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The Study on the Marine Eco-toxicity and Environmental Risk of
Treated Discharge Water from Ballast Water Management
System using Plasma and MPUV
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MPUVE} Plasmas AHE-3to] Aute] W45 HE]3h= ARA Plasma BWTS7} 7] Gl 00, ]E%Ei W=
7t NG EA v X = F &S T8l $1840] Skeletonema costatum, Tigriopus japonicus 2 Paralichthys
ollvaceusg o] g5l MiETEAAAIE Y A sfekEol tst s LIe S 716Gt 34 psu WSS P. olivaceus
of] thate] mjeksl wkA A S-S B ATHT7d-LCy,=>100.00% W&, 7d-LC,5=85.15% BIE<r). 34 psu HiZE=oll A
Bromobenzene, chlorobenzene™} 4-chlorotoluene®] 3l|4=2] ¥ 73-& Xt} =7 &= At} MAMPECS o] &3t
Bromobenzene, chlorobenzene¥} 4-chlorotoluene®] PEC A& ¥}+= Z+2} 3.34E-03, 2.10E-03 % 1.73E-03 pg L'0]
Q3L PNECE 1.6, 0.5 2 1.9 pg L't} Al 3}81-5-4 9] PEC/PNEC HE-2 12 23514 ¢49%al, PBT 548 Ho|
A ekoket. whebx] WET test 2 3te} $H3 9181987 ¥h= ARA Plasma BWTSl| 2J3o] A2] el 37} s Y el A
o 78 271 S vAA ok S AAKRIT
Abstract — In this study, WET (whole effluent toxicity) test with Skelefonema costatum, Tigriopus japonicus
and Paralichthys olivaceus and ERA (environmental risk assessment) were conducted to assess the unaccept-
able effect on marine ecosystem by emitting the treated discharge water from ‘ARA Plasma BWTS’ BWMS
(ballast water management system) using filtration, Plasma and MPUV module. 34 psu treated discharge water
from ARA Plasma BWTS shown slight chronic toxicity effect on the P. olivaceus (7d-LCs;=>100.00% treated
discharge water, 7d-LC,;=85.15% treated discharge water). Bromobenzene, chlorobenzene and 4-chlorotoluene
in 34 psu treated discharge water from ARA Plasma BWTS were higher than in the background original con-
tent of seawater. The PECs (predictive environmental concentrations) of bromobenzene, chlorobenzene and 4-
chlorotoluene calculated by MAMPEC (marine antifoulant model to predict environmental concentrations) pro-
gram (ver. 3.0) were 3.34E-03, 2.10E-03 and 1.73E-03 pg L™, respectively and PNECs (predicted no effect con-
centrations) of them were 1.6, 0.5 and 1.9 pg L. The PEC/PNEC ratio of bromobenzene, chlorobenzene and
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4-chlorotoluene did not exceed one and 3 substances did not consider as persistence, bioaccumulative and toxic.
Therefore, it was suggested that treated discharge water from ARA Plasma BWTS did not pose unacceptable

effect on marine ecosystem.

Keywords: Ballast water management system(’1¥}33 & <= ¥+2] 2], Ultra violet(#-£] A1), Plasma(Z 22w},
Whole effluent toxicity test(1&573A1%), Environmental Risk Assessment(3-3$131d%E 7}

LM B

sinensis?} =3l theko 2 FAT 218 Barspaa] AR gIe) 11
T Aupggiel] AEFo] st o UEE EAlshe ey
Garell gl v Ao o)Fdt § AESH 9EiFo] B A
Ag At s B AT-E F3te] 81814 $tH(Gollasch
et al[2007]). ololl AR 1= 20043 “dubg @ el |
ok & A Esto] B Fojadute] Mg & e 4| (BWMS:
Ballast Water Management System)Z 25 216l w5 519 T).

201243 29744 F 387112] BWMS7F IMOZSE 7]3# 5018 1k
ko 1% 25702 BWMS7F HE5 1S 3 HIMO[2010];
MEPC[2011b], [2011c], [2011d], [2011e], [2011f], [2012]). =1}
o= F 127019) BWMSZF IMOREFHE 735918 gk 97)19)
BWMS7} HE5¢18 wiokth. AA7H4) 7idd BWMSE =17
29} oF T 2 YYELS AFEShE 329 uvel filtersh
Lo BHEAE AHEEH 2 FA o o) = 719
CHAAMZIE))l 25l filter, UV} Plasma7} =2 49H]Q1 ARA
Plasma BWTS7} 7= ATt

UV (ultra violet)= 31g32] Zole| wjg} UV-A, B2} CE 775
] (ISO[2007]), =L 5 UV-C (200-280 nm)+= DNA 2] thymines
o] 3| $HHk-g-(dimerization)ys A7 DNAS] 3-8 iAo
wheEof, nlolei X, AAEE 9 AEZEEIAEN 22 RS
A% AFE A171tKHallda and Taube[1972]; Smith[1977]; Fraikin
and Rubin[1979]; Rahn[1979]; Caldwell[1981]). UVS] lampell o}
2} LPUV (low pressure UV)2} MPUV (medium pressure UV)Z
THEEM, 254 nmY WESRE LPUVETE 200~300 nm?] 98-S
WEsh= MPUVZ} Akto] B TtHMEPC[2009)). M2k ARA
Plasma BWTS+= AHtE]0] ] &2 MPUV (medium pressure UV)E
ARESISITE, UVell =58 £ §507|ekh o 22 7] 24
(Parkingson et al.[2003]), Selenastrum capricornutum® 37 <
A (Gjessing and Killqvist[1991]), Daphnia carinata®] 573 579
ek} 28 A=A 7Fd 5= Tk (Parkingson et al.[2003]). W
24 MPUVE o]4319] AE-S A|75H= BWMSE o AE<ll7]
AR FEE WA F Qe oXE 7ML Qi

Plasmat= 4}, o] &3} FAALRE A Eo] 7182 07 of7)e 4
B2, A714 0% FAoX|RE AR HYAE 7 glo] HEA
o] SIth(Tendero et al.[2006]). = AT-olA AME-H plasmar= =
AR AF7E WGzl 7 7] AFAtolel] 35 = o ey

A] plasma arcZ} FEFATE Ao Az o] S5 Al v
Al 2g=o] FH0E X AE5S APE A THEl-Aragi
[2008]). Plasma® ©]-&-3fo] A A gl & & ol OH, O,", O,H,
OH', OH, HO,, 0;0H" 2 0," 59 radicals?} 7]%2] H,0,9} 0,9]
EA50] 34 A ATKBai er al.[2005]; Judk et al.[2011]). A&
plasmas ©]-§-3F Aat7]zo] /e HdA TR s 28
2 k= 3ol Wol #8511 21 9™ (Gadri ef al.[2000], Moisan et
al.[2002], Feichtinger et al.[2003]), plasma®] sparkers ©]-8-5}o]
LEAE 9 vlol e 79 FAE sk E8HY] gtk
(Miller and Lowery [2000]). 721} 94 AAISE 115 83t o)
o] plasmas G835 At W A @dte] Hzo] wof Qlrk 5eg
BWMS 7l plasma 715 583 212 2 2dtellM 255 Al
gk Zo]7] wWiiTell plasmai A g et 7t s FYESNA 7
A= Gl st A= I AstEE oo #st A7t &
Q3

23719} o] MPUVE} plasmar 9548 ARSHA] 9 A
Aol 24 &gsto] AFES Al7]= A Eol AW MPUVSE
plasmaE &&3to] A5 a7} 3ljofel MEE S - NG
EollAl HA 4= Sl F3kel] thete] AqEnprt glet. weps 2 A
TollX= MPUVS} plasmas AM8-3H= ARA Plasma BWTS®] 2|
3l Ag)d a7t sl Ee] FEEIs F A JES H8E
32} 15T, o]& $181%] ARA Plasma BWTSZ A 2|¥ &<l
thdk WET (whole effluents toxicity) tests <=a85}331, A% 3}
galef tist 549 W A 7hsEk 712k Esisink gk 3
3lsh=42] PBT (A5 (persistence), A=524/d (bioaccumulation) 2!
A E57d (toxicity)) 5732 R-3114157Q] PEC (predicted environmental
concentration)/PNEC (predicted no effect concentration)s ©]|-&-3+
31739184537} (ERA, environmental risk assessment)dH-= o8
3lo] ARA Plasma BWTS®] A2]¥ viEsol] tist faids 4

starat ket
2. X2 2 Hi

2.1 BWMS HiE2| R

ARA Plasma BWTS?] *&]%=|:= filter, Plasma®} MPUV?] <=
A2 A E QT A ARNE BWMSE S A s
AAG sg= 2els: B Bastal, BWMSE $-3A171 sl
T e B gto] 54z AXAIFTE 59 % jxT-o)
24 B9 3l (treated discharge water)E HIE3}SItH(Fig. 1).
WET tests ¢13F A5+ 59 5 tiz=7-¢} 2ule] ’=olA vz



Plasma®} MPUVZ

== Test Water Tank J<

Sampling point (b)

{  BWMS

v
» Control Water Tank J

v
{ Treated Water Tank j<- ----- Sampling point (c)

Discharge after 5 day

Discharged water ===== Sampling point (d)

Fig. 1. Scheme of direction seawater flow (unbroken arrow line) in
efficacy test of ballast water management system and sampling point
(dotted arrow line).

Al 247} 400 L9}t 600 LE A5=3to] Aol o] 83k th(Fig. 19]
sampling point (b)2} (d)). BWMSe] &gt B4/ gls $jst
3RS BWMSS 515418 F (Fig. 1] sampling point
(@)~(c)} 5¢ F(Fig. 19] sampling point (b)2H(d))ll A&, o
7 9 AFE 1 LA Aok Alsd setad 4o |
35 u7] Slefe] A 3R REAORS 4] § A ool au)
2o Yol AgA=s aksiint. AR A3 & HE A|oke] &
HHE 2.3 gREA ] ARSI

2.2 BWMS?| HiE=~01l LSt WET test

2.2.1 ¥IEFY] Sl

AHE A5 GRS o] &dte] APAR LI, 3 pm
CP filter (Chisso Filter, Japan)= 13t & vj&5 34 (=

ol g-wlo] HIEST 100%, 50%, 25%, 12.5%, 6.25% X 0%EE=T)] &
S8 AFE Axsiglen, 72F 57 150 LA Alx=ste] 8+
T AFLL X Al F ZF Aol ARESIATE. Skeletonema
costatum®} Tigriopus japonicus®] AT 0.45 um membrane filter=
AFTFE st & Ag3iglnt

2.2.2 Skeletonema costatum

BWMS2] w7 S. costatum®] 7WARE 2373 ‘1] = A
ot 7] 913l 1SONA] AN gt W ol what =88kl (IS0
10253[2006]), 7241745} 962 7HESE AR 2] 4] P—;— 1=y
S. costatum 952 WAL /24914], &% 2241 °C, 3,000 lux2]
ALz o R sIglek. Algel AREE S, costatum®] WY MY
Azt 39 7 AEste] mj ket - ARESRlaL, 20 psu HiESEE] A

e 257k <223k T Ao ARSI 15 mL test tubeol] 729

ol g5t sgFTekelgA|e] el viet s gE=Ad Bl alek

3 9latdel

o
&
2

e 283

78k AlESE 10 mL £33 27) U 3,000 cells mL'7}F
HES HEET 9] HEETE T vl QF0] vz
A3} A ek AlEU =] HHEAS el vl 244)F v}

o} thzTtek AlE el b2 2 mLek | mLA EF S, 3
AlE9] 1 mLi= Chlorophyll-a®] FE5 5738171 S13ll 90% oFAl

EO0F FZ3]0] A7 (Turner Designs Model 10 AU, USA)=
914k 460 nm (excitation filter)2} 683 nm (emission ﬁlter)oﬂlﬂ &
= 1, YA 279 1 mL £5] A5 AEUs
92 93l Sedgwick-Rafter chamberE ©]-83}¢7 .J_ﬂ HAn| 7
(CKX 31, Olympus) stellA] AlG=soict. tiz=7-ollA] chlorophyll-
a®] FE9} Al o] 9] S A S 18 the 589 72 A
79 chlorophyll-a2] E5=F AXHATE ST S. costatum®]
J7E (growth rate, ) r=(InN-InN,)/t (+=S. costatum®] J7¢E,
N=t ARE 3] AEUE, N=AE 2719 AEUE, FHHOJ/\VJ)J
2ol eJste] AESISIT. tix7 ] pHE| Wsh= AIAIAE 3t Al
HEE 2%l pH meter (Orion Research, INC. Model 230A*, USA)
£ olgsto] ST
Alge] fradd e thze] JAEC] 092 day! o1, the

T A5 2] W5 Al (coefficient variation)ate] 7%, pH W3}
7F Looldelw, Al TR fradS RSSISith

2.2.3 Tigriopus japonicus

BWMS] WiE<7} T. japonicus®] FG#13), A& 2 2o
l% e J»% °LO}E7] 218l OECDeIA AT ®f ol wh2} 48

l

JIN' o:i

= 2gsn
3l

N
> q

N
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:(o
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e
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E
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o,
fg=
a3

51 ﬂ‘3]'(OECD[199821] [2004]) T. japonicus 2 —5—-4 I g e
T 22+1°C, 2,000~3,000 lux®] 252 HU57] 16L:8DZ 313
, BRI ofahEstall g AR, uls 2/371F Setoltt. Hol A
Chiorella spZ ©F 10° cells mL'¢] W= 5 33] T3151ch Al
AS I T japonicus= F-8F3HA] 24A17F oul 9] F-A1S o] &35}
AL, 20 psu HIET2 AR ouZAlE 27:7ke] 3] § H-3hh
A& Frste] Aol ARSSISITE. 48413 9413l Al 6 well
plated]] Al&4 10 mLA 5319 17) culture wellol] F-3-+-24 5
MAH HE6031, 470 culture weltS: 170S] WHETEE-3H-4 20
AR sto] F 3709 w5 Far, 450 FUs skl
A ul) 24A13F vk F-shRAY ] A S-S ARl A
3= ekl o] A le] BAEA] kg A= whdst
Act.

T japomcus-J 28U AEE

M koo b
OE‘,

1

3]

Koo

o

4 HAE Al 60 mL 2ol Al
A4S 50 mLA B3 & A 2070415 ﬁ%s}iiﬂ, 3712
HHETE oI A52 TS oA wioks skl Wil A
TEE SRl thx7 D A1) S ol 2dmtt 0}03 °©
, 8= X Chiorella sp. 5 ©F 10°cells mL'9] U=F 35331
WjFES AFEH U sl A E B AE
F kst /1A 4 Al A1 vl] 5 48 well plateo]] pasteur
pipetsr ©]€-3to] A &A Wi shax] ke FeAle] 5

ATt 7RAIS] APEES F4 o] gle MAE 5 veE A

e

o
1=}
23
Q]
=

r°*'

=y

Alza
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-olxd
Al Amg Foe Wl vEgo] gl /AE AP Zl o= Adsigitt.

A FraAdS 48~ ]7P FrAs Age) A dixzTolA T
Jjaponicus®] FIHAY AAEE0] 90%0 1, 2827 AEE 9l HAE A
] g thzTrollA] omZiA|e] AEEC] 80% )V, AHEE Al
Aol =72 gt ofw| A ket EH-s-A0] 3t 3071
A olde] o, B e S5 2897 HEE Y
HAE A & ofu A kst BEF8-F489] 4= Park
and Hur [1993]¢] A4 7= Farste] A7kt

2.2.4 Paralichthys olivaceus

BWMSS] wj&57} o 78] A& 2 7@t nlx]= g
otolr 7] 93k OECDeA A3 W o 4
TEAEFA)I AT 79 AE Y 7
2H3} A THOECD[1992], [1998b]). A3 oll A& A X (Paralichthys
olivaceus) X|°1& Ad A 27 & 377 AP0 A4
AT} 34 psu WiET Al el AREE Xof o] At Al 2
2.040.22 cm (Bo+EFAxHT} 0.03£0.02 g0]21 2™, 20 psu Hl

= Aol AFRE R]o]= 4.31£0.38 ecm¥} 0.59+0.15 o]}, A
o]9] 447 BE AP 30 L el Algs 20 L%— S aly

3 g iM 2070414 =8k om, 370 WS oI AF
I 2041 °C, Ué%‘?ﬂ 16L:8DZE X 2,000 1uxol°h
Fe 2kl

.
rlo

o Hz to 4

| .
TRk AE 9 7 Al 4 ? AIZE ol 9] ofjhs
o TR FTAL, 1? 4] EeFrtol ARE-SIGl o, 7}
L= o] /\}E‘%lﬂ A7k €] 713HE<t
AEL 1 L oA
=] . *EP 307H# TFaaten, 3712
TS T AR R 3 2|o]9] 443 AR T
15\3«1 *é% 4031 AE A1) A9 gizTellA] X|o] A&
o] b, Eke] 77 A W ) Al A A
%fz Al tizTrell A e sholl A Fakatel o] AEE 70%01/d 2
Aolm, B faAS TG 747 AE 9 Ve
o)

=
2 71[2000], Shin et al. [2009]%} Kim [2007]2] &&

oS

Lol - BT - A

225 SAREA

S. costatum INAT 23745, T. japonicus® AEE& 2 AXE, P
olivaceus®] EE&3) 718 W& A= =E LOEC (lowest observed
effect concentration)®} NOEC (no observed effect concentration)
£ ANOVA tests ©]&slo] AEsISla, tixT- #AF5.9l 2+ Ald
A5.0] Ht-S vtk ANOVA test®] HAXR= Shapiro-Wilk's
test2 AFR 2] FEEE 58 ¥, Bartlett's test® A59] 5%
AhS 75815131, Dunnett's test?} Bonferroni  test (&=
HAE Z5)E A8k 9% a=0.05¢14 zlol& AF33ith
P. olivaceus®] LCy} LC,s2] 32 797F AEH AR5 ARES)o]
Maximum Likelihood-Probit ] 2 AFEsISith B AR &
Al 2 TOXCALC 5.0 program (Tidepool scientific software,
USA)E ©]-&3}8itt.

2.3 BfshEN

ARA Plasma BWTSe] &Jste] A 7Fsst S48 gls)
7] 9811 ozone, chlorine peroxide, sulfide, bromate®} bromideZ-

FX1351%1 31, CHOH, BrOH, BrO" &< TRO2} FRO®] T&E& =
A3k t). =771 = DPD methodE ARE-3= CLX online residual
chlorine monitor (HF scientific, USA)S ARE-5lo] doll A =74
st3let.

L2 TROE 75l EAsh= w7123 HH8-5197 relevant
chemicalsE At =™ o]& gIst7] 913l bromate, volatile
halogenated organic compounds, halogenated acetonitriles (HANS),

halogenated acetic acids (HAAs), chlorinated phenols (ClPhs),
brominated phenols (BrPhs)¥} adsorbable organic halogens (AOX)E
7t g AR Al A A7) AR mAs 2] flste]
volatile halogenated organic compounds, halogenated phenols %!
AOXE 71Z7h /A Y= )5 MBS B2l 715 A
+ 5, AFAAT) = AlEE B 3P EF(Na,S,0,, sodium
thiosulfate)ys 718t 3 2FS F7F1GIth. HANsSF HAAs= 44
el 10 mge] HsltES ksl dakeMys 1-282 3
7FeE 5 M85 el 7137t Q1= AF ST bromate= PE
o] Ethylenediamine 10 mgs 37}sto] Al5.9] Ado] FA]5
E5 Rl BE oA SAEFAIEE o E A ekl

Table 1. List of standard methods applied to chemical analysis in this study

Compound
TRO/FRO
Ozone
Chlorine dioxide
Bromide
Bromate
Volatile halogenated organic compounds
Halogenated acetonitriles

Standard method (year)
ISO 7393-2 (1985)

APHA Standard Method 21* Edition, 4500-O,-B (2005)
APHA Standard Method 21* Edition 4500-C10,-B (2005)
US EPA 300.1 (1997)

ISO 15061 (2001)

EPA 524.2 (1995)

US EPA 551.1 (1995)

Instrument
OT-method / DPD-method
Indigo colorimetric method
Titration method
IC (DX-500, Dionex, USA)
HPLC (Agilent, USA)
Purge & trap GC/MS
micro ECD-GC MS (Agilent, USA)

Halogenated acetic acid US EPA 552.2 (1995) micro ECD-GC MS (Agilent, USA)
Chlorinated phenol / Brominated phenol US EPA 8041A (2007) GC/MS (QP 2010, Simadzu)
Adsorbable organic halogens ISO 9562 (2004) Cl 10 (Behr Labor-Technik, Germany)
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)=}
7} A3

T

At ] gl AT Table 107 ARSI

2.4 PEC2} PNEC

ARA Plasma BWTSE] H&57} sl kel viE=s 45 874
S 7 4= EA] o 75 Idsr] Hgte] fElAGE A
Zsto] FrLslgle. falAla= Wi s TR} =4 A9 279
spetEe] tise] o g8 s = (PEC)SH T 9T (PNECS
AbEslo] Blwshs W O E PEC/PNECY} 1 o)do] Akad 725
HEEE 7= Aow st AR 72t st el PECE
MAMPEC 3.05.8e] S 43 721 GESAMP-BWWG model
harbour)& 2-§-810] &3 th(Baart et al.[2008]). D 2 3}
ke tjst 54 AH+= OECD SIDS % European commission
joint Research Centreol|X] A 3-3= database®l| X G738} 0.7,
database®l] §l= SIetEA2 B A AL A AlFski= MSDS
(material safety data sheet)?] X155 &85t} PNECE 4%
Ae=A1E 5 7P W2 el 8711 (assessment factor, MEPC
[2011a])Z A8-3}o] AE313AT} PNEC A A 2t sleEde] o
3 AE=Ad AR 232 ECOTOX database (US EPA[2009])E
o]-&3k3lt.

3.4 1

3.1 BWMSQ| HiE0i| CHEH WET test
3.1.1 Skeletonema costatum

3 AAAFR)E 0.95~0.99% 3|20 Ay
TH(p<0.05). ™&}A Chlorophyll a2} Al Ao
oJ&f 2k AlEUT] A 72 AHEE

1% O
ox 1
2L oty
=Y
o,
oX
>

58 wjErell 7241313 964135t lmEAIRL S.
costatum®] ’37FE-S 1.36~1.962] WAL, =272 457} 7
oI%t zfo] & Hol= AT §lo] NOECE 100.00%31 BH(Table
2; ANOVA, P>0.05).

3.1.2 Tigriopus japonicus

48A1ZF 52F 34 psust 20 psu BIETN T japonicuss =EAI71
Av} BE FEgbel|A e 95.0%0)d0] AESIAE Alf 717t
&< T japonicus®] G A S BolA] ekghth. AlAFE A3
A HiETe] AEET Fofsh 2lolE Kol A= {ISITH(Table
2; ANOVA, P>0.05).

284 B3t 34 psugt 20 psu WlET T. japonicusS] TS =
EA2 A9} thre 22 B 85.0%9) 88.3%7F AESIA T, B
© Al S 71.7% ool AL AL, AIFEE Al A
o] AEE Folst 2lo] S Hol= AlETE glo]l NOECT}
100.00%31TH(Table 2; ANOVA, P>0.05).

28 B AEE AIE T X3 ofn) 1071A1F AlEste] WA
& S A onriAlE WAE A S BE AR
TellA 70%e 7o) AESITE. 34 psu WiEFE] 739 ofw] A
o ABREEE RS izl 3270, AT TRelA 26704 oS
Aralglem, 20 psu BlE2] - tha-ek Aol 33704
ool FAE kISt AlAFE ARl tixT-9] & ofn]
MAT A 282 =) 23k Aol Kol= AlgT+= }lo]
NOECE 100.00%31tH(Table 2; ANOVA, P>0.05).

3.1.3 Paralichthys olivaceus
96A17F F2F 34 psust 20 psu BIESll P. olivaceus®] X115 =
SAI A3 242F 91.7%0 Vo] BEsIdnt AAEE AlAdelA

Table 2. Acute and chronic aquatic toxicity data on the effluent from ARA Plasma BWTS (TJ: Tigriopus japonicus; PO: Paralichthys
olivaceus; SC: Skeletonema costatum; Gl: Growth Inhibition; SR: Survival rate; RP: Reproduction)

o L(E)Cs, 95 % confidence of limit NOEC LOEC
Salinity of Species lower upper Remarks
Ballast water P End point Conc.(%) PP Conc.(%)
Conc.(%)
T 48h-L.Cyy >100.00 - : : : SR
34 psu
reut PO 96h-1.Cs, >100.00 ; - ; - SR
eute o iV 48h-LCyy >100.00 : - : - SR
psu PO 96h-LCs, >100.00 ; ; ; ; SR
SC 72h-ECy, >100.00 - - 100.00 >100.00 GI
96h-EC, >100.00 - - 100.00 >100.00 GI
28d-LC4, >100.00 - - 100.00 >100.00 SR
34 psu TJ
28d-EC, >100.00 - - 100.00 >100.00 RP
PO 7d-LCs, >100.00 - - 50.00 100.00 SR
Chroni 7d-LC,s 85.15 72.17 >100.00 50.00 100.00 SR
rome < 72h-EC,, >100.00 - ; 100.00 >100.00 Gl
96h-EC, >100.00 - - 100.00 >100.00 GI
28d-LCs, >100.00 - - 100.00 >100.00 SR
20 psu TJ :
28d-ECs, >100.00 - - 100.00 >100.00 RP
PO 7d-LCs, >100.00 - - 100.00 >100.00 SR
7d-LC,;s >100.00 - - 100.00 >100.00 SR
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1000 [T 1} 100.0 [
900 90.0
800 [ 80.0
700 70.0
3
=
Py 600 [ 60.0
©
= 500 [ 50.0
g
> 400 | 400
@
300 | 30.0
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Fig. 2. The change of survival rate of the olive flounder fish, Paralichthys olivaceus, exposed on the effluent from ARA Plasma BWTS during
96 hours and 7 days (a: 96hrs-34psu experiment (juveniles); b: 7days-34psu experiment (fertilized eggs); c: 96hrs-20psu experiment (juveniles),
d: 7days-20psu experiment (fertilized eggs)). Vertical bar is represented standard deviation.

Table 3. Chemical analysis results in test water, control water and treated water by ARA Plasma BWTS test waters (TEW: Test Water
(Background seawater for using experiment); CW: Control water (untreated seawater by ARA Plasma BWTS); TW: Treated water by ARA
Plasma BWTS; TWBD: Treated water before discharge; TWAD: Treated water after discharge; MDL: Minimum detection limit; -: Not
detected.)

Sampling time 0 day 1 day 5 day
Sampling point/tank TEW CwW ™ CwW ™ CW  TWBD TWAD
Compounds MDL
Active Substance (mg L")
Bromide (Br) 0.01 65.5 63.5 64.2 62.4 63.2 65.5 64.5 63.5
Volatile halogenated organic compound (pg L™)
1,2,3-Trichloroproane 0.01 - - 0.45 0.00 0.30 0.00 0.00 0.00
1,1-Dichloroethene 0.02 - 0.01 - - 0.02 - - -
34 psu  4-chlorotoluene 0.01 - - - - - - 0.12 0.10
Bromobenzene 0.01 - - 0.32 - 0.21 - 0.15 0.18
Chlorobenzene 0.01 - - 0.16 - 0.15 0.14 0.12 0.13
Dichlorobromomethane 0.01 0.31 0.30 - 0.27 - 0.18 - -
Tetrachlomethane 0.01 0.79 - - - - - -
Trichloromethane 0.01 3.38 1.23 1.02 0.89 0.68 0.63 0.58 0.49
Active Substance (mg L")
Bromide (Br’) 0.01 37.5 36.9 374 36.8 37.1 37.5 36.4 36.9
Volatile halogenated organic compound (pg L™)
Chlorobenzene 0.01 0.33 0.32 0.21 0.17 0.18 0.04 0.05 0.06
Dichlorobromomethane 0.01 0.13 0.12 - 0.08 - 0.02 - -
20U 1 chloromethane 0.02 0.98 0.83 0.1 - - - - -
Trichloromethane 0.01 4.15 3.85 1.13 2.95 0.92 0.85 0.37 0.45
Halo-acetonitriles (ug L)
Chloral hydrate 0.002 0.27 0.25 0.19 0.17 0.15 0.08 0.05 0.07

Dichloroacetonitrile 0.001 0.38 0.35 0.30 0.21 0.10 0.19 0.03 0.04
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279 AEET 23 Aol E Hole AlETFE §lo] NOECE
100.00%3ICHTable 2; ANOVA, P>0.05).

34 psu HjESl G219 RS =E3AA 7Y Bt FeAto]
WA ek A7) dzTme] AAEES 78.9%33L, AlET] A
EEE 54.4-84.4%% WIEF F57F 100.00%31 AE el 713
SXTHFig. 2b). 34 psu HIET AE L] FEAIF A 100.00% Al
Y] AEES U AEET 19291 AlolE Rlth(Fig.
2b; ANOVA, P<0.05). W&}+4, NOEC®} LOECE Z+2} 50.003+
100.00%31t}. 7d-LCyr 100.00%0]42 2 A% 131, NOECS}
7d-LCs, At0]9] 533 s 8 4skel] Al 7d-LC,aks AF
=3P oM, 71 gk 85.15%C] AU TH(Table 2). §F 20 psu WlE5
o] A tizT-2] =& Fo s Aol & Kol Al = Sl
NOECi= 100.00%31 THTable 2; ANOVA, P>0.05).

3.2 sfskEAME

34 psu E 20 psu W&ol B ELZ EHEE bromide”}
HAZH et A9 bromide 0] YHHA S 2 3|5 4 ppm
FEE EASkL glom, B ATelM wiEA] HEE
FEHTE Sk}

FAHEA R 34 psu W&ol Al volatile halogenated organic
compounds”} 2 FE ¥ TH(Table 3). L 5 HlEA] fl5=2] ul
7 TR =AU ANE A E E72 bromobenzene, chlorobenzene
2 4-chlorotoluene®| A 3L, ZF7} 0.13, 0.18 & 0.10 pg L'e] w0 =
AZH St 20 psu B1E52] 4 volatile halogenated organic
compounds®} halo-acetonitrile J-5°] 2 HEE N oW, HE
H A2 34 psu HlETS} U Gt o alo] v s s
o= HEE =242 gtk

o183t FTuel A uiErell thel s dE=A B siRbaelel el uet A 287

3.3 PEC2} PNEC

ARA Plasma BWTS2| 34 psu Hl&ollA] vl A5 LR} 57
7AZ % bromobenzene, chlorobenzene™} 4-chlorotoluene®l] ths}|
PECE 4tE319 1, # o) PECE 717} 3.34E-03, 2.10E-03 4
1.73E-03 pg L2 | 5= tH(Table 4). Bromobenzene> B
25 thete] e R Qlo] PNEC AR Al 3715 1,000
28-5}31T}. Chlorobenzene & 4-chlorotoluene &% F+ 3
Tl tiste] 3% ol de] ei=Adg 57T 9lo] PNEC AR Al 87}
AG= 1002 2-2319ACHTable 42} 5). Bromobenzene, chlorobenzene?}
4-chlorotoluene®] PNEC= 212} 1.6, 0.5 2! 1.9 pg L' $1TH(Table 4).
Bromobenzene, chlorobenzene¥} 4-chlorotoluene®] PEC/PNECE
77} 2.09E-03, 4.20E-037} 9.11E-04% 12 275 B4 §lo]
9l do] 9l Fo R S5t Table 4).

4. 11

[ld

2 ATFollA] 34 psu BiES 0l TSt WET test 22} S. costatum®} T.
Japonicusel Thetel 1Ak 44, §AAF, A 9 WA 1A
= SAAgo] AZEA) 2T WA R UVE AFgals
BWMS2] WET test 23 S. costatums F33F A EZHIE
(Phaedactylum tricornutum X2 Dunaliealla tertiolecta), 2}y (Hayle
barbicornis), 25 (Nitocra spinipes), 12V +(Artemia fraciscana), =
ElsH (Brachionus plicatilisys ©1-8-3 AL 79 549¢Ss 1w
o]A] kot - A& 2] AHe} UXASHFATHMEPC[2007], [2009a],
[2011e]). UV At DNAS] 27} UVE 3] o3k
SHE-E o |AA At A8-S sl At ey o] &} Ak
Ao o] f7] B 7] #AF UVE S73ho® Qlele]

Table 4. PEC value from MAMPEC 3.0, PNEC value calculated from lowest ecotoxicity data multiplied by assessment factor and PEC/PNEC
of relevant chemicals generated by ARA Plasma BWTS (toxicity: lowest ecotoxicity data)

Compounds PEC (ugL™) Toxicity (ug L) Assessment Factor PNEC (ugL™") PEC/PNEC
Bromobenzene 3.34E-03 1,600 1,000 1.6 2.09E-03
Chlorobenzene 2.10E-03 50 100 0.5 4.20E-03

4-Chlorotoluene 1.73E-03 190 100 1.9 9.11E-04

Table 5. Ecotoxicity data of relevant chemicals generated by ARA Plasma BWTS (source: ECOTOX database)

Taxonomic / Scientific name Endpoint Value (ug L)
Crustacean Daphnia magna 24h-EC;, 1,600
Bromobenzene Fresh water . .
Fish Pimephales promelas 96h-LCj, 5,600
Algae Pseudokirchneriella subcapitata NOEC 100,000
Fresh water Crustacean Daphnia magna NOEC 1,400
Fish Micropterus salmoides 6.5d-LCy, 50
Chlorobenzene
Algae Skeletonema costatum NOEC 100,000
Salty water Crustacean Americamysis bahia NOEC 11,100
Fish Cyprinodon variegatus LCs, 8,900
Algae Scenedesmus subspicatus 7d-EC,;, 160,000
Fresh water Crustacean Daphnia magna 24hr-ECs, 9,000
4-Chlorotoluene . )
Fish Carassius auratus NOEC 190
Salty water Crustacean Nitocra spinipes 96hr-LCs, 11,800
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Z o] W3lZ o}7|& 4= 9thLiltved and Tryland[2005]). £3], Ak
o] 7P & 254 nm2] IFgellA] 10°~10° mWs/em?®] A7
ZAR71E-(NOM, Natural organic compound)©l] UVE ZAFS19S-

EF71eA Y] oy B2} A7 5 FaAl 7] th(Parkingson et
al.[2003]). B3, NOMS &3t &9l UVE 738 AR Aot
=259 Selenastrum capricornutum®) 37ge] AA) = %) 31(Gjessing
and Killqvist[1991]), €% Daphnia carinatas: ©1-8-3+ 57957
AoA EWF2 FIAMN7F BEE ] 7 =4S Hol 2 A
A} 2Jo]E K3 tk(Parkingson ef al.[2001], [2003]). ZelLt
olg]gt Ajoli= UV AT 71Q15E A 0% AZfeT), A7) AE
oA UVE] ZARRTERS 15~30AFIANE, 2 A1§19] -9 ballast
water Bl 52 ] 3 m/sZE ballast water”} MPUV ¥-5-7]
Z SH8hs AR FEoUlo|H R UV At el AAdE 4
Q= FAEAEY] 557} S. costatum 2 T, japonicusel Al 5799
| ZEekA] kSkEl 210 = ekt

Plasmas ©]-8-3}0] At*]2]E & | Hydroxyl radicals (OH")¥}
0,", O,H', O,H’, OH, HO,, O,0H" 0O," radical ~12] 1 ©|2]
H,0,9} 0,9 E4E0°] g7 A=A, hydroxyl radical B =l
A W40 =0} bacteria?} HHE ZF7HE AASE dl &
2ol /do] vl 7] wiiell Vel plasmas ©]-&-she]
s A o AFRsetad ] o] oS5HA Y=rhBai ef
al.[2005]; Juak et al.[2011]). 737] 33t vle} o] UVE ZAKSH
s ofFell tigh AHRsAS sk otk e 2 Al
A} P olivaceusS] 5737 ARA Plasma BWTSe] 2J5to] #z]
¥ 34 psu HiESTOl 7URE =F AIRE W 100.00%2] HiESEellA
HEFAZF UERR] QA0 85.15%2] wllE<=ol] 743 w2d 4%
P. olivaceus’} 77d&ol|A] xJo17] F<t 25%7F APdSh= 202 U
EFStTH(Table 2). P. olivaceusoll thdt vllE=2] S-S 793
HH o537 2t} 20 psu &l AZEEA o2 ol WA
A2 34 psu vliETAAT HEE AT, 382243} bromobenzene,
chlorobenzene %! 4-chlorotoluene®] A/~ 34 psu W&l A5k
WeR7] wiel o] A7HA] glstEel 71Q1e Ao AztEm,
bromobenzene, chlorobenzene %! 4-chlorotoluene?] X432 A
(thinner)ell &3t R 02 FAHT} 34 psu WiEF A8 A2 3099
& Aol ballast water tank W50l T=21&k}]o] o] Fo]H ) 1 AJY
Z AR Yol A 57 WAZE Holalo] =571 $ds] A
ZEA] FUS-S QA whEbA] S o] ARSE Aol 3
o] QU= benzened} toluene®] Al 7HA] =218] A ol Fhoi g
Ao 7 FH T} bromobenzene 3! chlorobenzene?] &d-> iron
EA &l bromine %= chlorine™} A% SFAA] iron (111) bromide
(2FeCl;) ¥+= iron (I11) chloride (2FeBr,)7} A4/4J =0 o]50] )
2-3-8 3131, benzened} X|8HESo] 2J5lo] Lojdth(Murty[2008]).
w3t Fuf7) Qlokal st Eke UV 4 sloll = 1519 bromine
T+ chlorine} A35ke] =71 % SR Murty[2008]). 514
217 Zrg-sh= plasmal] W=ollA 315 52 Br & CI Y37}
B¢} CLE WIkE| o] iron o3} Ajlste] Fullofshs st

==

it

. O]}‘é——orf .

ol - 2T - YT

ballast water *]2]73X]Q1 MPUVE} plasma o4 A= 4
o] 315> W12] bromine¥} chlorineS- benzene?} HES-A17 bromobenzene
& chlorobenzene] 23/d% .02 S €}, Bt chlorobenzene-
toluene©] s} HHA = A= 7] wliZ-oll (Patterson ef al.[1999]),
Ay el gh-3-9 toluene®] MPUVS} plasmacl] o3t Atslal8-0 2
Q15 A E NS 7% Q). $HH, 4-chlorotoluenes “d47]
3} A2F 74 chlorine®] A el toluene®] FHrlHsto =
234 ¥ v] (OECD[2005]), 94+ H,0,5 AHE-3107 tolueneS A3}
A 4-3H(oxidizing chlorination)A]AA A1 4= ) th(Salakhov
[2003]). WA, MPUVE} plasmael] 28197 bromobenzene, chlorobenzene
2l 4-chlorobenzene®] A/ = 1} MPUVS} plasma®] 23] €]
Al B o w7 WAshs AR R A ket

TFeol 574 siEtedo] =S W PBT 54 =, A&5A
(persistency)Z} A& 34 A (bioaccumulation) 18] 3 AJ el =57
28 31852 9] Wk77] (Half-life), log Kow 3 BCFREC.E
7FIEHEC[2003]). MEPCOlA AIRESE PBT 7152 7171 60
23}, log Kow #1o] 3 23, "Pd=/dAlgdel 218k NOEC#®] 0.01 mg
L' n¥iel 29 PBT 545 7= 24 A3ItHMEPC[201 a]).

& Al 5 7h B gk A9 AkERto 2= PBT
54 & eSS B71s] 918 743579 NOEC #ol $lo] &
2ha/go] Eth(Table 5). 1eu A€ &4 352 PEC/PNEC 2
I 15 28k 242 A7) whiEel olF siehEdo] sPE
oAl mX= SAYFE R 20 % ATt Bromobenzene?]
H17H7] 9 Jog Kow #E 212} 382 9 2.990|m(EPI Suite™, v4.1
(US EPA); MERCK[2010]), chlorobenzene®] ¥H17] 2 log Kow
e Z+7E 159 9 2.840] I(EPI Suite™, v4.1 (US EPA); ACROS
[2010]), ©] 7 B2 A} BEFANE 7HE 2R B
=A] &=t} 184 4-chlorotoluene®] HHE7] 9 log Kow %k
717} 384 W 3.33°%, log Kow #lo] 3& 23ste] A=524s
Z}ATHEPI Suite™, v4.1 (US EPA); OECD[2005]). 370l &
o] AEZA4S 7H 79 BCF A5+ BMF (Biomagnification
factoryAlTE o]-83te] B2 AEF4 = Al gt PECE
A=t o 79 AEEA YR E o] 83 PNEC 3t Z PEC,,/
PNEC;, & 431l 718l ksItHEC[2003]). & AHollx= 13
$1€13] (European Commission)*l4] AA8F ¥ el w2} 4-chlorotoluene
9] PEC;y/PNEC,,, A&l % A3} 668E-017 18 X314 &kgkrt
(EC[2003]). whebA] Ad e E22 S44 PBT SASE Q3]
ol AMAlehs 78 E7Isl ks wX|A] 95 F 0% wrkrt

54 E

EL] 0L vlot A=) BELFS BEs] Y8 TAALE
T BT Foutel FRFA A9 FAE 2T sleitl, o2
18k Bjoke] 2214191 9918wy 9Jte] IMOeIAE A2 a7t
T w1 F e G TR oR Frkstar kst
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