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L2272, /87 R MAKRICHRT D REMOBBESIE L 20 | SRR REREO |
1 DL LTREBENTWS, ThwRlZ, T R PKOREINREDOHFRIZEBIT D |
JR#EBAZB STEDICERE R KRR 2 RI-Y, £o, AERBIERMZE U2V EELR |
BREHINOBRENRD G TVD, ORI TR, WEAREEZFHE L 1 Mpa AT |
OIMEZEELRE (PCD) 12 K 2MAKDOZEICEL TR~ 3, '

PCD |2 L 5FEERICAVWDET AMEM L UTKBE (Escherichia coli) , BEK
# (Enterococcus sp.). © 7V A (Vibrio alginolyticus) %3i&E L., ¥4 72JEH. BIE,
PEEH DA (WVR) IZOWTERE T, MAT, ¥ o 30 BEERBRIZ OV T
PO DOEHEZBIE L7Z, PCD |2 X DR FEAEAE OMIOKRT 2 SEM IC X D BIEL
7co PCDIZ X HAREFENEBIZT A TOMEIZE ThH o705, BBERE (Enterococcus sp.)
\EKBFE (Escherichia coli) R0 7 VU AW (Vibrio alginolyticus) \ZEEE LT, &\ EHIHE
Zr Uiz, BBEKEE (Enterococcus sp. #HE£L 5-6 logio CFU mL™") 22T 4.1 log D%
EHREB/DDITIE. FEAA 0.7MPa, WVR 2% 70%. 7KIE2% 20 + 1.0°C, ALFREFR
2 26 FHELETHoT, —H T, KIBE (Escherichia coli) & ¥ 7 Y AW (Vibrio
alginolyticus) \ZBA L TiL, R URERETENEN 10 5/, 3 0B TRELEENAHE
Tholo, MIRADEOEHIZMEFIZA L TEY . KIBE (Escherichia coli) . FBERE

(Enterococcus sp.), ¥'7 ) A (Vibrio alginolyticus) 7 SEM |Z X 5 #8152 T PCD LB
(ZEDIREAELBE L TW e Z EBNRER SN, S EDZ LiX, PCDIZ X AHEHNA
T A MKBPOIREEMEYOBREICEN THLAEEEZRTLOEEILNS,

PCD OFRBERENZERB I L7 ENA 7 VIZEE Uiz, KEBE (Escherichia
coli), BBFEKE (Enterococcus sp.) DOEBEIZHBWT, EHVA 7 /VOBEE ({[AEZEEN %
BBT5) LEORE GEERNICASRIROENZE) B¥F—LRD5IENRRINTE,
ZORERIT, EAYA IV ERFEDEL OBVEE (p<0.001) ZRLTWVWD, HBEEIE
DHORERPE, ZOET MK >THI N %D KIZBE (Escherichia coli) DIXEBHEE
MEBATES (p<0.001) Z DR ENT, BBIF 53log DKIGE (Escherichia coli)
% 5 TPCD (F AL LTI100%®D CO, AV, 0.7MPa DJEF], 200CHKIE, 70%D
WVR OFRUET T JENFA 7 VOBEER 18 FA 7 v, ZOBEDESIFEAP =0.12 MPa) |
WXV FERIIFKETE e, BERE (Enterococcus sp.) DB DHEIL, BIEREIRINTO |
RN, ZOFT ML S TR5% CO2 + 75% No)& T AL LTHWEHEIZ 93%, |
(50% COa +50% No) % 4R & LTAVEEEIT 85%. (100% CO)%E H A & LTRHVZH |
BT 89% DEREN TR TH D Z LR Iz, BEMNREHFT (EH2509MPa, £
FIZEAP = 0.14 MPa, 70% @ WVR, 7KiRE 20 + 1°C) 2BV T, 100%CO, # A /= PCD
WEE (EAA 7 VOBEEER 70 A 7 v, JEERE 20 5H) 12X D, 5.2 log DIGFIKE

(Enterococcus sp.) DFELHEN AIRETH - 7=, BEKE (Enterococcus sp.) ™ PCD A&
(CEBEEIL, LIRFUSIC L2 D Z e BbhroTz, 100% D COz 2 AV 7=%H4E D PCD




WE (J£77 0.9 MPa, ALEERFR 3.85 73f) 2k - TR/ANO DEVEEZHEIWZ, O
B, PCOAEIZ L 2BREMNELERM LS00 FHRFERRET I HLOTHS,

BIENOEBD TREREFELET H/37 2 PKETERESF#E IMO) OEDHH
D2 HBIC L= o T EShRIER L2, LaLERS, MmoRsh-mEod
T ENZRE 7o T AR OREITEE LV, REDROLE L TONHIZES L RFFE O
Kig72HIB%Z BH LT, PCD A IZV EDOERINE (NaOCl) #HlAEbE BB HE
EER L, ZOHEICEY NTHEKFTOEKRE (Enterococcus sp.) DFE., X HIZ
X A18% 0 B AR TOKRBE (Escherichia coli) . W5EKE (Enterococcus sp.), €7V
A (Vibrio alginolyticus) DOFEERZITo7-, EBRERENG. ZOHEIZIL VERIZ
WEBEITo7-5E L VB TRERBREDENFONT, HEDHRIZIES L COBE L
\ZHEEER o 7= (p<0.001), NTHE/KF CTORBEKE (Enterococcus sp.) DEREIZIBWT,
100% > CO: % AV /=355 ¢ PCD 4AEE (JEF) 0.3 MPa, 70%® WVR, KiR 20°C) |23
FAFE (0.20 mg L) ZAHEEDHZ & T, T2%HE (5.2 log reduction) # 4 53 TIT S
T ENTE, MBMIC, TN NEM TR L7Z5E8121E 25 2RI OLEIZ KLY 3.7 log
reductions & 1.8 log reductions L& H L7273 >7-, —FH T, 0.3MPa DJE/FIZEITH
PCD L3 (£fk 4 72 CO B EE : 25% CO2 + 75% N2, 50% CO2 + 50% Na,, 75% CO2 + 25% N2 .
100% CO) LIEHFALE (020mgL!) & DMETIZIY, BREBKFIDO N7 FT Y TDE
BH/R BRI AR T & /-, fFET &3, PCD A L HFNE L OfEaEIZ LY.
DT 35 TRIBE (Escherichia coli) , MFERE (Enterococcus sp.). £ 7V A& (Vibrio
alginolyticus) DFENENIZOVT IMO OFRET 5 D-2 DEEED T E TRELZTI Z
LRTEIZLETHD, LLEXY | PCD AR LIEFRNIE L OMEEREFIEIL. NTF A
NKOBREHEE L THEDIRZRET AL THoRMEEEZET AN RENE
tEZLND,
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Ballast water is routinely used onboard ships to adjust the manoeuvrability and stability at
ocean but is now widely recognized as a serious environmental issue because of the risk of
introducing alien species from ballast water discharge. Therefore, disinfection of ballast water
plays an important role in preventing the spread of invasive species worldwide, and advanced
water disinfection technologies that do not produce harmful by-products would be highly
desirable. This dissertation presents results for the use of pressurized carbon dioxide (PCD) at
less than 1.0 MPa and a liquid-film-forming apparatus for disinfection of seawater.

Escherichia coli, Enterococcus sp., and Vibrio alginolyticus were used as model
microorganisms for examining the bactericidal performance of PCD. The sensitivity of three
bacterial species to the PCD treatment was examined for various conditions of pressure,
temperature, working volume ratio (WVR). Additionally, leakage of proteins and nucleic acids
from cells was measured. Cell morphology of untreated cells and cells treated with PCD was
assessed using scanning electron microscopy (SEM). PCD treatment affected all the bacterial
species; however, Enterococcus sp. exhibited higher resistance to the PCD treatment than did E.
coli and V. alginolyticus. Under the experimental treatment conditions (0.7 MPa, 70% WVR, 20
+ 1.0°C, and initial concentration of 5-6 log CFU mL™), a treatment period of 25 min. was
required to reduce the bacterial load by approximately 4.1 log for Enterococcus sp., whereas, the
same treatment conditions completely inactivated E. coli and V. alginolyticus within 10 min and
3 min, respectively. Release of intracellular contents occurred during the treatment process and
SEM images of E. coli, Enterococcus sp., and V. alginolyticus revealed that morphological
changes had occurred after the treatment with PCD. These data indicated that PCD has potential
applications for inactivating pathogens in ballast water.

To enhance the bactericidal activity of PCD, effects of sequences involving pressure
cycling was emiployed. The key influencés on frequency and magnitude of pressure cycling in

enhancing E. coli and Enterococcus sp. inactivation are elucidated. The results revealed strong




correlation between pressure cycling and inactivation efficiency (p<0.001). The results from
linear regression analysis suggest that the model can explain about 91% of the E. coli
inactivation efficiency (p<0.001). Approximately 5.3 log of the E. coli load was completely
inactivated within 5 min. by using PCD (100% CO,, at 0.7 MPa, 20°C, 70% WVR) in the
process involving pressure cycling (AP = 0.12 MPa, 18 cycles). As for Enterococcus sp.
inactivation, the outcome of linear regression model analysis suggests that the model can explain
93%, 85%, and 89% of the inactivation efficiency of (25% CO; + 75% Na), (50% CO; + 50%
N32), and 100% CO, respectively. Under identical treatment conditions (pressure = 0.9 MPa, AP
= 0.14 MPa, 70% WVR, and 20 + 1°C), treatment with PCD (100% COz) resulted in complete
inactivation 5.2 log of Enterococcus sp. after 70 cycles within 20 min. The Enterococcus sp.
inactivation of PCD followed first-order reaction kinetics. The smallest D-value (largest k-value)
was induced by PCD (100% CO») at 0.9 MPa, which was obtained at 3.85 min (0.5988 min™', R?
> 0.95). The findings could provide an effective method for enhanced bactericidal performance
of PCD.

High flow rate and large volumes of ballast water need to be treated according to the D-2
standard of the International Maritime Organization (IMO); however, space on a ship for such
operations is typically limited. To improve the disinfection efficiency and reduce the treatment
time, disinfection using PCD combined with a low-dosage of chlorine (NaOCIl) was employed to
inactivate of Enterococcus sp. in artificial seawater and bacteria (i.e. E. coli, enterococci, and
vibrios) in natural seawater. Combined PCD/chlorine treatments resulied in greater disinfection
efficiency than those for the two individual treatments. Synergy values were correlated with
pressure and CO» concentrations (p<0.001). As for the disinfection of Enterococcus sp. in
artificial seawater, combined treatment with PCD (100% CO;, 0.3 MPa, 70% WVR, and 20°C)
and chlorine (0.20 mg L) achieved an average synergy value of 4.6 log and complete
inactivation (5.2 log reduction) of Enterococcus sp. within 4 min. In contrast, when the two
individual treatments (PCD and chlorine treatment) were used, only 3.7 and 1.8 log reductions
were achieved after 25 min, respectively. On the other hand, combination of 0.3 MPa PCD
(various CO; supply rates: 25% CO; + 75% Nz, 50% COz + 50% N2, 75% CO2 + 25% N, and
100% CO;) and chlorine (0.20 mg L) substantially reduced bacterial viability in natural

seawater. Specifically, the combined PCD/chlorine treatments reduced the number of E. coli,




enterococci, and vibrios (include Vibrio cholerae) to below the IMO D-2 discharge standard
within 3 min. These findings suggest that the combined PCD/chlorine treatment has synergistic

benefits and provides a promising method for the disinfection of ballast water.
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A study on effective use of pressurized carbon dioxide for inactivation of pathogens as a novel disinfection method
for ballast water
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235 2 N AKIARRAOHEEIC BT DI EREEOT-DITERBIZEDRTWS, LLLERE, AT A
KICHFT DI EMOMENME L 2y, FERNRERRED 1 2L LTEkEh T3, Zhx
W2, 237 R bAROBREIIASEEHORRICRIT S EEREA R DIt BEERERIERT. ¥, &
BRBERYE £ U VORISR OMER RO b TS, 22T, A8 Tk SR 25
B L7 1MPa AT OMETEMUESE (PCD) 2 & S K OFHBE L BEOBRB LT, COHZMEZRET
L.

AFRSCOAGRL L WEIILAT O Y THhH B,

F1ETIE, BEFEOHR, BBYR X URIOBRIZ OV THRAATN 5,

82T, EROPIETONTE LD

HEIETIE, PCD L AFHBERICAVDETAMEW L UTKIBHE (Escherichia coli), WERE

(Enterococcus sp.), ©'7 V) AW (Vibrio alginobpticus) %3RIEL, #xRJEH, BE, EEASER (WWR)
[COWTEREIT o7, AT, & o327 FEEBIZ-SVWCHE b OBEHEBEZHIE L. PCD Tk 55
BIALERRITHE OMIRORET £ SEMIZ X V8% Lic. PCD - & AT T~ T OB HE I Th o743,
IBEREI RIS Y7 U A BT LT, @mWESHER R Uiz, IBRREIC oW T 4.1 log DEREVREHED
oI, FEAH 0.7 MPa, WVR A 70%, KBS 20 & 1.0°C, MLEERFRIA 25 HRMNETHoT. —FF
T, KB & TV ABECEL T, FUBRERMETERTH 105, 3 5B T2 RERTIECh-o
7o, MR OBEEITAEFICAE T TR Y, KB, BikE, ©7 ) A5 O SEM I X 5B TPCD 4
B OB EBE U O Z L SR &N, Pl EoZ L1k, PCD IZ L HFEED /T A FKpPD
R ORBEICE S THATEEETRT O LELLNS.

BAETIY, PCD OREENFIEX W D7D, EAVA 2 /CEE L. KiB#, BEREORHEIc
BT, EAVA 7 AOFE ((MEEEENEZBRRTS0) L20ORE GEERNICADIFIGROEND BF
—LRBT LRI 53 log DXGEE 5 40 PCD M (F A L LT 100%% CO2 & HVY, 0.7MPa
DIES, 200CDKIE, 70%D WVR DEMETT, EHHA 7 VOBENR 18 VA 7, EDERDENZEAP=




0.12 MPa) ik YV ERICRETE . BEEORBEOBSIE, 20 47O PCD A (FR L LT 100%D
CO; V>, FEAI% 09 MPa, KR 20 1°C, 70% @ WVR, FIHA ZVOEEN 70 34 7, TOE
DEHZAP=0.14 MPa) =X W ZEMERTRETH o7

# 5 BT, BREPROUE L FTOMBICET 2RO XNIEZEBEE B LT, PCD LMBICAROEHR
A (NaOCl) ZHAEHhEREHEEER, R L. ZOHEC LY ATHEKP COBIRKEORE,
EBIZIEAEHO BRKH CTOXIBE, BRE, 7V AEOREERETo. ERERND, 20
PCD 4UBR L SESRAER L DR E-RIC X 0 B TRE RREDRFEL N, ATHKF COEREORE
BWT, 100%D CO, & v =560 PCD M (E7 03 MPa, 70%® WVR, iR 20°C) (ZHEFEMNE (0.20
mg L) ZMAED LT, BERFEX4HBTITI N TEL. SbIC, PCDGHELIERNE L O
BRILED, DTFPISTREHE, BERE, 7V FEOERENC W T ERNFSEEORE 5 1
BT ECREERITO Z LN TEL.

LLEL D, PCD AR & EFRINE & DA RREHIEL, 7 X MKROFEFEE U THEDR L FET
BT THaRERER T ERENE.
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