 AlEolli= acetateS A} FoJAl|Z o] &
Sh= E££9Jok PRBEC EAo] $HE o]FE= Ao 7 o] ARITH
Thiosulfate s % 7}6P 35 W-172] ClO, AIAEES 11.24+2.77%
£ HeERI T, |43 JAE A7 9= W-149F W-170] Z47¢
1.55+0.52%3} 4.08+3.36% A AZES RN CM, G7FES A7t
BF 739 W-169F W-170] ZH2} 1.63+025%S} 1.4620.17% AA 8-S
BHAT ARl AN ZA] e ARES w43 U= thiosulfate
7} Clo, & Aallsh=] a7zl Aow YTt 1 olf+= ¢
2Zlo] Fofl 719 &fsﬂﬂx] owmg 23¥ thiosulfate’} 7] AE0]
G SHelA e Ao ® o AXIT22].
B AR test AE S8l £ AxpFoIA 7R Clo, AR
& 7 T QIthe As gror, HrtEe o dAxpaoiA
F5oll Wb clo, AAEES I vt tEa, ek 5As
X*XFLO%XP A7kl et AlsE AHF e A5l vkt clo, 17
& 57 457t vEvhs Zle & 5 sl 2 EE A9 A
%E.—%J(in situ bioremediation)°l] 2t ClO, A&|¢] -9 2@
of] ZA5= PRBO] T3t YH = F 3t} 2 G740l PRB7} =AY
SRS A ZARNoF sk, EAISITHA w3l B0l AeA] e
o] Slthd 5K B QAES F4 74 EZjjof s}
PR 993l EAlsk= PRBY e &8-S 5718 9
S Ygko 7 Foldt SR HAFoAE AYsl] $lEl PRBE Azt
S M TF vE] ZAKE Dot it
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Fig. 3. Total viable heterotrophic bacteria detected in water samples.
Data are given as mean + standard deviation (n=3).

3-3. GEHHQHHO| 2f8t S 2AM

AF T A5 Yol EAehs T5ILTH ] TS FHg
o= ATt AR 1 555 1.0E+04 - 43E+05 CFU/mI
o] HoE YERdTH(Fig. 3). -¢HL ZA oA AFH T W-17
o] FHYUFFE] FAIFT(4.3E+05 £ 4.2E+04 CFU/Mml)7} 718
= e, Qe T4 FsF-elA AR w-157) 7 v
47(1.0E+04 + 1.4E+02 CFU/mlyZ LFERITE. Fig. 29} 30f YElt 2
Fofl ek AlE W-17= T59% 12 2] PRB7F S Wl 4]
o7 LAF 107 AR B QoM AMEEE AlF Sl H)
WA e FEo T BEE W17 AR ZelsletE At
2123 (Table 3) WERG ] A] v S g e} vl 4] 52
gl B35 e AJaaAE el

PRB= K8 B4 ©7]/do)ar vekset $delx] a7t Hglon
2 FAolA] &3] EAstha L FH15,23,24]. 18 HolA 2]
150 FE9) s e o] MArES] sAMsks A &
2 A)#] eigir}, 7] whE PRB F=E 4 Clo, 2] BESHA A
2 A3l Clo, = 29 45 Jslshot o]4-d & Qirt.

PRBE= ThFSE 718 B F7715S ARRSAR o] 8sh= 4l
O ATFTHS,15,24]. 5 PRBE= TEHYYTH = 539D
Z Clo, € FrFlosx AEslE st 1o 3ol wet &
Ash= B2 PRBY] % thE 0L, T8 159 okl ujel
AARgoIA] Fell gk A3 et ohs Zlo)t) $2k= 2 -] o
oFt 9 Atz Ale] whE 3 PRBS ClO,” AYsl A}
(Fig. 21| 213l S =] Ack FF- 8ol EAI5H= PRBS] F3lel v
o] PRB THFZE B48F0 24 A2 A Hi= in situ bioremediation
& Bk g & CSshal G888 Fxlehet &89 7 g Zlolth

:

m

-
-

J

#? A

o] =2 20109 % A @FHE7|Ei)e] Ao gkl
Aere] 7] 2 QA1) (No. 2010-0006089)0114 A1 who} 4=38 %3]
Yt
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