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Inactivation of Indicating Microorganisms in Ballast Water Using
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ABSTRACT: Disinfection of ballast water using chlorine dioxide was investigated under various initial microorganism
contents, dose concentrations and pH values. Kinetics of microorganism inactivation and byproduct generation of chlorine
dioxide treatment were compared with the chlorine treatment. Results of treatments with chlorine dioxide concentrations of
0 to 10 mg Cly/L showed that The optimum concentration of chlorine dioxide required for disinfection of ballast water was 1
mg/L. The difference among the second order reaction constants for bacterial disinfection at pH 7.2 to 9.2 for chlorine dioxide
was less than 5% for both bacteria. This result implied that the bactericidal effects of chlorine dioxide was independent of the
pH in the examined range. On the other hand, the inactivation kinetics of chlorine for £ coliand Enterococcus decreased by
17% and 25%, respectively, when pH increased from 7.2 to 9.2. The bactericidal power of chlorine dioxide was superior to
sodium hypochlorite above pH 8.2, the average pH value of sea water. Furthermore, treatments of chlorine dioxide generated
less harmful byproducts than chlorine and had a long-term disinfection effect on bacteria and phytoplankton from the results
of experiment for 30 days. Chlorine dioxide would be a promising alternative disinfectant for ballast water.
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Table 1. Criteria for ballast water discharge (IMO 2004)

Organism T US coast guard legislation California Y (CWA401)
category Phase-1 Phase-2 (SB497) 2012 (all ships) [2013 (new ships)
Plankton, >50 pm
in minimum <10 cel/m® | <10 cell/m® | <1 cell/100 m? 0 <1 cell/10 m® 0
dimension
',Tgar_‘kfs%”*um <10 cells/mL |<10 cells/mL| <1 cell/100mL <0.01/mL <1 cell10 m® | <0.01/mL
<1,000 <1,000 <1,000
bacteria/100 mL | bacteria/100 mL bacteria/100 mL
Plankton, <10 um|  N/A NA <10,000 virus/ | <10,000 virus/ N/A < 10,000
100 mL 100 mL virus/100 mL
Toxicogenic
vibrio cholera | 5t CPY |51 St cRUs00 mL | <1 CFUM00 mL | <1 CFU100 mL |<1 CFU/00 mL
(01 and 0O139)

. .| <250 CFU | <250 CFU <126 CFU / |<126 CFU /100
Escherichia coli /1100 mL /100 mL <126 CFU /100 mL (<126 CFU /100 mL 100 mL mL
Intestinal <100 CFU | <100 CFU
Enterococci 100 L 100 mL_ | <33 CFU /100 mL|<33 CFU /100 mL (<33 CFU /100 mi.|<33 CFU /100 mL
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TZ=1IMO7} Zﬂ A= mL% 10* colony forming unit

(CFU)oVY 218 55

5}tk (Latarche 2014). 7}

2 254 S 3E (phytoplankton) 2] T 34 Q1 &2l

= ZZ =
Tetraselmis suecicas A&

ST} (Creswell 2010).

ZFugEe] 27] sme ol tigt 7]E w3 FaL
slo] A3} Tl (Maranda et al. 2013).
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il

N3t 27] %% (E. coli 572 - 8,704 CFU/100 mL,
Enterococcus 122 - 1,951 CFU/100 mL), o|AFskd 4

oA oAt B P T F 42U HBE 5
Sfo] U A o ERAE YIS AET
ek

2.3 SHaHEA

oAk A U H 4 =1 = Standard Methods (APHA
1998)2] DPD ferrous titrimetric method (4500-CI-F)
2 22Xtk E. coli, Enterococcus, heterotrophic
bacteria 5 =+IDEXX laboratories Inc. (Maine, USA)
9] Colilert18, Enterolert, HPC kitE o]-85}o] 2415}

At} Tetraselmis suecica?) B]oF L Al4~= Standard
methods (APHA, 1998) W Creswell (2010)2 #1138}
%tk THMs 322 Gas chromatography/mass
spectrometry (GC/MS, Bruker 320MS, USA)E &-&
dlo] 223} t) (Lee and Lee 2015). €} B4 3120
Standard Methods (APHA, 1998)2- &-&-5}¢] 2415}
Rk

%1 (0- 10 mg/L), pH (7.2 - 9.2)5 HB51HA 8 - 12 H] A A uES-9] B ElalA s 98 Al o] 2
hr O A A1S-S 38}k Tetraselmis suecica 7] BEE GE|ske] 2% 20°C, pH 8.2, o|AS g4 5
27] B, L&, §F 9719 BEE 426000 myLolA oXElAE o] gt A AR Selg)
cell/mL, 20°C, 5 mg/LC. &2 3173} 1th. pH 93 a0z th Alat 27] FEe SR g Yo BT
Al EUT G E Aol G (Ch)Z TSt 0% 5o ZEaigIch ATk mE Al L BYaES] 5
AP 582 vE Bk R B2 M4 27 = Wehs 1X14 Eq. 1 ER0314 Eq. 22 SfAjskgct
Table 2. Characteristics of artificial seawater (ASTM 2013)

Chemical Concentration salt (g/L) Percentage in salt (%)

NaCl 24.53 0.681

MgCl, 5.2 0.144

Na;SO, 4.09 0.114

CaCl, 1.16 0.0322

KCl 0.695 0.0193

NaHCO; 0.201 0.00558

KBr 0.101 0.0028

H;BO3 0.027 0.000749

SrCl, 0.025 0.000694

NaF 0.003 0.0000833
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Table 3. Disinfection of E. coli and Enterococcus by chlorine dioxide at various initial bacterial contents

Species E. coli (CFU /100 mL) Enterococcus (CFU /100 mL)
Initial conc.
(CFU /100 mL) 572 885 1,847 4,674 8,704 122 197 450 1,095 1,951

0 572 885 1,847 4,674 8,704 122 197 450 1,095 1,951
2 505 773 1,453 | 3,524 | 7,556 119 185 433 995 1,710

Time () 4 461 698 1,299 | 2,938 | 5,298 108 171 405 901 1,599

ime (hr
6 414 663 1,135 | 2,242 | 4,083 107 166 377 846 1,442
8 377 552 976 1,887 | 3,223 105 153 347 780 1,273
12 335 480 753 1,696 | 1,894 95 145 307 688 1,146

1 stt-order (hl'f_1) 0.0469 | 0.052 | 0.0757 | 0.1021 | 0.1269 | 0.0206 | 0.0268 | 0.0328 | 0.0396 | 0.0464

rate

constant R? 0.9849 | 0.9837 | 0.9838 | 0.9621 | 0.9867 | 0.9483 | 0.9722 | 0.992 | 0.9906 | 0.9831
k

2nd-order 1x | 771 x| 606 x|354x|218 x| 20 x 20 x | 845 x | 455 x | 3.09 x

i & L”r'_q) 105 | 10° | 10° | 10° | 10° | 10° | 10° | 10° | 10° | 10°

constant 5
R 0.9973 | 0.9839 | 0.9924 | 0.9908 | 0.9406 | 0.9513 | 0.9829 | 0.9821 | 0.9986 | 0.9914

Table 4. Disinfection of Tetraselmis suecica by chlorine dioxide

Tetraselmis suecica
Time B
(hr) 1st-order rate R? for the 1st-order 2nd-order rate R? for the 2nd-order
cells/mL 2 constant, k
constant, k (hr™) rate constant (mL cells-1 hr) rate constant
0 6,000
2 2,000
4 1,000 0.5255 0.9930 0.0002 0.9722
6 0
8 0
C=Coxe M (Eq. 1) A} 22} 9h5-0] ¥hgAFE (k) W AR AIS (R 71
HES-0] k5= Bl A7 Ao vl vk-g- s A of 219}
1 - - = -
o=—1— (Eq.2) ¥ A0 wekElo] A5 A 23} 8142 Eq. 25 o]
. ato] Ml 5o theh 22k whg-0 2 s Afskgict.

o714 Co= 1| A& 27| =% (CFU/100 mL for bacteria,
cells/mL for phytoplankton), C= A]7}o]| w2 n] P&
&% (CFU/100 mL for bacteria, cells/mL for phyto-
plankton), ki= A HESSTAR (13} 9h3-0] 29
hr!, 22} 8k8-0] 79100 mL CFU™ hr™! for bacteria,
mL cells™ hr”' for phytoplankton), ti= AF#-A] 7} (hr) o]
th E. coli=27] 7§ A|14=572, 885, 1,847, 4,674, 8,704
CFU/100 mL ZAo|| A, Enterococcus—= =7] 7|45
122,197, 450, 1,095, 1,951 CFU/100 mL Z7Aoj|A A
AS Zgstgl om, IS Table 30 EASHAICE E.
coli 9 Enterococcus W& 34 HA3= 93t mdlg

Q.

8

H E. coli, Enterococcus 25 27| /A7 HS4=

A ARSI k7L sl g o vl

o] glo] LT 27} 13| o SAF23Hal
Z UePdt] o] o]Alalg 4ol o3t Al o] 4% 1t
Q0] s} 1 2} Fi= 22} vh2o] ofd 04;4 oA 2
A= thA B21et 7] 2] o)) A E] 7| ol Ao 7
At& =Tl (Benarde et al. 1967). ¥HH Tetraselmzs
suecica®) 73$- 12} BFS-0] HES Ak (k) W AX A4
(R?)7} 22} HF-2-0] uk-S-Akes Wl AR Ao u] 3] HF--
S| Al of Aglsk A o 72 TtE|o] x} Ald Au} AL
12} 4kg-0 2 S48k} (Table 4).
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Fig. 1. Time-dependent decrease of E. coli and Enterococcus
with the treatment of chlorine dioxide up to 1 mg/L.
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Fig. 2. Time-dependent decrease of E. coli and Enterococcus
with the treatment of chlorine dioxide from 1 to 10 mg/L.
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Tables 5 and 6°f LFER Q1T
ClO, + 5¢ + 4H" —CI' + 2H,0 (Eq. 3)
0.5CL, + & —CI (Eq. 4)

pH 7.20]42] H7E& olAkele a0t Aart AL
SFAAIRE pH 8.29F 9.20 M= o|atetd a7t Haxof
vlgf] St At B37F la= SISk 6H¢°
pH7F A1 © 2 8.0 o4& 7hokat
A lﬂioﬂfﬂ oJAtetH 47t Haxe Hsl %’*’Flﬂﬂ i
g A0 gekEih ol @] A9 X
Gk ]i(OCI)Oﬂ H] 3] A2 o] 1008 A= =
2 2Jo}g2A4t (HOCH ) o] pH7L 371845 11
451 (MetCalf and Eddy 2014), 0]/\1-91} A0 AL
pHol w2 o] 287} Y EfA] 7] w2l Ao &
cHelTh
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e

HOCI—H'+ OCI' (pKa: 7.58 at 20°C)  (Eq. 5)
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3.4 A=EXQ| &7 HEF 2 THM A H|w 11, Enterococcus 2 %= 637 CFU/100 mLoj|A] 75
CFU/100 mL & 7H45}o] IMO7|Z0]| up2 ke 5

Hy A2 am5A4 B A7E 245 8, ol 2191 <200 2 <80 CFU/100 mL2 SHAJ3HS 1 ojz20)
ABSEA A 329 A E. coli, Enterococcus, Total coliforms, t}. 12U, A7k W E. coli @ Enterococcus 5%
Tetraselmis suecica W3+ F3F& 424 52 W34 B2 Ab 1 300) o] 5 M e} Zreke 1B
T} (Table 5). AF Ak, 42U O|FE. coli® FE=2t 22 9lt}, AEA| A ] T A7] Bk K] AF-] A2A)e
Z}+855 CFU/100 mLoj| A 82 CFU/100 mL = 714-3}% Maranda et al. (2013) 5 7|2 3]0l A = H ¥ v} 9]

Table 5. Effect of pH on the disinfection of E. coli and Enterococcus by chlorine dioxide

Species E. coli (CFU /100 mL) Enterococcus (CFU /100 mL)
pH 7.2 8.2 9.2 7.2 8.2 9.2

0 4,674 4,674 4,674 1,214 1,214 1,214
2 3,174 3,257 3,174 1,060 1,085 1,085

Time (hr) 4 2,513 2,575 2,577 956 975 976
6 2,025 2,042 2,091 882 884 881
8 1,731 1,671 1,769 826 829 829
k

2nd-order (100 mL | 4.67 x 10° | 459 x 10° | 4.47 x 10° | 5.02 x 10° | 494 x 10° | 4.96 x 10°

rate CFU" hr")

equation
R2 0.9987 0.9989 0.9971 0.9927 0.9983 0.9978

Table 6. Effect of pH on the disinfection of E. coli and Enterococcus by chlorine

Species E. coli (CFU /100 mL) Enterococcus (CFU /100 mL)
pH 7.2 8.2 9.2 7.2 8.2 9.2

0 4,674 4,674 4,674 1,214 1,214 1,214

2 3,151 3,241 3,325 1,085 1,112 1,169
Time (hr) 4 2,646 2,638 2,789 956 1,020 1,057

6 2,042 2,071 2,277 885 916 955

8 1,732 1,768 1,948 826 861 890
2nd-order (10(;( mL | 452 x 10° | 439 x 10° | 3.77 x 10° | 5.03 x 10° | 4.29 x 10° | 3.77 x 10°
rate . CFU" hr)
equation R? 0.9944 0.998 0.9961 0.9949 0.9954 0.9684

Table 7. Time-dependent in concentrations of E. coli, Enterococcus, Tetraselmis suecica, and heterotrophic bacteria
with chlorine dioxide at 1 mg/L

Species E. coli Enterococcus Tetraselmis suecica Heterotrophic bacteria
(CFU /100 mL) (CFU /100 mL) (cells /mL) (CFU /100 mL)

855 637 6,000 178,000

368 197 0 3,873

96 84 0 1,872

Time 14 116 90 0 1,054
(days) | 24 52 50 0 873
30 41 51 0 719

36 61 72 0 581

42 82 75 0 560
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Table 8. Trihalomethane, dichlorobromo methane, dibromochloro methane, tribromomethane concentrations after 42 days

treatment of Cl, and CIO,

Chemicals Trichloro Dichlorobromo Dibromochloro Tribromomethane
methane (ug/L) methane (ug/L) methane (ug/L) (ug/L)

Control N.D 1.57 N.D N.D

Cly 4,55 1.82 N.D N.D

CIO; N.D 1.58 N.D N.D

L dAolm, Ha5] 49309 of4be] Byke 4
2] k0. A © 2 HE ) SV, Tetraselmis suecica-S
49 o] & A= A] ot

Tk, 42 o] % o] ihet Y 4 A 2+, Y4 AP, o
Z0)| A1 9] THM (trichloromethane, dichlorobromo-
methane, dibromochloromethane, tribromomethane)
I A= Table 60 UER T o]itabed 4
73, dichlorobromomethane Tt 1.58 pg/L
oL}, o) RN E 157 gL 0.2 A%
191k 1 m/L o] o]kt 45 o] 83 BB
THM A& S5t 9k A 0.2 Ak
I, 543 F8 529 945 ANSE 3§ ti-
chloromethane 4.55 ng/L, dichlorobromomethane 1.82
hg/L7} Ao, o[BI AT o] §3 Al EL AL
o Abtia] o 2 aor AV Aol v A= JAE Q)
o We Helolel 2t SRalster.

M
1%
ol

¢

o
L.
32 1o

]

N

2ot oY opx e
g M o
i
(o]

=
o
il

4. 2 E
A4S BARE Q1 sieE ol 87t Aol A
olitetdaTt Y T FE AT Harel vist
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