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2. %27 SIAM TOEBRR

(1) MFEXEOEEER

MM EOEEIL. AR Y—EBAFELEEXERNDEHFMEXENEELCDGIZIBE L.
CDGLETITSERIEE QA2 FORE, 342 FADOERE, 242 MG LCSIAPOEIE)
L USIAMTOXEHETITHON S, F27TESIAMTOHFMXENEEIL. CDGTNE
AIStEBZRICEBELESIAPEAVWTITOA Tz, BERIX, BRABFENEE%%ERK L f=Sodium
ptoluenesulfonate (CAS: 657-84-1) . ICCADRZEAERL L fz1,3-Benzenediol (CAS: 108-46-3) .
B LTUVUBHBEFEFBHMBFEFRAYNREUODFEBXEZ D EITHERL
N-cyclohexylbenzothiazole-2-sulphenamide (CAS: 95-33-0) QO#MHAFFMAXEEZRH L=, §E
DEETIE, 358 (37CAS) DMHFHEXENTE SN, TATOWHY RV FHEERLE
BEdhtz D, hTH, ROVEIIOVWTITBABEOTBLERLLIAND - BET S,

1) 1,3-Benzenediol (CAS: 108-46-3)

© 1,3-Benzenediol (CAS: 108-46-3) I2DW\T &, HPVARTA Y S L & B2 MBE R H4HE
(IPCS: International Programme on Chemical Safety) O E R ZT@XZE (CICAD:
Concise International Chemical Assessment Document) FO5 S LICK 2EHEEEH -
HDEAE LT, CICADZESIARE LTIRHT D ELITEEMNEBE LA T A Xt 2006).
ARY—THDBEICCAH., CICADDFHEIFR L ELSHFEE T o2, $EOSIAM
TR BICER SN -PHFEXELNBE S SEOSIAMTHHIMERBRIZEENFE S L.
t=H%, DossierlZEB INTULEWMERA H o110, SIAMBRICHEMAT—2 £BEET L LI

7‘c:!:’.')f:o

2) ¥ HF ) — : Nickels and nickel compounds (CAS: 3333-67-3, 7440 02-0, 77185-4-9,
7786-81-4, 12122-15-5, 12607-70-4, 13138-45-9)

Tov—Yeu(E: CORBERMEETDOIRY nﬁﬂﬁﬁg’éék LizC&EEKRT H)HHE
L LIMEAFT I — (Nickels and nickel compounds) [£EE24EISIAMTCEESh., £ MEE
FEICOVLTOAEE SN (Kt 2007). SERIFBESZZICOVTEERIAGELNEDS
nf. BEShEBREEICOVTOMHFEXELBRFLENEI RV I+ —RAOERREHR
=12, £ MEEEZICOVWTOYHFMXEICKE IS,

3) Antimony(Il)oxide(Sbz03)(CAS: 1309-64-4)

R T —F 2 euh’iB Y L 1= Antimony (Il Joxide(Sh203) (CAS: 1309-64-4) [ZIBIEF T
Senarmontite (CAS: 12412-52-1) & & U Valentinite (CAS: 1317-98-2) D ETHET D
ERBY, Thd3DDCASEE TCREINIMEDERBELEHZEDEIZOVTOERMSLL
ZEMND, BIBD2DONCASE SN MEIFFMXEITEBR NS LT T, :

(2) HPV g 705 S LICE T3 2R7 588
1) Dossier DILEMERROERICDINT

ILEMEDORRIX SIDS BEED—D2THY . —BHULHR, HEHNRK L LTO)E%/":T)%&B
FUBEREERBT S &I2B->TV A, LAL, EFEATITY—FHEZALEHEIC,
EMEORECEZOUREEHRLICCVEVSHBEAELTWS, £2C, SEOD SIAM
[Z%31C. Dossier DRARREFZEEET 2-0DENRE SNz, TAYH, hF4. BE
MNEFICaAAVMERBE L, BEAFDIA YV MNIBEEZIEITIE0THY ., BETD
NEBRFILEEMESIR Y I+ —ATHLEEXRCEENBELONTz, 8 27 @ SIAM L EEXEX
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FL71=H, Dossier IFADLPT VWX THZ EEHIC, ELEMEOREMHEOREEEIZDONT
BERIHETEDLENDETHS E Lz, RED SIAM TlE, KB EHFFDEFESEIC
LEHPVERTOISLDR A 7IBEEXES LU &K YL = 17)[/0)734 BN
BNAINEFETHD, :

2) CSR/SIAR 7544 V#REIZDWNVT

IUCLID5 & OECD @ HPV s 705 S LREITTH L, BRMESIZHE TS REACH
(Registration, Evaluation, Authorisation and Restriction of Chemicals) THERINTLNS,
SE® SIAM T IUCLIDS ITAALET—4h o RELEFEREZIREH L T, SIAR (&
CSR (Chemical Safety Report ; REACH THEF) ##RT 27551 U HEEDRRICOLTHR
Eantz, BESRTECSR 2ERT3:-00TS55 1 UBEEOH»DBEEINTH Y., SIAR %
ERTB=00TS5 54 JHEEEERTBICIEFICEESHABETH S5 27 @ SIAM (£, SIAR
EBD TS T4 D MEEITREBRTHD E L=, SIAR BIZELZIB2H9 5811, CSR 75
T4 UBEOERRREZERTRETHDIE L, ThE, CSR 7551 UilgeTHERLEL
R— "D S REERS W&é‘lﬂ%?’é g I J:'J'C SIAR #1EXT 52 L3 aRETHD & L=,

3) OECD HPVAR IO 4F S LOHEREIZDOWNT

US FoLoPTOYySALTHEH., tEMEDESHOEMERI XE (HC : Hazard
Characterizations) 2L TEY (EPA 2008). £ 26 [@ SIAM I& HC # SIAR Oh VI
OECD ® HPV SRR 7O4SLIZIRET S LERE L, HC OXEICR4ESE. Bib L
VBEICOVWTOBERIIESEATORLOT, HPV AR T05S AICIRE T 3 EBIZIEXERDE
mABEE SIS, F 27 [HSIAM Tlk, HC % OECD A&&Télﬁ@%%‘é?ﬁ,ﬂ D2NTH
ENREIN. ROTOFSAVIZAENBE LN,

*l’im\b?zﬂj‘d‘éia‘*

HC AARAMOIBE., kEIX HC EX% SIAM ITIEH L SIAM TOE#E#HL LIZHC O
BREXEEERT S, EPAIXMEEFEH HC 29 JH 4 FTLAKT %, OECD (& SIAP
ZAMLHCOXEZE:2SETELL5129 5%, HCIZIR, E¥CDEHH OECD TOEE
DHERZEBRLELOT. ECOBAAUS FrL o205 S LBEOEENERT .
H LK, XKEXFR CHEB MR éatZtJhwiiéUS?Vbzzjnb
SLAEL. OECD 70 FS LBIZHAIZERT 5, .

HC BaRIhTWSI5E,. SIAM TOEEEH LICKEAXEEBEL., BEXEL
EPA OOz Y4 FTRART SN, £HIEEED HPV AR 7055 LADOXE L FHIC
OECD £#%BICiIRHE L. HROFHEEW 5.

RELUANADEMNIRHT DIEE

HC # HPV s @707 5 LICRHE LE-VDEITERIC EPA ITER L. & LEEHICOVT
HC L ELH1EMICESHE &, SIAMANICHEBIC L YEEMRTHEL538ENT S, ARy
$—EIx HC #5705 S LIRHT 2EHIEFRELTLAEROEMETS, L. A
FEIZOVWTOBERN AR H— @I*Jk?&l,\izA(i REOHEEN SHEBIAFON DA D
LhGLy, SIAM TEENBONIEE, ARV —EIXBEXEF OECD EHBICIRET
Do

EXRNCRNT B1HE
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HC % OECD ® HPV S 7045 J AITIRE LEVAR Y — (fitBLUSHEDI LY
—SF L) 1Z EPA ICHATICEKL, HLEEMICONT HC EERABRICESBEE.
SIAM HTICIREBIC & YBEMRRT 5L 58 NT 5, SIAM TAENBLNEEE, ARy
H—(HEEXE* OECD SHBICIEHT 5.

KEIG HC BT B12dbt= o TIE, EERA SR S5 Dossier [T, XABFE LT
SFETHAHEL.BIACIKHC # HPV R TOT S LICRHT 510D RKR Y —%RD
FRBHET L LLIC, SHLTBRERORBERTEL5B0BE LE,

4) OECD HPV g 705 S LIcB 1T 5 BRMEEEOFERICOLT

OECD @ HPV g 7055 LORFENENERZVNEL (KR SHICZ. BEOIUF
RA Y b OHEFET 5 FE GBIRBEEM : Targeted assessment) DEBADTEEMRIZDLVTE
BN, BIRMETEIL, BEREFFEE MEEEZZIZTOVWTAFIAREESTOEHEMN .
FEMEICRLEENROV—DH LLFEHOIY FRA U MIERER > THET 5F%
THD, NTFEHhFFTRIFEFREE 1999 (CEPA 1999: Canadian Environmental Protection
Act 1999) THAHOATWBY XV FEMEEFICEFEFEEB/M LIz, T, RMNECEMER
(ECHA : European Chemicals Agency) (& EU M#{# L T 3 REACH @ if{tE XV Dossier
ERAL. REOHEM. flXIXPBT (B - THME - AEHOHIWHE) - CMR (¥
AN - RERMY - EREEEOHIVE) BEITHL T, £ &S IBRMEFMA THH ZH
iRl Q

OECD B#BIE HPV s 70V S LRTED L S ICRIRMEENMER EATLCAIDT D
FSAUERTRL, ’

- OECD OEHERBITOJ S ALICHEITHBIRNEFME (X, BENLBHEOEELI Y KRS
YhOAHD (TihHE SIDSEB ZH-S4HL) EEHOFMEERESII D,

- BEIRMEEEE. KYRENLEFENEEESETHE, non'HPV ITRE L TEATARET
HY. OECD MBEICE>TERLLOTHA=HICIE., URVEE., ELEETB L
VY RVHEIBHEEDOBWICEETZ2ITY FRA Y HAFEEShIRETH D,
FEHOMYPEMDWTHERPEITIHOoN Iy FRS Y FHAEENREL S,
SIDSEHEMDIY KRSV b SBHREFELHICIX HPY AR TOSSLTREATL
SER/MEDHEREB L TLILELH D,

- SIDSIHETHRWVLWIYFRA Y FERAVWERNEEMEATRETH Y AR BHELR & D SIDS
BEETHVLWIVRRA VMG TEHETEI2LEFHEINES, -

- BREESHLULRBELGDIT U RRS Y FOBREITRTCREIRETHY . F#DIEL
DI RRAYMIDONTIE, BRERELTLWEREWS EZEBHET S,
MEATI—0BELERNEMELRRICITS LN TELIN, ATTU—DELKE
RTARI (B X (XYRERNNEE) CHBZIVRRA U FORBENNELESRS,

- BRMEHEZ T IE8. XEOEEA DDA E L BRI L2 EBTELL
DERESNTWEIRENH D, F-. BRZBZTHLEZIVFRA VL2 YRMIFTTHE
PHd, T3V EREFEIXSIAP D LBE LU SIAR DHN—R—SIZFRENh B,

~ FMEXZEIL SIAP, SIAR, Dossier L RILERXEZFEAL . BDELIEROAEANT B, SIAR
ELTOEMERLETOTHAE, D24 TOLR—- R EHONELELTETHS.

- EBIRMEHEE. MHEAXELFFROFIEEZRAL SIAM TEEINEIN, BL5EM8
ELTERBIDERWFEICH T LFEXEIX.OECDAS ARSI NS & EHIT UNEP
NobBDRINES,
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BIRMEEOXEBERICBTFA2AR =2y TIZTDOVTH, OECD OF—2R—X |z
FYUREHEIh, TOFSLADOERELTHI VY ENDB, LHL, HERIZIEZZLDH)
HSEEECEORE &, BRMEEEOFMXEDORE IS T TREBEIND,

SIAMIFOECDAYRL1=7 2 b 34 VICIRFERB LEN. ROL S GEEN TSI,

BIRMIEEET5 C L2 ES T 2 BAEHERT 2BENS S,
AFTHELL TORERBHRERENEHETRTRETH S,

OECD @ HPV S 704 S L T, BROEEEZEDRA V) — U 7HBRE LTERSNT
WEWEBRESHRBERAVELEINS, §&. ERMNFFEIC L IFEXENZITAND
Nd2&I2ihd e, EEBEOATHE SN -YE = ERMETFMOTMELEL LT OECD IZ{RHE
LBSEERXONT-, OECD EFRILERMFEMFEICODVTOXEFBEL, BETSHI L
[CHEotz, RIREZEL 2009 £ 4 AOBFIEEMESI RV I+ —RETICERBIND, T HIC,
OECD E#BIENT+ 4. ECHA BLUEEEL L HIC E#Raﬁﬁﬁfﬁoaﬁciw}% % 28 [@ SIAM [=
HEBMICRETEROAMRET I EICh T,

5) BEIRLEREY—NLERVEEAEIZONT

OECD @ HPV R 707 3 LOXRFHEVEDNEBEDRL (KRR HLDIT, FlETREY
BOBEIBMEDT5EH0Y—V BEIBLIERTE Y —IL : Priority setting tools) AL\
BEEEOMAZEE Lz, hFFXERAYMEY X FMIREBIATWVWALENE (23,000 9FE)
DATITV— L EBRIBLEDBREFEIZOVWTHEN LIz, AT S TR, HofE - SFHOHE
BLURY - BHOKESEIBEREDERIBEHREZEDH LI EELSIh, & MEEEZETIL,
BREOWREMES L UMEHEOEM (Inherent toxicity) NEELShTW5, £, kEE
L2METFTEX A k- EHEEHE (ChAMP: Chemical Assessment and Management
Program) OHT®H HPV B & UER 25000 Ry FUELAELTWAhEEELEYE
(MPV : Moderate production volume chemical) [ZXd 2@BEIERGTTAEEREL. £
fz. REACH OF{IZ IVICIIEEUMNMBEVNEEZZ ONDLENEDOY X FABEH IhTWS,

OECD E#BIE HPV sk 705 5 AN TORBEIRGF T AZPEXIEANMEVNE S5
B (REYHE : set aside chemicals) Z#ED K SICEHET 2B EDT O RS54 VERT LI

- REVMEBEERETLE-HOEET, BEFTOHPVARTIASSLTERSIATISLP
PFWEEHHEEDL, EPHETHERSN TV RELELZFERAT LI LNTREEEZON
3.

- REVEOHEICIE. HELENEECRREGORBLEOFERIITETHSLEZD
ha,
BEYMEICOWTSIDSEB DBERNLULGEE. (QSART TS —avy—ILiky o X
MTF—E X vy TEHRTE5LHDY—LELTHERTH S,

- SIDSEETEAZWVLA, BEEMEZEDIEELICEAFRTIIU RRA U b (BIZIEEKE
WHELE) 2OV THREENAVETH S,

C XEBOVWTHERERXZHRTT., B0 TERAIATHWSEXERAND, RESIK-E
FIERIZ DV TIE, FOEEEMICODLWTOECDEERAEHGEANTERTT S, LM
L.BvEO 7o S ATRESNGVWXERIC.ERKNLBHS TR EEREINES

L HEMABENEEZ ON-EEYETHOTHE. ETHOI Y RRA Y M DOWTEEY
éﬂ%ﬁ%ﬁtf;w—%é:aé, BRIBLERERI S £ICRET S, £, Bvitign oo
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TS5 LEHPVER IO SLTOREBESEOREII DV TOHEAL E2RETINE
NHdmE Lhtiy, :

- HPVRBRT7AJTSLNTOFEIZOLTIK. ROZONEZLND, DRBYEEIL
REVEHTIV—IZDO2VTOXEL., SIAMTEEININELIEEL LTEE AN,
BE SN EXJoint Meeting TERBEE B, BEXELHICOECDK Y HEEN S,
QRBYEFLIRBYEAT I —IZD2VTOXEZHEET b Y Iz, EOHIB D
BFEZZLBEL. LLEOREELEH LTV IBEREETOFERET S, 1-7ZL. OECD
IC&BBREIBHAERMOEENVLETHY ., TOREEZDARTAIENTETH D, &
BXEIZDOWVTIE, OECDALABEhEH., TEEECHBOARESBTEELSIC
T 5,

EEHNMELNE SN B REMEOXEILX. OECDMBEE. £tt. Fiigutnarv—2
FLOBRR Y —E LTRETSIENTES, REVMEOXEERRIZBIT AR H—
Y TITOVTHOECDD F—AR—RIZ L Y RBESh, TOISLADEBRELTAHY
vhEhd, LHL, MEMICE7LOMNBEMEXEORE L. REDEXZDIRYITS
FTTHREBEING, _
REBMEICOVTHLWVEBRAAFSh, ZOAERICESARLEOAESE. /L0
MBTFMEXEEX R T EEODRAR—RBREEL S, T1E, BIRWETHEE AN &
WHHZLTARETH S,

SIAMIZOECDASR LE=T™ RS 4 VICIEESE LA, RO&SHEEAT ST,

1«%‘%%%@%&%%@@&%&%@‘65 Y. TOREFBENERETHLT - LATRT
H5,

* BRIRLOREZREXE L MERZETAHTTEDONINDAREEEZARTTAZ
—6560

- OECDOEHAEICKL SBEEIBMBEERRDT SEFISRESNDINETRAL,

OECD E#HBIFBIRMEHEF ZICOVWTOXELBEL, BETILIChof, BRIKEE
(X 2009 & 4 AOBFLENERIR ) I+ —RETICEHSh D, 512, OECD EHRIEH
75, KB, ECHEEVREL EHICRBYEOXER 5 28 @ SIAM (ZHEMICIRHTEY
LWAREIT B C &z o Tz,

6) SIAM & - SIAM 0 CDG L TOERICDOLT '

% 18 B SIAM TXKE- &R ICCA AR LEE S8 HF I Y —: Short Chain Alkyl
Methacrylate (CAS : 97-63-2, 97-86-9, 97-88-1, 688-84-6) [T DU\ Tk, BEEEIZSIVTHL
(MEBABONT=D TAEIE SIAP A CDG LICRH SN ESEMNE SN 1= 5 18 [H SIAM TlE.
Ethyl methacrylate (CAS:97-63-2),iso-Butyl methacrylate (CAS: 97-86-9) £ & 1% n-Butyl
methacrylate (CAS: 97-88-1) [ LP. 2-Ethylhexyl methacrylate (CAS:688-84-6) (& FW &
BAEShEN, SAHSDEEYEOEKRBBIEOTREMEAELC EAF IO 20T,
AOhTIT)—DRBEEITILP LRI, {EIF SIAP I35 27 [@ SIAM TEE 3 h - SIAP
EHICBRFIEEMESI RV 7+ —RICIRHE SIS,

BHYIz

OECD o HPV S804 5 LTlE. 2005 £ S 2010 F£DORIC 1,000 MEDHEERZ S
CEEBEELTHEY., 2005 FEM 5 2008 &£ 6 BETITIX, 386 MEINREIN:-, LALE
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Ym 624 HEh 188 MEIZDWTIE. ARUH—DRFELSTELT. TRTSLOMBLLLE
RENTWD, SEO SIAM Tl RFENEOBBENEL (R H0IZ, BRIRMEFEA
BEBESEY—ILOFEAGEOH LVFEFEBAOFERICOVWTE RSN, £z, X
En HC 2 HPV 58 TOYVS LICRETEEH0T7O RS A BN Sh, HPV SR TO5
S LADEHRIBEF S,

1. EPA (2008) HPV Chemical Hazard Characterizations.
http:/fiaspub.epa. gov/oppthpv/hpV“hé_characterization. get_report
2. OECD (2008a) Draft Summary Record for STAM 27. EXCH_SIAM_M(2008)2_draft:
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&1 H27ESIAM TEHESILPMELEAEHER

CAS/ da
' i Y —
mEHFIy— | LFNEE AR Mo rm |
Rig
73
80-07-9 Sulfone, bis(p-chlorophenyl) | SE/ICCA | FW FW
108-46-3 1,3-Benzenediol i JP/ICCA LP LP
#MEHTT1)— | Nickels and nickel compounds
3333-67-3 Nickel carbonate
7440-02-0 Nickel
7718-54-9 Nickel chlorid
ickel chloride DK:eu W

7786-81-4 Nickel sulfate
12122-15-5 2:3 basic carbonate
12607-70-4 1:2 basic carbonate
13138-45-9 Nickel nitrate
109-60-4 Propyl acetate : US/ICCA N/A N/A
657-84-1 Sodium p-toluenesulfonate JP LP LP
1309-64-4 ’ ,
12412-52-1 Antimony (IID) oxide (Sb203) SE:eu FW LP
1317-98-2
10361-37-2 Barium chloride KO P |LP
MEH T3 — | Acid Chloride Category ‘
760-67-8 Hexanoyl chloride, 2-ethyl-
764-85-2 Nonanoyl chloride US/ICCA N/A N/A
3282-30-2 Propanoyl chloride, 2,2-dimethyl-
40292-82-8 Neodecanoyl chloride o
MEH T T — | Linear alkylbenzene alkylate bottoms US/ICCA | N/A N/A
68515-32-2 Benzene, mono-C12-14-alkyl derivs., fractionation

bottoms
68515-34-4 Benzene, .monO'Cl2-14-alkyl derivs., fractionation

bottoms, light ends
68855-24-3 Benzene, C14-30-alkyl derivs.
84961-70-6 Ben'zene, mono-C10-13-alkyl  derivs.,, distn.

Residues
85117-41°5 Benzene, mono-C10-14-alkyl derivs., fractionation

bottoms .

{CEAYREERE HE5%FE 18 (2000.4) 105—115 B
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e
CAS/ s T
mEHFy— | LEOEE AR e vm ]
E ﬁitﬁ

94094-93-6 | Benzene, mono-C10-13-alky! derivs., fractionation

bottoms, heavy ends
129813-62-3 Benzene, 'mono-C 10-13-alkyl derivs., fractionation

bottoms, light ends

Benzene, mono-C12-13-branched alkyl derivs,,
151911-58-9 o .

fractionation bottoms
95-33-0 N-Cyclohexyl-2-benzothiazolsulfenamide JP+DEieu | LP FwW
WMEH T — | Ethyl silicates
78-10-4 Silicic acid, (H4Si04), tetraethyl ester

' : US/ICCA N/A N/A

11099-06-2 - Silicic acid, ethyl ester
68412-37-3 Silicic acid (H48i04), tetraethyl ester, hydrolyzed
MEHT T — | Hydroperoxides
80-15-9 Hydroperoxide, 1-methyl-1-phenylethyl- US/ICCA N/A N/A
3425-61-4 Hydroperoxide, 1,1-dimethylpropyl-
WMEH TS — | Methyl mercaptons Category
74-93-1 Methanethiol USACCA | NA | N/A
5188-07-8 Methanethiol, sodium salt
10039-54-0 Bis(hydroxylammonium) sulphate DEeu LP FW
25167-70-8 Pentene, 2,4,4-trimethyl- DE:eu LP Fw

FW = The substance is a candidate for further work. GEMOFAEHAREEINHE)
LP = The substance is currently of low priority for further work. (BRKTIXEMEXDOLELL)
N/A=Not applicable (BitENEH dNEMo7:)
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Evaluation of norovirus removal performance

in a coagulation-ceramic microfiltration process

by using recombinant norovirus virus-like particles

N. Shirasaki, T. Matsushita, Y. Matsui, T. Urasaki, A. Oshiba and K. Ohno

ABSTRACT

Norovirus (NV) is a prototype strain of a group of human caliciviruses responsible for epidemic
- outbreaks of acute gastroenteritis worldwide. Because of the lack of a cell culture system or
an animal model for this virus, studies on drinking water treatment such as separation and
disinfection processes are still hampered. in the present study, we investigated NV removal
performance as particles during a coagulation-ceramic microfiltration (MF) process by using
recombinant NV virus-like particles (rNV-VLPs), which are morphologically and antigenicaily
similar to native NV. We also experimentally investigated the behaviors of two widely accepted
surrogates for pathogenic waterborne viruses, bacteriophages Qp and MS2, for comparison
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with the behavior of rNV-VLPs. More than 4-log removal was observed for rNV-VLPs with a

1.08 mg-Al/L dose of polyaluminium chloride in the coagulation—-ceramic MF process. This high
removal ratio of INV-VLPs satisfies the U.S. Environmental Protection Agency requirement of
4-log removal or inactivation. in addition, the removal ratios of QB and MS2 were approximately
2-log and Hog; smaller than the ratio of rNV-VLPs. Accordingly, both bacteriophages have the
potential to become appropriate surrogates for native NV in the coagulation—ceramic MF

process, and, of the two, QB is the more conservative surrogate.

Key words | coagulation—ceramic microfiltration, ELISA, norovirus, real-time RT-PCR,

virus-like particles

INTRODUCTION

Ceramic microfiltration (MF) membranes have attracted
attention in the field of drinking water treatment because
they can withstand extreme acidity and alkalinity and
higher operating pressures than polymeric or other
inorganic membranes. These properties of ceramic mem-
branes allow the use of strong acids and bases for chemical
cleaning, application of high pressure for hydraulic back-
washing, and operation at a high filtration flux. However,
ceramic MF membranes alone cannot remove pathogenic
waterborne viruses efficiently, because the membrane pore
sizes are not small enough to remove viruses. To compen-
sate for this disadvantage, a coagulation process has
sometimes been used as a pretreatment before ceramic
doi: 102166/ws1.2010.125

ME. In fact, coagulation~ceramic MF systems have already
been applied to the treatment of drinking water in Japan,
and our research group has showed these systems to be useful
for virus removal by using the bacteriophages QB and MS2
as surrogates for pathogenic waterborne viruses (Matsui
et al. 2003; Matsushita et al. 2005; Shirasaki ef al. 2009a,b).
Among the pathogenic waterborne viruses, norovirus
(NV; formerly known as small round structural virus
and Norwalk-like virus) is one of most important human
pathogens, causing epidemic and acute gastroenteritis
worldwide. Although it has been 30 years since NV was
first identified, studies of this virus, including experiments in
the field of drinking water treatment, are still hampered by
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the lack of a cell culture system or an animal model (Zheng
et al. 2006). Accordingly, the removal performance of NV
in the drinking water treatment process has not been
investigated fully. In recent years, expression of the NV
genome in a baculovirus expression system has resulted in
the production of recombinant NV virus-like particles
(rNV-VLPs) (Jiang et al. 1992) that are morphologically
and antigenically similar to native NV (White et al. 1996).
In the present study, we used rNV-VLPs to investigate the
removal performance of NV in a coagulation-ceramic MF
process. We also experimentally investigated the behaviors
of the bacteriophages QB and MS2 for comparison with the
behavior of rNV-VLPs, and evaluated their suitability as
surrogates for NV. This study represents the first attempt to
apply rNV-VLPs to the evaluation of the removal perform-
ance of NV in a drinking water treatment process.

MATERIALS AND METHODS
Source water, coagulant, and MF membranes

Water was sampled from the Toyohira River (Sapporo,
Japan; water quality shown in Table 1) on 12 June 2008.
Two commercial aluminium coagulants, polyaluminium
chloride (PACI 250A; 10.5% ALOs, relative density 1.2 at
20°C; Taki Chemical Co., Ltd., Hyogo, Japan) and alum
(8.1% AI,O3, relative density 1.3 at 20°C; Taki Chemical
Co., Ltd.), were used for the coagulation process. A flat type
of ceramic MF membrane (nominal pore size 0.1pum,
effective filtration area 0.0007 m? NGK Insulators, Ltd.,
Nagoya, Japan), which was installed in an acrylic-resin
casing, was used. ‘

Preparation of rNV-VLPs

Subgenomic ¢cDNA fragments of NV (AB042808, Gl1/4,
Chiba407/1987/JP) genome were artificially synthesized.

‘Table 1 I Water quality of the Toyohira River

pH 72
DOC (mg/L) 0.76
0D260 (cm) 0.019
Turbidity (NTU) 0.63
Alkalinity (mg-CaCO5/L) 172

The fragments contained the entire second and third open
reading frames of the NV genome. The cDNA was
subcloned into a baculovirus transfer vector, and then the
transfer vector was transfected into silkworm cells. The
expressed rNV-VLPs were separated from the cell lysate by
centrifugation and dialysis.

Quantification of rNV-VLPs

rNV-VLPs were detected by using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (NV-AD
(1), Denka Seiken Co., Ltd., Tokyo, Japan). The assay was
performed according to the manufacturer’s instructions.
Optical densities at 450nm and 630nm in a 96-well
microplate were measured with a microplate reader
(MTP-300, Corona Electric Co., Ltd., Ibaraki, Japan).
The rNV-VLP concentration detection limit with the
ELISA kit was approximately 10® VLPs/mL.

Preparation of bacteriophages

F-specific RNA bacteriophages QB (NBRC 20012) and MS2
(NBRC 102619) were obtained from the NITE Biological
Research Center (NBRC, Chiba, Japan). The bacteriophages
QB and MS2 are widely used as surrogates for pathogenic
waterborne viruses because of their morphological simi-
larities to hepatitis A viruses and polioviruses, which are
important viruses to remove during drinking water treat-
ment. The genomes of these two bacteriophages each
contain a single molecule of linear, positive-sense, single-
stranded RNA, which is encapsulated in an icosahedral
protein capsid with a diameter of 24-26nm. Each
bacteriophage was propagated for 22-24h at 37°C in
Escherichia coli (NBRC 13965) obtained from NBRC. The
bacteriophage culture solution was centrifuged (2,000 x g,
10min) and then passed through a membrane filter (pore
size 0.45um, hydrophilic cellulose . acetate; Dismic-25cs,
Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtrate was
purified by using a ceﬁtrifugal filter device (molecular
weight cutoff 100,000, regenerated cellulose; Amicon
Ultra-15, Millipore Corp., Billerica, MA, USA) to prepare
the bacteriophage stock solution.
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Quantification of bacteriophages

Viral RNA of the bacteriophages was quantified by real-
time RT-PCR. Viral RNA was extracted from 200 L of
sample with a QIAamp MinElute Virus Spin Kit (Qiagen
K. K., Tokyo, Japan) to obtain a final volume of 20 L. The
extracted RNA solution was added to a High Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor
(Applied Biosystems Japan Ltd., Tokyo, Japan) for the RT
reaction, which was conducted at 25°C for 10 min, 37°C for
120 min, and 85°C for 5, followed by cooling to 4°C in the
thermal cycler (Thermal Cycler Dice Model TP600, Takara
Bio Inc., Shiga, Japan). The ¢cDNA solution was then
amplified by a TagMan Universal PCR Master Mix with
UNG (Applied Biosystems Japan Ltd.), 400nM of each
primer (HQ-SEQ grade, Takara Bio Inc.), and 250nM of
TaqMan probe (Applied Biosystems Japan Ltd). The
oligonucleotide sequences of the primers and the probes
are shown in Table 2. Amplification was conducted at 50°C
for 2min, 95°C for 10min, and then 40_cycles of 95°C for
15s and 60°C for 1min in an Applied Biosystems 7300
Real-Time PCR System (Applied Biosystems Japan Ltd.).

The standard curve for the real-time RT-PCR method
was based on the relationship between the infectious
. bacteriophage concentration of a freshly prepared stock
solution measured by the plaque forming unit (PFU)
method (Adams 1959) and the number of cycles of PCR
amplification.

Coagulation—-ceramic MF process

Batch coagulation experiments were conducted with
400mL of river water in glass beakers at 20°C. rNV-VLPs,
QB, and MS2 were simultancously added to the
beakers at approximately 10! VLPs/mL and 10° PEU/mL,
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respectively, and mixed with an impeller stirrer. PACI or
alum was injected into the water as the coagulant at a dose
of 054 or 1.08mg-Al/L. The pH of the water was
immediately adjusted to, and maintained at, 6.8 using HCl
or NaOH. The water was stirred rapidly for 2min
(G=200s"") and then slowly for 28min (G =20s7).
The water was then left at rest for 20min to allow the
generated aluminium floc particles to settle. The supernatant
was fed through a ceramic MF membrane by a peristaltic -
pump at 83 L/(m%h). The raw water (Cy; before coagulant
dosing) and the MF permeate (C; after 15, 30, 60, 90, and
120 min of filtration) was collected for quantification of
the rNV-VLPs, QB, and MS2.

Electron microscopy

rNV-VLPs were observed with an electron microscope.
Ten microlitres of rNV-VLP stock solution was put on a
400-mesh copper grid with a collodion membrane (Nissin

- EM Corp., Tokyo, Japan) and adsorbed to the grid for

1min. Excess solution on the grid was drained from the
side of the grid with filter paper, and rNV-VLPs were
negatively stained with 10pL of 2% phosphotungstic
acid (pH 5.5) for 45s. After the excess stain was drained
off, the grid was examined with a transmission electron
microscope (TEM, H-7650, Hitachi High-Technologies
Corp., Tokyo, Japan). Particle diameter of rNV-VLPs
was expréssed as the mean and standard deviation of any
10 particles on the electron micrograph.

RESULTS AND DISCUSSION
Characteristics of the rNV-VLPs produced

Figure 1 shows an electron micrograph of rNV-VLPs. The
presence of particles was confirmed on the electron

Table 2 ] Oligonucleotide sequences of the primers and the probes used in real time RT-PCR quantification of QB and MS2

Viruses oligonucleotide sequences Positions References

QB Forward primer 5'-TCA AGC CGT GAT AGT CGT TCC TC-3' 49-71 Katayama et al. (2002)
Reverse primer 5'-AAT CGT TGG CAA TGG AAA GTG C-3/ 187-208
TagMan probe‘ 5'-CGA GCC GCG AAC ACA AGA ATT GA-F 147-169

MS2 Forward primer 5'-GTC GCG GTA ATT GGC GC-3' 632-648 O’Connell ef al. (2006)
Reverse primer 5-GGC CAC GTG TTT TGA TCG A-3 690-708
TagMan probe 5'-AGG CGC TCC GCT ACC TTG CCC T-3' 650-671
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Figure 1 I Negatively stained electron micrograph of rNV-VLPs. Scale bar, 50nm.

micrograph, and rNV capsid proteins spontaneously self-
assembled into VLPs during expression. The rNV-VLP
particle diameter was 35.7 + 3.2 nm, measured by randomly
choosing 10 particles on the electron micrograph. This
value roughly corresponds to the particle diameter
(approximately 38 nm) previously reported for native NV
(Someya et al. 2000). This result suggests that rNV-VLPs
were successfully produced by the baculovirus-silkworm
expression system, and were morphologically similar to
native NV.
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Removal performance in the coagulation-ceramic
MF process with PACI '

Figure 2 shows the change in the removal ratio (log[Co/C])
of rNV-VLPs, QB, and MS2 with filtration time in the
coagulation—ceramic MF process with PACL. Because
the diameters of rNV-VLPs (35.7 = 3.2nm), QB, and MS2
(24-26nm) are smaller than the nominal pore size of the
ceramic MF membrane (0.1 wm), no removal (<0.2-log) of
rNV-VLPs or either bacteriophage was observed without
coagulation pretreatment (data not shown). In contrast,
the coagulation—ceramic MF process effectively removed
rNV-VLPs, QB, and MS2 at PACI doses of 0.54 (Figure 2a)
and 1.08 mg-Al/L (Figure 2b). In addition, an effect of the
coagulant dose (0.54mg-Al/L vs. 1.08 mg-Al/L) on the
removal of rNV-VLPs and both bacteriophages was
observed: the filtration time-averaged removals of rNV-
VLPs, QB, and MS2 were only 1.6-log, 0.5-log, and 0.9-log,
respectively, at the coagulant dose of 0.54 mg-Al/L, whereas
with the dose of 1.08 mg-Al/L, the removals were > 2.9-
log, 2.4-log, and 3.3-log for rNV-VLPs, QB, and MS2,
respectively. This dose effect was most likely due to an
increase in floc size with the increased coagulant dose.
Increasing the coagulant dose from 0.54 to 1.08 mg-Al/L
increased the.size of the aluminium floc particles with
adsorbed/entrapped rNV-VLPs or bacteriophages, and
subsequently increased the amount of aluminium floc
particles that settled out from the suspension during the

1.08 mg-Al/L

0 30 60 90 120 0 30
Filtration time (min)

60 90 120

Filtration time (min)

Figure 2 [ rNV-VLPs, QB and MS2 removal by a coagulation-ceramic MF process with PACI coagulant at doses of {a) 0.54mg-Al/L and (b) 1.08 mg-Al/L. Circles, triangles, and
diamonds represent rNV-VLPs, Qp and MS2, respectively. The arrows indicate values greater than those that could be estimated accurately by EUSA,
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settling process. Consequently, the amount of aluminium
floc particles that passed through a ceramic MF membrane
was decreased, leading to a difference in the removal
ratios of the rNV-VLPs and the two bacteriophages
between PACI doses of 0.54 and 1.08 mg-Al/L.

The removal ratios of rNV-VLPs, QpB, and MS2
gradually increased with filtration time at the PACI dose
of 0.54mg-Al/L. Ultimately, 2.0-log, 1.0-log, and 1.7-log
removals were obtained for rNV-VLPs, QB, and MS2,
respectively, at the end of the 2-h filtration. As described
above, because the size and amount of aluminium floc
particles that settled out from suspension were probably
smaller with a PACI dose of 0.54 mg-Al/L than with one of
1.08 mg-Al/L, many of the aluminium floc particles were
fed .into the ceramic MF membrane and accumulated
on the membrane surface as a cake layer during the
MEF process. This cake layer would act as a barrier to
rNV-VLPs and both bacteriophages, causing the removal
ratios of INV-VLPs, QB, and MS2 to gradually increase
with the growth of the cake layer at the PAC! dose of
0.54 mg-Al/L.

In contrast, the removal ratios of rNV-VLPs, QB, and
MS2 gradually decreased with filtration time at the PACI
dose of 1.08 mg-Al/L. Our research group has demonstrated
that the number of virus particles in the MF compartment
increases with filtration time in the coagulation~ceramic
MF system (Shirasaki et al. 2007). Although the experimen-
tal procedures of the present study and our previous study
(Shirasaki ef al. 2007) differed in terms of the coagulation
process (batch coagulation vs. in-line coagulation), rNV-
VLPs and both bacteriophages also probably accumulated
in the MF compartment with filtration time in the present
study. Accordingly, the concentrations of rNV-VLPs, QB,
and MS2 in the MF permeate increased with the accumu-
lation of rNV-VLPs and both bacteriophages in the MF
compartment. In addition, because many of the aluminium
floc particles had settled out from suspension during
the settling process prior to the MF process with the
1.08 mg-Al/L PACI dose, the effect of the cake layer was
probably smaller than with the 0.54 mg-Al/L PAC! dose.
The combination of these two phenomena caused the
leakage of the rNV-VLPs and the two bacteriophages into
the MF permeate, decreasing their removal ratios with
filtration time.

The removal performance for rINV-VLPs, QB, and MS2
with the 1.08 mg-Al/L PACI dose at the end of the filtration
(2h) was still higher than that with the 0.54 mg-Al/L
PACI dose, although the removal ratios decreased with
filtration time as described above. Therefore, a PACI dose
of 1.08mg-Al/L. was more effective for the removal of
tNV-VLPs and both bacteriophages than the dose of
0.54 mg-Al/L in the coagulation -ceramic MF process.

Removal performance in the coagulation—-ceramic MF
process with alum

Figure 3 shows the change in the removal ratio of
rNV-VLPs, QB, and MS2 with filtration time in the
coagulation-ceramic MF process with alum. The coagu-
lation - ceramic MF process effectively removed rNV-VLPs,
QB, and MS2 at alum doses of 0.54 (Figure 3a) and
1.08 mg-Al/L (Figure 3b). In additior, an effect of the
coagulant dose (0.54mg-Al/L vs. 1.08mg-Al/L) on the
removal of rNV-VLPs and of both bacteriophages was also
observed with alum: the filtration time-averaged removals
of fNV-VLPs, QB, and MS2 were only 1.9-log, 0.9-log, and
2.3-log, respectively, at the 0.54 mg-Al/L coagulant dose,
whereas the 1.08mg-Al/L dose achieved time-averaged
removals of > 3.1-log, 1.3-log, and 3.1-log for rNV-VLPs,
QB, and MS2, respectively.

The removal ratios of rNV-VLPs, QB, and MS2
gradually increased with filtration time at the 0.54mg-
Al/L alum dose, probably owing to the aluminium floc
particles accumulating on the membrane surface as a cake
layer during the MF process. Ultimately, removals of
2.3-log, 1.0-log, and 2.7-log were obtained for rNV-VLPs,
QB, and MS2, respectively, at the end of the 2-h filtration.
In contrast, the removal ratios of rNV-VLPs, QB, and MS2
gradually decreased with filtration time at the 1.08 mg-Al/L
alum dose, for the same reason as in the PACl experiment,
described above.

The removal performance for INV-VLPs, QB, and MS2
with the 1.08 mg-Al/L alum dose at the end of the filtration
(2h) was also higher than that with the 0.54 mg-Al/L alum
dose, as in the PACI experiments. Accordingly, the alum
dose of 1.08 mg-Al/L was more effective for removal of
rNV-VLPs and both bacteriophages than the 0.54 mg-Al/L
alum dose in the coagulation -ceramic MF process.
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Figure 3 l rNV-VLPs, QB and MS2 removal by a coagulation-ceramic MF process with alum coagulant at doses of (a) 0.54mg-Al/L and (b) 1.08mg-Al/L. Circles, triangles, and
diamonds represent rNV-VLPs, QB and MS2, respectively. The arrows indicate values greater than those that could be estimated accurately by ELISA.

Comparison of removal performances between
PACI and alum

Because the concentration of rNV-VLPs in the MF
permeate with the 1.08 mg-Al/L coagulant dose (Figures
2b and 3b) was less than the detection limit of the ELISA
kit (approximately 10® VLPs/mL), further concentration
using a centrifugal filter device (molecular weight cutoff
30,000, regenerated cellulose; Amicon Ultra-15, Millipore
Corp.) was performed in the present study to evaluate
4-log removal, as regulated by the U.S. Environmental
Protection Agency (USEPA) National Primary Drinking
Water Standards (U.S. Environmental Protection Agency
2001). An approximately 10-fold concentration was obtained
by the concentration method for rNV-VLPs in the MF
permeate.

Figure 4 shows the effect of coagulant type (PACI vs.
alum) on the removals of INV-VLPs, Qp, and MS2 in the
coagulation-ceramic MF process with a 1.08 mg-Al/L
coagulant dose. The experiment with PACI achieved
>4-log removal of rNV-VLPs regardless of the filtration
time, whereas with alum 3.3-log to > 3.9-log removals were
observed. This means that the expériment with PACl more
effectively removed rNV-VLPs than that with alum, and
that it satisfied the USEPA requirement of 4-log removal/
inactivation. The difference in removal performance

between PACI and alum was possibly due to differences in

the characteristics of the aluminium floc particles generated
during the coagulation process. Gregory & Dupont (2001)
reported that aluminium floc particles formed with PAC]
are larger, stronger, and more readily separated by the
settling process than those formed with alum. In the present
study, because the rNV-VLPs were adsorbed to or
entrapped in the aluminium floc particles, and settled out
from suspension during the settling process or were
separated during the MF process, the difference in the
characteristics of the aluminium floc particles between
PAC] and alum may account for the difference in the
removal performance for rNV-VLPs of the coagulation-
ceramic MF process. Further investigation is needed.
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Figure 4 [ effect of coagulant type on the removal of rNV-VLPs QB and MS2 at the
beginning and end of filtration in a coaguiation—ceramic MF process. White
and gray columns represent PAC! and alum, respectively. The coagulant
dose was 1.08 mg-Al/L, The arrows indicate values greater than those that
could be estimated accurately by ELISA.
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The removal ratios of Qp and MS2 were smaller than
those of rNV-VLPs in the coagulation-ceramic MF process
with both aluminium coagulants: the ratio of QB was
approximately 2-log smaller than that of INV-VLPs, and the
MS2 ratio was approximately 1-log smaller. Accordingly,
both bacteriophages have the potential to become appro-
priate surrogates for native NV in the coagulation-ceramic
MF process, with QB being the more conservative surrogate
of the two. We imagine that the characteristics of
rNV-VLPs, QB, and MS2 such as surface charge and
hydrophobicity affect the removal performance in the
coagulation- MF process. Further investigation of differ-
ences in surface properties between rNV-VLPs and the two
bacteriophages is needed.

Our research group has shown that PACI exhibits
virucidal activity during the coagulation process (Shirasaki
et al. 2009a,b): an approximately 4-log difference between
the total (infectious + inactivated) concentration measured
by real-time RT-PCR and the infectious concentration
measured by the PFU method was observed during the
coagulation process, indicating that some of the bacterio-
phages were probably inactivated by PACL Because
rNV-VLPs lack RNA, which is necessary for infection and

replication in host cells, we cannot discuss the fate of

infectivity of NV in the treatment process. If PACI exhibits
virucidal activity for native NV as well as for bacterio-
phages, >4-log removal (including inactivation) of native
NV might be easily achieved during the coagulation-
ceramic MF process.

CONCLUSIONS

¢ The removal performance of NV as particles was
evaluated by using rNV-VLPs in a coagulation-ceramic
MF process.

» Both coagulation type and coagulant dose affected the
removal performance of rNV-VLPs: the experiment
with a 1.08 mg-Al/L, PACI dose achieved high ratios of
rNV-VLP removal, >4-log, which satisfies the USEPA
requirement of 4-log removal/inactivation.

e The removal ratios of rNV-VLPs were higher than those
of QB and MS2 in the experiments with the 1.08 mg-Al/L

coagulant dose: the QB ratio was approximately 2-log
smaller than that of rINV-VLDPs, and the MS2 ratio was
approximately 1-log smaller. This means that both
bacteriophages have the potential to become appropriate
surrogates for native NV in the coagulation -ceramic MF
process, with QB being the more conservative of the two.
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The effects of coagulant residuals on fouling of a nanofiltration (NF) membrane were investigated.
Experiments were carried out with a laboratory-scale microfiltration (MF)-NF setup and a pilot MF-NF
plant. In the laboratory-scale experiments, NF feed water was pretreated with poly-aluminum chloride
(PACH) or alum followed by MF. NF membrane permeability declined when the feed water contained residual
aluminum at 18 pg/L or more, but not when it was lower than 9 pg/L. When pretreated with ferric chloride,
no substantial decline of NF membrane permeability was observed; residual iron did not affect the
permeability. When Si0, was added to the water before the pretreatment with PACI, the NF membrane
permeability declined at about double the speed. Thermodynamic calculations and elemental analysis of
foulants recovered from the membranes indicated that the majority of inorganic foulants were compounds
composed of aluminum, silicate, and possibly potassiumn. In the pilot plant, NF feed was pretreated by PACL
Transmembrane pressure for NF doubled over 4.5 months of operation. Although the aluminum
concentration in the NF feed was not high (30 pg/L), analysis of membrane foulants revealed excessive
accumulation of aluminum and silicate, also suggesting that aluminum residuals caused the membrane
fouling by alumine-silicates or aluminum hydroxide.
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1. Introduction must be removed by pretreatment processes such as coagulation,

followed by clarification and then multi-media filtration or micro-

Nanofiltration (NF) is a promising advanced drinking water
treatment process that offers an efficient alternative to conventional
advanced treatment (ozone-activated carbon) and has the potential to
produce potable water of better quality. NFis expected to perform better
than conventional advanced treatment in removing natural organic
matter, precursors of disinfection by-products {1,2] and trace hazardous
chemicals such as pesticides [3] from water; however, NF is still more
expensive, and its costneeds to be reduced if it is to be widely accepted.

Membrane fouling leads to a continuous decline in membrane
permeability, and fouling mitigation considerably reduces the cost of
designing and operating membrane filtration systems. In the case of
NF of surface waters, the accumulation of particulate matter severely
decreases the permeability of the NF membranes; such particulates
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filtration (MF).

Although these pretreatments can alleviate the effect of organic
foulants as well as that of particulate, the pretreatment increases
coagulant residuals to NF feed and they may precipitate on the
membrane surface and reduce membrane permeability. Kim et al. [4]
used three types of NF feed: untreated raw water (RAW water),
pretreated by in-line coagulation followed by MF (MF water) and
pretreated by coagulation, sedimentation and sand filtration (CS
water). They found that the order of the ratio of inorganic foulants to
the total amounts of foulants was CS water>MF water>RAW water.
Gabelich et al. tested reverse osmosis (RO) membrane using feed
pretreated with conventional or direct filtration treatment plants.
They used either alum or ferric chloride, and also used cationic
polymer and chloramines for pretreatment, The tests using alum with
RO elements revealed rapid deterioration in specific flux, on the other
hand, the specific flux using ferric chloride did not decrease over time
[5]. They also suggested that three types of aluminum-based foulants:
aluminum silicates, aluminum hydroxides, and aluminum phosphates
[6]. Accordingly, both pretreatment methods and types of coagulants
may play a crucial role in the control of NF/RO fouling. Application of
conventional coagulation, clarification and multi-media filtration can
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take advantage of preexisting facilities; however, the processes offset
the benefit of small area required for NF membrane process. Pre-
coagulated MF would be more advantageous process for pretreatment
for NE.

Most of the surface water treatment plants in Japan that have
coagulation process currently use aluminum coagulants [7]. During
our pilot plant experiment {8], which is also discussed in this study,
we found that residual aluminum coagulants in the NF feed might
cause the membrane fouling. Therefore, the objective of this study
was to investigate the effects of coagulant residuals on NF membrane
fouling when NF is applied as an advanced water treatment process of
surface or ground water. In laboratory-scale experiments, we used
two types of aluminum coagulant: poly-aluminum chloride (PACH)
and alum and pretreated by in-line coagulation and ceramic MF. As an
alternative coagulant, iron coagulant (ferric chloride) was also used.
To clarify the effect of residual coagulants, groundwater that
contained low organic matter was used as raw experimental water.
To elucidate the effects of Si0, on the NF membrane fouling, we added
Si0, to the raw water in some of the experiments, The results of the
pilot scale experiment, in which PACl was used as a coagulant agent,
were also presented and discussed.

2. Experimental
2.1. Laboratory-scale experiment

In the laboratory-scale experiment, Hokkaido University ground-
water was used as raw experimental water, The average quality of this
water was: DOC0.5 mg/L, EC 450 uS/cm, pH 7.2, Na 29 mg/L, K 9.6 mg/
L, Ca 50 mg/L, Mg 15mg/l, Cl 25 mg/L, SO4 40 mg/L. Types of
coagulants used were PACI (10% Al,0s, basicity 52%, Japanese
Industrial Standard (JIS) grade), alum (Aluminum Sulfate 14-18
Water, reagent grade, Wako Pure Chemicals, Osaka, Japan) or ferric
chloride (Iron (IlI) Chloride Hexahydrate, reagent grade, Wake Pure
Chemicals). The raw water was firstly treated with activated carbon
cartridge filter to quench residual chlorine and then pretreated by in-
line coagulation followed by MF. The MF filtrate (pH 7.0-7.1) was
then pumped at a rate of 1.5 L/h to a flat sheet membrane test cell
(filtration area 60 cm?, C10-T, Nitto Denko Matex Corp., Tokyo, Japan;
Fig. 1) that housed the NF membrane (UTC-60, nominal NaCl rejection
55%, Toray Industries, Inc.). NF was performed at a filtration flux of
2.5 cm/h and a water recovery rate of 10%, The system flow is shown
in Fig. 2. We conducted nine experimental runs and their conditions
are summarized in Table 1. In all experimental runs, the coagulant

Fig. 1. Flat sheet membrane test cell.

dose was set at 0.04 mM (1.1 mg-Al/L, 2.2 mg-Fe/L). MF was
performed with a laboratory-use ceramic membrane (nominal pore
size 0.1 pm, membrane area 0.4 m? NGK Insulators, Nagoya, Japan) at
very low filtration flux (0.83 cm/h), without periodic hydraulic
backwashing; the MF membrane was replaced with a chemically
cleaned membrane when the inlet pressure reached 0.05 MPa. After
the NF experiments, spent NF membranes were cleaned with 2% citric
acid, and the aluminum and iron concentrations in the citric acid drain
were analyzed.

After five experimental runs with the laboratory-scale experimental
setup, an automatic hydraulic backwash system was introduced to the
MF step; the MF was performed at a normal filtration flux (6.25 cm/h),
and the MF membrane was hydraulically cleaned by backwash at a
pressure of 500 kPa for 10 s every 2 h[9]. MF permeate (pH 6.8-7.0) was
introduced to the NF membrane test cell at a filtration flux of 2.08 cm/h,
which is slightly lower than the fluxes used for the previous
experiments. Runs 6-9 were conducted with this system. Run 6 used
PACI as a coagulant, and Run 7 used ferric chloride. -

In the next two experimental runs (Runs 8 and 9), Si0, was added
to the chlorine-quenched groundwater before coagulation with PACI
and MF pretreatment. By comparing these results with the results of
Run 6, in which the mean silicate concentration was 35 mg-SiO,/L, we
investigated the effect of silicate on the NF membrane fouling. Diluted
sodium silicate was added so that the silicate concentration in the NF
feed would be approximately 80 mg-SiO,/L. Sodium silicate is a basic
reagent, and thus the pH was adjusted to approximately 7 with
hydrochloric acid. After Runs 6, 8, and 9, the spent NF membranes
were cleaned sequentially with HCl, NaOH, and citric acid; and then
the aluminum, silicate, calcium, and potassium concentrations in the
cleaning water were analyzed.

2.2. Pilot MF-NF plant experiment

The pilot plant received water at a rate of 24 m>/h from the outlet
of a sedimentation basin of the Ishikawa Water Treatment Plant,
Okinawa, japan, after PACI (basicity 50%, JIS grade) coagulation. In the
pilot plant, MF (polyvinylidene fluoride membrane, nominal pore size
0.1 um; Toray Industries, Inc., Tokyo, Japan) filtrates (pH 6.5-7.3)
were transferred to the NF modules (nominal NaCl rejection 55%;
polyamide SU-610, Toray Industries, Inc.), which were operated at
constant flux (2.5 cm/h) and water recovery rate (95%) by adjustment
of the feed pressure. Average quality of MF filtered water was: TOC
0.9 mg/L, EC 185pS/cm, Na 19 mg/L, Ca 11 mg/L, A 27 mg/L, SO,
14 mg/L, and residual Al was 0.03 mg/L. The 15 NF modules were ’
placed in a multistage array (8, 4, 2, and 1 modules in series), and the
water recovery rate of each element was about 13%. Details of the
process configuration and operation are given elsewhere [8]. After
4.5 months of system operation, foulants on the NF membrane surface
were collected by gentle scraping of the membrane deposits. The
foulants were then dried, weighed, combusted for 30 min in a muffle
furnace at 550 °C, and then weighed again to obtain the mass of fixed
solid. The recovered foulant was analyzed for Al, Ca, Fe, S, and Si.

2.3. Analytical methods

Aluminum and iron concentrations were measured by an induc-
tively coupled plasma-mass spectrometer (ICP-MS; HP-4500; Agilent
Technologies, Inc., Palo Alto, CA, USA). lon concentrations (Na™, K*,
Mg*, Cat, CI™, NO3, SO37) were measured by ion chromatograph
(DX-120, Nippon Dionex KX, Osaka, Japan). SiO, was measure by
molybdenum yellow colorimetric method. TOC and DOC were
measured by TOC-5000A (Shimadzu Corporation, Kyoto, Japan) or
Sievers 900 Laboratory TOC analyzer (GE Analytical Instruments,
Boulder, CO, USA).
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Fig. 2. Experimental setup for laboratory-scale MF-NF experiments.

3. Results and discussion

3.1. Laboratory-scale experiment pretreated with aluminum coagulants
{Runs 1-3)

Changes in NF membrane permeability over time in the labora-
tory-scale experiment with different aluminum coagulants (i.e., PACI
and alum) are compared in Fig. 3. Because variation in the initial
filtration flux of the pieces of NF membrane sheet used in the NF
cross-flow cell was small, nanofilter permeability was evaluated in
terms of the dimensionless standardized filtration flux, which is the
standardized flux at 1 MPa and 25 °C divided by the standardized flux
for pure water, as described by the following equations [10]:

_Qua
1= % &p 0

where | is standardized filtration flux [m/(h MPa}], Q is filtration rate
(m3/h), A is membrane surface area {m?), a is a temperature
compensation factor to 25°C, and AP is transmembrane pressure
(TMP) (MPa); and

L

w

= @)
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where J' is dimensionless standardized flux, and Jy is standardized
filtration flux for pure water [m/(h MPa)].

After 25 days of operation of the laboratory-scale experiment with
PACI coagulant (Run 1) in which MF permeate (NF feed) had a mean
aluminum concentration of 20 pg/L, the filtration flux decreased by
about 15% (Fig. 3). In an experiment with alum coagulant (Run 2) in
which NF feed contained aluminurm at a mean concentration of 18 pg/
L, the filtration flux again decreased by about 15%. Lower mean

Table 1
Laboratory-scale experimental conditions and mean concentrations of residual
coagulant in NF feed water,

Ran Type of

aluminum concentration (8.7 pg/L) in NF feed was observed in
another experiment with PACI coagulant (Run 3); we did not change
any specific condition of coagulation and MF, and we could not
elucidate the reason why we could achieve this lower residual
aluminum concentration. In this Run 3, the NF membrane permeabil-
ity did not change substantially. The percentage rejection of
aluminum by NF was more than 85%; most of the aluminum
remaining after MF obviously could not permeate the NF membrane
and thus had the potential to be deposited on the NF membrane,
reducing membrane permeability. However, the aluminum concen-
trations in the NF retentates were only slightly higher than the
concentrations in the corresponding NF feed; more than 98% of the
aluminum fed to the NF was discharged with the NF retentate,
Therefore, the high rejection ratio of aluminum did not produce a
retentate that was highly concentrated in comparison with the feed
and did not necessarily result in a high deposition rate on the NF
membrane,

3.2. Laboratory-scale experiment with iron coagulant pretreatment (Runs 4
and 5) '

Unlike Runs 1 and 2, Runs 4 and 5 did not show a large change in
nanofilter permeability (Fig. 4). Mean iron concentrations in the NF
feed after the ferric chloride coagulation and MF pretreatments in
Runs 4 and 5 were 10 and 18 pg/L, respectively, and the aluminum
concentration in the NF feeds was less than 2 pg/L. The percentage
rejection of iron by NF was 60-90%, which was not as high as that of
aluminum. These results suggest that the concentration of residual
aluminum after coagulation influenced NF fouling more strongly than
did the residual iron concentration.
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0'0 H 1 i 1 1 }
0 100 200 300 400 500 600

Time (h)

Fig. 3. Time dependence of dimensionless standardized flux (standardized flux/
standardized flux for pure water) for NF after coagulation and MF in the laboratory-
scale experiment (Runs 1-3),
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Fig. 4. Time dependence of dimensionless standardized flux (standardized flux/
standardized flux for pure water) for NF after coagulation and MF in the laboratory-
scale experiment (Runs 4 and 5),

Table 2 summarizes the masses of aluminum and iron eluted from
the spent NF membranes by citric acid. The membranes used in Runs 1
and 2, which showed larger permeability declines, contained more
aluminum (3.6 and 4.0 mg/m?-membrane surface) than the others.
The amount of iron eluted from the spent membranes was similar to
the amount of aluminum (Table 2), but unlike the mass of aluminum,
the mass of iron was not obviously correlated with membrane
permeability decline (Figs. 3 and 4).

3.3. Laboratory-scale experiment with backwashing in the MF step

3.3.1. Comparison of aluminum and iron coagulation (Runs 6 and 7)

An automatic backwash was introduced to the MF step after Run 5,
and this alteration permitted MF at a normal filtration flux. Under this
altered condition, experimental runs with PACI coagulant (Run 6) and
ferric chloride (Run 7) were performed. Nanofilter permeability
declined during Run 6 (Fig. 5). In this run, the NF feed contained
residual aluminum of 40pg/L in average, and the membrane
permeability declined by 25% after 60 days (1440 h) of operation.
The permeability declined at lower rates in this run than in Runs 1 and
2; this result was probably due to the fact that the filtration flux
(2.08 cm/h) was Jower than in Runs 1 and 2 (2.5 cm/h). In the
experiment with ferric chloride (Run 7), no substantial decline in NF
membrane permeability was observed; this result was the same as
those for Runs 4 and 5.

3.3.2. Effect of SiO; addition (Runs 6, 8 and 9)

When 5i0, was added to the water before the pretreatment by
coagulation with. PACl and MF (Runs 8 and 9), the NF membrane
permeability declined at about double the speed observed for Run 6
(Fig. 6). The pH in Run 8 was not strictly controlled (the pH of the NF
feed water fluctuated between 6.6 and 7.5). Aluminum is more
soluble at alkaline pH than at neutral pH [11}, and therefore the mean
aluminum concentration in the NF feed was as high as 103 nug/L. In
Run 9, the pH was controlled more strictly (6.7-7.0 over the course of
the run); nevertheless, the mean aluminum concentration was also
rather high (85 pg/L) in this run. This higher residual aluminum may

Table 2:
‘NF membrane foulants in the laboratory-scale MF-NF experiment in Runs 1-5.
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Fig. 5. Time dependence of normalized flux {standardized flux/first day standardized
flux) for NF after coagulation and MF in the laboratory-scale experiment (Runs 6 and 7).

have been due to the effect of excess silicate. Lartiges et al. [12]
reported that flocculation of colloidal silica with polymerized
aluminum begins with the formation of negatively charged alumino-
silicate sites. Duan and Gregory [13,14] investigated the interaction of
aluminum coagulants with silica and found that a small amount of
dissolved silica can improve coagulation by affecting the charge-
neutralizing behavior of hydrolyzed aluminum species, but silica
coagulation is inhibited as the amount of silica is increased, as a result
of the increasing negative charge of the particles.

To explore further the effect of a large amount of silicate on the
faster decline of NF membrane permeability, we cleaned the spent
membrane sequentially with HCl, NaOH, and citric acid after the
experimental runs. Results after chemical cleaning with HCl are
shown in Table 3; aluminum and silicate were recovered in molar
ratios of 1:0.49 (Run 6), 1:1.52 (Run 8), and 1:1.78 (Run 9). These
results suggest that aluminum and silicate were major inorganic
foulants of the nanofilter.

We calculated the aluminum solubility diagram for the NF feed
solution used in Runs 6, 8, and 9 (Fig. 7) with Geochemist's Workbench
(ver. 6, RockWare, Inc., Golden, CQ, USA). The major difference in the feed
water quality of these runs was silicate concentration. The aluminum
concentration in the NF feed water exceeded the upper solubility limit in
the case of gibbsite (Al(OH)s), pyrophyllite (AlSi;0s0H), and kaolinite
(AlSi,05(0H)4), that is, an aluminum compound and two compounds
containing both aluminum and silicate, Furthermore, changing the silicate
concentration from 40 to 80 mg-SiO,/L led to a large decrease in the
solubility of pyrophyllite and kaolinite (from dotted line to solid line),
although the solubility of gibbsite did not change. This resuit implies that
more aluminum silicate compounds may have deposited on the NF
membrane as the amount of silicate in the feed water increased. Therefore,
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Fig. 6. Changes in standardized flux for NF after coagulation and MF in the laboratory-
scale experiment (Runs 6, 8, and 9).



