R

1.2
|
! Y-S5
. D o &
. 08 7
S P © 140 mL/min
t" 0.6 ‘ = c 214 mU/min
N & a 434 mL/min
04
0.2 ot V.= 72 mL
o
0 a«

O 40 80 120 160 200

Operating time (sec)

‘ a [ a a [ 4
Ui 4.1 mani:wuveddanimis vasaanudniutuuuns v F@
3

3.5
2
3 ‘
. Pe=4.2 o 140 mL/min
25 c 214 mL/min
A 434 mL/min

0 40 80 120 160 200
Operating time (sec)

i + a a o
zllﬁ 4.2 Nﬂﬂﬁzﬂlﬂlﬂﬂaﬂi'H'\151?'ﬂﬂ8ﬂ']1ﬂﬂﬂ1"lﬂ‘ﬂllﬂﬂﬂ’1ﬂ E(t)
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100
90 ’ y =0.152x
E 80 R* =0.999
= 70 | After pretreatment
e_ 60 y =0.148x
ot ’ R?=0.999
3 50 |
[ | .
- 40 ) After compaction
& 30 | rd
3 20 - < After pretreatment
c After compaction
10
0

O 100 200 300 400 500 600 700
Operating pressure (kPa)

U 44 amduiusisnhaldnddunusulunsduiuszuy

AMsFuruvesssundonsomuun Turdndi Idudimstinnuazeindlonsadasnuag
wenIelAnviiAL 0.152 LMH. kPa ' wdtoinmsnarewdionailyninssadivessubensowda
fintduriuvosszuuidonsowuuu Tuwiify 0148 LMH. kPa ' Aadlunmisaansvesrdndg
iz 2.6 %  sinfuSmeaoudwmsazawdunidiodnylizdninmeeudensesnznis

[ ] - d'l -
AUV UNIYOUUBNTDILULU LU

4.2.3 MINATBUANIMUNULI VO I3Z VY (Reproducibility)
unIsnarsussuLnIsHIIneessumdonieannuntriu Tddhnrsnaasudd

(Reproducibility Test) 1ioms 2aerounInnoiudvesszuuiilélumneass Tasvhinamaroulums
- da o s . o T R R . ﬂaﬁ - ﬁ 7 -
znwniinmduduvesassunIdniasisuwian 10 Nadniuanaas diumwomiu 7 unsnnu

: - Y w - - - a
usswealszy 001 Tuadednilsudivimdvunanlsn nameuduszyudonsenniu Tavims
» a3 o ] Lo
mMoroudlunnrzisuiReIfueiatou 2 a5 uaziiah lAuniimsdus MR weITsUUNI
- » - \ ' ' o . v
ni# ning1 4.5 Faamaddnduaniimesiienlurianaidieg wud mInAnenisd 1 uaz 2 Miwa

\ ' ao , 3 ras =t ) w
MimaneafiindifivamuiioninisSinsmineadd wuh nanInanedit A hilinafuandiafunte

S o L J [ u’r ] P 1 ]
TOANITAY 95% ANTuTanudszuuiinnuiniugifg 95%
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aofall M1 Dl Wi Indgud woAnssunis nassin Afvatuns nauuy plug flow
A D/ul. fifiinnnda oo AmgAnisums adhuuuy mixed flow
(Levenspicl, 1999)
msnﬁm‘fnumﬁmm1.1‘hmd.mnﬁiﬂﬁmwnﬁ:inuﬁxﬁumn'i{u unzlumIanarauuuy bench
scale tost cell ms‘h‘s’ﬁmrﬁn gear pump rﬁmﬁm:|mf:'muﬁwauﬁ"aﬁs'ﬂmmﬁu1Tm‘iﬂﬁ|ﬁﬂ NOA
AssumMITanuy  Continuous Stirred Fank Reactor (CSTR) %anﬁ’lﬁuuun"'mmmaﬂuqaﬁm‘?ﬁﬁ’a
Ufffowuy CSTR Sanmnziieninlisgnatun1ImereuvnIse crossflow bench scale test cell
!
4.2.2  anunniusszninmvlinduasnnufuvesszvy
urimi'i'anmquuuu1'luig_n'naﬁm||ﬁ"nn1'1-lﬁ'n=51|aqxf1 pt  dmussuubenteauunTud
whamnnuduvesssuy AuduiilFlumsnaanulseunios kPa 83 618 kPa (30 psi - 90 psi)
unehithifaidimavosnnudvanaiudmflosnmi o1 duiifuSemiuazfiumiazawidens
N 1ft 4.4 wannA TS nehadAnd R uadu lumsduiiussuy | snnamidennudu
Sunntudradofdndthnndy anldndnamiiuanns hinupanediion Q) AofuiED
nIB3(4,) AINFUUDINT WA IR N5 T LR LY 1L UUIB0NT B3 (membrane permeability, L) uerad
Muerunis 1@ a 1]

J,o= L, -(AP) =

Q.

: A,

el v, oirfuldndusanis Inaruveni Smiaofiu ILM™H ' ¥io ms ]
Q. minudasiniluaveawesinen [LH ]
A_ iy dausaszuuiBonse (m’]
L, wiiusminsdriuvesszumbonses [LMH. kPa | wioms 'kPa ']

1 o - - - - .
Ap m'muﬂ‘rmﬁu'lumsmmus:uu [kPa 1150 pSI]
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o 4 & 1
_ o L Y | . . .
TMANINLLINVUDINANDAINTITNTTUIWUYBI dispersion number (d) UAININVY INANUF LT IAT

»
dispersion number ueraslamail

dispersion number(d) = b [-]

ul

d' ] [ ) @ - n’ [}
Taon D mMifumdulszansnIsuns
a RS 2weanisina

L ifuauoialufirmieanis va

0.3 — 5
0.25 |
0.2
0.15
0.1
0.05

0 —
0 100 200 300 400 500

Flowrate (mL/min)

Dispersion number

|
!
.'
|
|

31]'?.1 43 AnufuiufszninamInizouid fudnintilia

v ] J : - TRt & { ."
fIIN1INISHI8UDA dispersion number i’imu1mumm-ﬁ'mmﬂam1ms‘lnaummﬂ'\luﬂWﬂﬂ'

noAnasun s Inaluszuuiindonll
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T
=
= 30
3
5 20
';.'.f °o yavaaaddl 1
10 o yavieaaedl 2
— anafn
0
0 100 200 300 400 500 600

Oparating time (min)

31]1'1i 4.5 MINAFADUA NLUNUS WD ST ULGanI o uLY Ty

424  aamutuduusimisazawdunioniimanelstansnvveubensesuilu

nudnduvoraistunidinanoniniamifavaamisunIduasidndsznitansdniiu
UL mIarawdunsiimIouiundiainsidy 7 tazUSushidiveslooouniiiy 0.01 M Tae
Hms TwdRounaol3d (Nach niatanimmir T nidy 1170 Znem fgunadl 25 °c armndudy
vesmsazawBunidildmamouiiininduein o §1 25 mg vesmfuowl  UR 4.6 uannaves
mwdnduvesmisunidaovldntvounaiion  msdnamduduvesnisazawen o 8 25
my/L fawa 1¥das1n1s Tnave unoiiioniismaaniniud iy msanatvoadnsinis Inave unasiien
u'lm‘imuw1nm1urﬁ'u-ﬁ’umaamaEmﬁ'ﬁﬁﬁu1ni’fuuui'inumﬂonmauuuu1'[14 a13azaledunio
'Inums"inn'nm'i'uaummsnﬁm‘lm"lﬁui%’ﬁ'umiu:mauqaTﬂuﬁmsmmnﬁuﬁuszuu"lu
crossflow bench scale test cell AnAIMIMNIILUAINIzLLdEnsoauuTwiunafind§iTe

v »
& o~ o LS ar o
WUY CSTR %3 14TN1sMATEUIINKALOA Tracer study AITUTUNITNIAAUAAUNAL TAR 1]

V.r (ift‘,. = Q;‘Cr - Q. C, = QpCl' _kn(Css _C' )V’

-. .Y
Tnofn ¥, =USumsvosszuulszuim 72 mL
- i |
C = nnududumfusuludiuuo inouEunIaNIoIMUNT (retentate) [mg.L ']

[ : 1 T
Q. = 6a11ns InnusnirludiuvesSimumn [Lumin ]



C, =nnududuvomiusuluauve 3ia Geed: (mg.l” ]

0, = Sasims Inavesiluduveriia [L.min ']

C, =nmududumiveuludruveunasihon ipermeate: (me.l ]

0, = SasmisTnavanitluduvoanadiion (permeate) [L.min |

C,, =nmndudunivouluaniizauga (steady state condition) [mg.L” |

v e o o ' o - . .
k, = MmFulszansnmsaemuIaaIs W (overall mass transter coetficient) |nun  jiany

k, whAumaguuossdlseAnmstiomumams ( £ fmmin ] AUSATIA WAL

iBens 0B UTHIIATVRITELY (a) (k, =K u ) Im'm ]

¢ =rilFlunisduiiuse v (min]

vnuurdnesiint £ uazsl C. dudmiitldnnmshinansiin indagamianana e
wudraoanndamand TasmsudaunisTaol¥ Fourth-order Runge-Kuta routine %lﬁﬂﬁmn‘a 1)
veanTmnnnfousniidanoaiosfiga n3e sum of squared error (SSEy Tz L yuniivnma

asvinuoanududuvotesazawdunsd

50 ;
45 -
= 40 Siiiiazzee
< 3
3
= |
= 25 « NO NOM
g 20| c 5 mg/L NOM
= : 'L NOM
15 | = 10 mg/L NO
'¢=3 125 < 15 mg'L NOM
@ | < 25 mg'L NOM
5|
0 .
0 100 200 300 400 500

Operating period (min)

Iﬂ‘ﬂ 4.6 wavonnududuvasmsazmudy N3 gAAVANEYN NI
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i a4 .
naRIn RIS o L iy mnmquﬁ"lﬁ'nﬂuﬁagaﬁ"lﬁmnnu

nanel wwnnuuhmmmn lnnmummn
asiifimiaddua k, vaza ¢, 17
HilA1 SSE foefian o

Funan 1 1 IJl'.“.IﬂIJ IHHIJ]J mmun’mn M lhﬂﬁ.l mI "““""mﬂ'l'lm'lm'ﬁ'uummmm [
AUMINIY

Turiduvoanmisd il nunmnmmmnnnu’.unm C umnmlumsmmm LUTIAn
NN

= 200 —
— M
» 180 - 5 ;dg?:_ NOM
E 160 = 10 mg'L NOM
15 mg-L NOM
s 140 = 25 mg’L NOM
'E 120 e o
+ 100
8 80 ¥ — A A
§ 60 ., .- [
g T i
Q 2(0) é‘, :' o ey e o

0 100 200 300 400 500
Operating period (min)

i 47 aduduvasniionu luSmunm

AR 42 uaeInanIInAAeUIINA IR0 BUNTE  BInmasezdanadaAins
thinvesms Tmdvunan 3@ ianhifimaocmedunidtamidy 3,35 Tuflauns 20.9% Tufmumm
ﬁmnﬁﬁ'n’lu?munmﬁrimmn'jwaﬁawmﬂams-ifm’fu’lu?mumnqai‘fmzuiun'ﬁmﬂﬂu IR
‘ﬁmﬂmmmsa:n1u§uﬂ‘%’6ﬁ11ﬁgﬁuﬁ1nnn"ﬁ'mmmsIcnu‘ﬂ’uuﬂaa'hefﬁ’n'lnu’l%’m?m’imi1n151.'|1
L MOZINNN1I ASAUBIA 1T BUNTEaE 1319 75.3% Ba s8.4% dmdufla uavszwing 94.9% s
6% dmivTmumm  mafuduvensdisandelnfvunanlsdunr miazarwdunidorudioan
“ﬂﬂnmsﬁmﬁﬁ?uwzn'J'uﬂizqmn'ummsTmﬁummzﬂssqmmaamiazn1u§un‘§'61’u11ﬁ';ﬁnn1s
“ﬁmuﬁwaalﬁansaaﬁmaﬁﬂﬁ’n'1miﬁw"n-umms Bun‘s’ﬁﬁthai‘fu wenvIntidamu ity
uiiduuesmsnznesuniadamadenisdumnsmiavosmsdunid Jamndnoinmougues
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- Ll o~ » ; »
szvudansenuuadi Iniinyusiudue :rmﬁum'l‘fumnﬁﬁﬁ'nﬁfhﬁaum ot lsAimn 1ty

<« N & L] . J v
duvnims mm'wclummmmnmmmwmmjﬁ:mm 1.08 mg/L 11lu 3.2 mg/L AINAISIANYDINIT

» 4; ¥ =y -
WutuSuAuvasasounis

-
[]

MINN 4.2 wamispdaanumaindurdunidlandanwuuuTu

%

AN UV 4T 13BUNTE (meiL)
LRI T T T
! 0 ” 5 | 10 15 25
| H
C,.roimg L) | - Los | 1.3 3.2 2.9
| | -
C...tmgl) - 22| 48 78.7 122.1
T
|
O LN - TEA | 7SS 77.7 88.4
R, A b0l | - | G419 5.8 PLRY 97.6
R!-.- f" ||’ : 1 4_: : 54 4.6 5.7
R .. (") 20.9 63 1 253 25.4 28.2
[T H ] . | 1
k (min ) L nsos 0510 0.517 0.519 0.521
T - - -t -5
K_,(I‘l‘ls_l) 331210 | 3.3nX10 . 3.43X10 4.45X10 £4.47X10
e A N 3 I =3
Averape A (ms T3 K10 3.43X10
1
] {

L =T e

C
<4 C I i - ne R = (le—tyx]C
lnuit R, = (1- -C_-‘-'-)r 100 (dani ¢, - feed concentration) dE R, = (1 . ) > 100

r

- P -y o 3 F
fi'\ﬁuﬂizﬁ'ni'ﬂ'l'ifi’lf.ll,'ﬂll'?lﬂi;'f"lS“ﬁ‘l"fHﬂ (k) 141N 15 AATITHISH N J‘ﬁﬂgﬂﬂ'lﬂﬂ'liﬂﬁﬂﬂ!

= A’ d
a T Tagmdudsed GRLYS
inziuusaovennarugaiianlizuin 051 - 0.521 mn lagArduszanEnIInIomua

. 7 - v P - L =5 =1 f'i'.]'u
Mo Ussnouiimafunifuaz s ixdounno lialm lanaauniny 4.43X10 © m.s

. -,

. ) n o ORI S SO X s A

ffulseAntniidiomuiave s ImAsunan lsano1uas mWaNMNY 3.41X10 m '

. . - « a =
sz dninisdiomuiave unds Tmdennns 1341 1WINNITAATIEFHONILLIINDM NIANAMTAT
. 1 | .
. a a i . Mattaraj.
olidonsomuuaiy (NF70, DOW-Filmtee. Colad) iflszaina 1.6X10 © ms = (Mattarg

] =1
2001) Baue : A E L A s=uIm 4.7X10 “ms  QATIWNU
1) mummsmumummwnaﬂﬁaummﬂ'lé'innmamuamﬂ
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Imu Kildutt er of.. (2002) wsﬁudmmaqﬂ'1&'111]3:&11%1115{1'10;111:1

aves lvAounne l3diidrgand
= =7 - = =i ]

YOIMIT AL AW UNTOITT 090 InvY mmam15Hmunﬂna-'liﬁuwm:ﬁnmﬂmnqmmms asaw
- - &

ouN3y ﬁm‘f’mﬁanmaﬁmﬁn-ui’i'ﬂﬂ'm1sﬁ'nﬁ“‘umﬁ'-aiiauﬂwﬁmizmm 4.3 - 5.7%

» ¥

i’aﬁumnﬁﬁ%uﬂmms’lcu.;ﬁuunaa“lsﬁimﬁwaui'}ﬂ

(feed rejection)
nindiinleserutudrunitefivalie
fulszAninisdie :nmaﬁ"lﬁ"ﬁn’unnninﬁ"ammﬁumnﬂ'au-ﬁﬁuﬁnniuLﬂnﬂiuﬁmsﬁﬁmnﬁa
Twdounne Tsd Taoonso i TunLy NF70 115110 46.3% ( feed rejection) (Kildutf er af.. 2004b)
annzvaINe NIy 7 uasAididvarlonauniify 001 M Taova lanuduiufvesnisa
ﬁuﬂ::ﬁni’msdwmmamunm%uu"lﬁ'ﬁ'aﬂ'

D

5

Iofi » wirvdududssEnivesminums [m's 1 nazil & vhAUAUNLIIBIFY Concentration

K. =

Polarization UUR3V0UTONTD [m]

43 miﬁnmﬂné’uﬁﬂﬁﬂiwnﬁannqﬁﬁmﬂanmmﬂu

4.3.1 wavesleasuils: piinnnzloosuilszggrenisannsvesvdng

mIntiunidetialonoudszuior (Na ) uazloaoutszgg (ca™) annsndwadedssdns
MBIz uUIens 0 U TuTams FummnIu (Hong and Elimelech, 1997: Schafer. cr ol 1998)  B1IAZD WA 1Y
mrovlsznoudonnnduduvoimsdunidsssuman 1o Sodniudsdns Marundunsadiavia
M 7 uazfiiidelosougnnamauii 0.01 Muar 005 M U 48 ummIanIzNUVesloBOUYY
li'imunz'laaaml'szim:eiamﬁnmawmﬂﬁﬂcﬁmsazaw mﬂnsn-luumf'r'uuﬂﬂufmmmsimamu
niﬂmnﬁi’“ﬁuﬂmﬁann"lnmsQﬂﬁun%'am*.a-ﬂawaaﬂﬁniaﬁazmu1u1=m.uﬂansmuﬂuﬁmm
‘l;‘umm'u:u Qﬁi’iﬂﬂngiumwlumman111ﬂmﬁawnwlﬁn=§msazmuﬁnﬁmm:uﬂszmmm
lesounnzfirdsvesloony wnmfmnﬁau-wuin-nsn:muﬁﬂs:naw’humsn:muﬁﬂsxnauﬁ”m
'lunouﬂ-s::qgjunnan1mﬂnwmﬂﬁn=§msn:mumnn'jmnnzmuﬁﬂiznau CRTN GLTAR I PR T )
ﬁmmfhm:‘\‘woq'laaau (0.01 M uaz 005 M) mimnaunamﬁms1zﬁﬁmfuui1ﬂamw
ﬂﬁnmms’umnﬂnmsqaﬁuuuﬁwmmumsuwu‘h‘laaauﬂszqﬁﬁﬁmmﬁ'ﬂoaam’n ‘(0.01 E:'/l)
unzfidsTooouga (0.0sM) selnanimmarmndoutaofiqa (3 mmen —Jrmesnn)) ﬁmiﬂ'
WU noveInnfinfn (cake formation model a1nifinananmavaalizquInueslosoulizyg

: - =11 Anfui idiianisazan
(Ca™) ﬁmmm:1u¢'|";|ﬁ'mjszqmmaamwuwﬁ'ﬁnﬁummn‘lwnmmmmnnnunﬂﬁmnn

: ] AnAuseHINlse s
MBunidrssuyduufveadonses uazordfinaunniwanndnfuszritnlizqauve
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- - P=3 - . .
_nunmﬁsmmmmzﬂs:v.qmmmmmmm‘uiu MU v leasuniifnigaotauaainanis

- A

-1 = iy 2 T3 oo oy w wl
$UAIVOIUATORLAL F1TOUNTOF 55NN IUNams SusIduLa LAUMITOUNTIBI TN IR
- . ~ - w -~ i . g - :
RIS UHAZ A MAHAN 1T UA 5 U Ina lnn 1'3Egnmmur»rmmmmmuﬁ’mmmﬂaﬁlﬁmmlﬁ‘n

- - o ~ ay ]
HIONIT XS ANUDIMTOUNTOTTIWH AT UHIVR AT fnuuzi@ofudunisrinaididauna

¥
L)

Yoanud 0.05 M ravaslonmnlizedor (Nah yARIMIRATUN T Az ENIRIN: BUNAEE I TIT IR
MhfRadnuuivaatoniar  adlidnwiindidaedlnaouiisiad ool M hidemanimniz
RadudnuuR wranUTY  siinsaenananuihinasinminassre s wisaieannniss
#1103tz quINUBI Na Fudssaa pvaadansennusuniagveanunisu  Mlfifanisanasves

double layer UHRINTOZUAWILLITY

50 ———
45 o 10 mg/L NOM, pH 7
é 40 PRt a
i Ny
J 35 R N
x 30 =
=
: 25 Model
o 20 = 0.01 M NaCl (Pore blocking)
5 15 | 1 0.05 M NaCl (Cake formation)
) s 0.01 M CaCl2 (Cake formation)
» 10 | o 0.05M CaCl2 (Cake formation)
5 |
0 |

0 100 200 300 400 500
Operating period (min)

H ' . 'L . - o
JuUfi 4.8 wavoirlaeoulizqnu uns lopauilszagaanisanaaunanant

" - e ~ ¢ 117 -
AN 4.3 uﬂmnnmimsi'lmam1aﬂnmmﬁmmmnn"lﬂmaqmui.mu"laaauﬂs-q

) 150 sum squared

4 & a
Wensloooulszyd  mnnuamamamninoiiga s otes = ity

-
§ w -t 1 = [y =
evor (SSE)  14hugwiifisuonfiawanisnagouynananyms azaroniuua Tinindifeaduyiiala

- + A
Wansudineamandinmeanivnan1gad annanaapuandleasutlizAed (Na ) 7 0.01 M
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Ianfasazanlndifvssuuuusia i Logd , a -
. DINNAUAMAATYUA pore blocking lnufin k, =0.246 h '

unz )’ = 32.3 LMH (L/m"h) annsanudniudouduaunsded e _ ~0.246(J, —32.3)
dr roTT

=4 e = o y - Vo .
MINN 4.3 M3V admmaaivonalnmsgaduizundn laﬂauﬂi:mfﬁ'umnz"lnaauﬂszqu

Mode! Pora bl_a::km Pore constnction intarmediate Cake formation
Parameler ha 4 3SE "z ¥ SSE ke J: SSE ' J SSE
Concentration {1 hy {LAH} vy ] My (imy | MMy (vm'y | (LMH)
001 M NaCl 0 236 23 5 41 ¢ 968 302 § 758 45 295 541 108 29 5474
D 05 M NaCi Q 355 33 - jaas 15 a2 5633 708 318 4 906 156 3086 3 693
001 M Cal: 0 337 308 6 306 141 286 8925 6 96 286 7 765 153 27 5.955
005 M CaCl; 342 26 G Tig 144 279 8 GR4 6 84 272 7 389 150 253 5 845

o ﬂ. + ﬂ. a = ]
dmFunamisnamovvoslossudizyiiv (Na) 11 0.05 M uuudinemundiamanisiia

cake formation If{wadinunaradomiesiiaa Taefia1 k, = 156 wm® uas 1" = 30.6 LMH

2 s i“ ol o d“ t], b}
(Um7/h) erumisanudFiusiiomiduaumsdil ‘—1— = ~156-J.(J, —30.6)
{3

dmiviosontlizyd (o™ Aididelaoouniniu 0.01 M 1Az 0.05 M aUMIILARIAIL
fvuiAhinanummamAouiouiigaldidaunisnmiadn (cake formation) dmfuide
lobouninfu 0.01 M A1k, = 153 i’ uag 1 = 27 LMIL(Lm’7) mumsanuduiufioundium
4 ),

M3AIL = ~153-J3(J, =27) dwMdweslesouniniu 0.05 M f1
dr .
L] o - o = [T
ky = 150 lvm® uaz J = 253 LMH (Lm7h  sunsanudiudiowdluounisdsil
L] - F- B ’ & ] - a L ﬂ.
'd—l-'- = —150.J3(J, —25.3) azFunahim J finnfovninitofouiuiidsvesiesoun 0.01 M

dr
w a1 - = w ~ =
umaitaidleopugafinailifidanisaaasosldndmsazae
U7 4.9 ummamansznuvelosoulszpAviuas lovoutszygiemadmidanminirlvih en
y ) 4+ -y J - =
mwiimsdidavesninini v warlosoudseyg (Ca™) Tmigaauen 24.4% (IS, = 0.01 M)

5 , = = v @ o
dh 3829, 18 wedionawriify 0.05 M 91NEAIHANINIANTI NS AUVITITBUNTUTTIUFIANINA

|1nm:nuﬁ'waaﬂs=qmnma:uﬂme‘i?uuﬁfi1qa-ifu TaumroandBaustiaueINIIGAAIILUNISING

]

- - « = - [

Winii I8 nnan1s Sinszfoinuuuiaemendiamand vufitvewiuu dmivlesoulszydns
MNe) maftnriidadevnslonousin 001 M iflu 005 Mawalidinsmiaveammniriviiaaen

[ + - [ " j
253% 1y 13.7% emilesurINNAYEINITIINAITEN 11T LUINYDA Na uaziszqouvoave
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. : 1 < ] -
WU INA IR double layer HURMasATIDguemmsunana uazd i i Insddnuoaan

Tl o . ) et o - '
TOUHTICAAAY AN IR e UL ANy AR A URAN S N Y RHIUM Y09 Braghens aat (190

70 .
i
60 | 19mMg/LNOM,pH7  —>0.01M NaCi
o 0.05M NaCl
50 =~ 0.01 M CacCl2

~-0.05 M CaClI2
40 > ———— o—— _J?

Conductivity rejection (%)

30 i
: ’“>ﬁ—~.—~_—,.;:_: ———
20
- o o a a}
10 - 5
0O —- i

0 100 200 300 400 500
Operating period (min)

1N 4.9 wansznuvoslosoudszpfennslosnutszagdonisiidanisd indh

4.3.2 woveamieiiunidlsziandia q denisaansvesndng

Uszinmueamsafiunidonnradimanssnudeminaavosidndansazats gt 400
UIRINANI ENUVDIMIT DT UNIdTDAON T AnAanldndmisazaw (1S, = 001 M) TasAdidaues
levoufinIonlunisnano ity 001 M nnnImuunduuaanainmiIdrasanndameaadi
urmidana lnnisgadunionisaansvoaidndasazaeluszuudonsennlu  gafisingluns
HIRINONISNARDIVEY NENT AT ATAwRanawoIms atiun3diildnaday srnmisnaraunwuiien
liundnmanomsaansvesdndmisaznto TasfiunaiFouamyla (Ca (PO, imsannavea
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Solution flux (LMH)
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I‘ © CaClI2 (Cake formation)
16 | O CaCO3 (Pore blocking)
10 A CaSO04 (Pore blocking)
5 © Ca3(P04)2 (Pore blocking)
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U 4.10 wowsamseiiunTdszinnd1a 1 doninaaavaldng (LS. = 0.01 M)

VINMIsTiATIsiRansnaatuuuuHaemuadamaasvaimIaadunnhaniiunid
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mumnmnfeudpofigafuuuuinesiia pore blocking model Dniln AnawAOTUNIGTIID
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NNIRARUYeImNTefiunid (LS. = 0.01 M)
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Modet Fore plockirg Pore constrichgn Intermediate Caké lormaton
Parameter ka 4 SSE ke J SSE ke | 4 | sse ko T SSE
Concentralion (e | (LhaHy MmNyt ey (imy | LM tvm?) | Lmry
001 M CaCl, 0337 305 | 6406 t 41 289 | 8925 | aos 28 | 7785 153 27 5955
0.0t M CaCo, 0307 ar2 2481 123 | 2431 | 2755 | 834 | 2881 | 3308 | 218 2636 | 3826
001 M CasQ, 031 359 8 386 162 | 2488 | 13136 | &34 253 | 19781 | 212 24907 | 30424
001 MCayPO,); | 0212 198 | sgoz 135 | 2121 | 1538 | G4 199 | 1708 | 1857 | 1981 | 2442
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"‘I’ S = —0.212(J, ~19.9) (For Ca,(PO,),)
!

S ~ >

—-I—'- = =03WJ, —259) (For CuSO,)

edt

o] , .

_.!_' = ~0307(J, —27.2) (For CaCO,)

ell

A1 J uamaandaAnFaiiasa 101 0 INHAT0IA T IVURIVOANIMUITY (crosstlow velocity)
fudri 1€01nnsSina s imniimadonuuuiacieadiamand @1 3 #ldonasiianedividy
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Ruatufulunsdlvosriiidvesioosudr (.. = 0.01 M udniranasvesdndmsazaisozwunin

Wnidivesfidaunalooeugs (1.5. = 0.05 M)
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5 | & CaSO04 (Pore blocking)
0 L o Ca3(P04)2 (Pore blocking)
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ATTNN 4.5 wanmanaam wadamanivena lnn s gaduvesmseiiunis o.s, - 0.05 M)

Aoael Pare biaching Pare canstrcton Intermediate Cake formaton
Parameter ha d SSE he J SSE ke J SSE ko T | sse
Concentranon 11 hy (LATH) Tem ' ey (i) | My tvm® | wmmy
005 M Cali. d 343 266 &7 143 279 5 684 684 272 7 389 150 253 5 645
005N CaCO, < Aon 267 2700 127 24 12 3113 822 26 3552 2239 259 41
008 M CasQ. ¢ 305 26 2% g ara 122 228 G 285 8 46 251 22 59 2238 2491 37 85
005 M CauPO,': Q18 & 34 2847 113 674 58 94 676 807 145 179.6 381 2795

anmFiuivoanalomigaiuvaudassiamseiunidassumaiiids losmuvinty 0.0s
M uradfuaunis T8

‘—,i'— = —0.19J, -6.34) (For Ca,(PO,),)
ot

"‘: ~ = - 0.305(/, -25.25) (For CaSO,)
!

S . .

— = —030%J -26.7) (For CaCO,)
ot

amarnnIa 1 aldvemsdnseimnimednnnuudasamandameand i nioi
griiomsaznioiiosdlssnovvnaromyla soaaaniduddana nazmfveimmuddy  manldou
mmdavesleeousindt .o An Tiga .05 M) Swaniuasemiarnivesn I erwilsanieinm
selunidgaduuufizvnanmusy  3Uf 412 vamwmansznuvadiialooauded Wandmsazaw
U.) awrtinvarasoiunid  nnsmnsdiuaididsues]essusin 0.01 M 1 0.05 M ¥ l¥TAn J
annsTromvnz msounidfiliznoudotamida  Anlofidudniranaives Wandmanzmuoideiu
ffAveslooouilAimitfy 1.8%. 2.5% uas 68.1% dmivssmliznovvesmivea Faa uaz
wotWa mudwy  sinmantinaapunuofliznouvoInemviadmanIENUBGLINADITULNS
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Wnfuvoadnsyiavosmsmmaioren o fa 14 Amfaidu 7@ ldhnanaann dsig
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Rwoannusy Ml mdndanaeiaiissninnsanasnauuuiiafogvaammusuamadoniag
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14 =74 /9 - CaOH+

£ =~ CaHPO4 (aq) '
16 | , ~- Ca5(PO4)30H (s) |
18 |/ ~— CaHPO4 (s)
‘ r — Ca3(P04)2 (s)
20 L
0 2 4 6 8 10 12 14

pH

1 413 o038 9 voamisdsznomlemlafidanasonsannznouuuimidonsog

4.3.3 HovesvHaleeeulszqgreminnnsvessdng

U 4.14 normananiznuvniriiauod loooulszagionisaaasvassldndmazarn anns
umRInansMAroURididelaoou 0.01 M uar 0.05 M awddy Tasneroufumaiunidaosriin
Wur caso, uar mgso, TasSoudouszrhalosoudszggldun ca”™ nar Mg~ snwanis
nTeunUIInIddsznovvadnaaiFounaaimanasveddntaisazaloninniisadlsznouves
minfiFonunzidariafidadalooon 0.01 M naz 005 M e lsAnudenSeufvundas viinaisod
wiider hifunanisaanavesddndmsazawdudaseninhidsioosoudmargs  dwmsnaoy
lﬁuuﬁ'mmuimamwnm“mﬁmn{vaana‘lﬂmsqmﬁmvuimuun’mnwﬁﬁ pore blocking model uIA4
Hn'ummsnnawmﬂﬁ'nq'r"lnﬁ'tﬁuaﬁ'uwnn1511ﬂaau'ummsaﬁuﬂ?ﬁﬁaﬁawﬁmmzwmﬁﬂmsqarﬁ'u’lu
Tmadeatuduriauesniseidunidiug 1dud osfsznavvoalemsin uazarfuemumiudu

M3 4.6 uaMINanITTIaD N IAtIRAIAn LI riavod loooudsey] INAIT1IMAYDY
n'nuﬂmmﬂi';ami'auﬁqnﬂs1ﬂg"luuum‘i1amnnmﬁnmam’mﬁm pore blocking model  #mdu¥lia
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- WINVUVIN pore blocking model 1 cake tormation model ATWANWUEYDINA AN
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yiinvealosaudizyy vanadumunts 1daail

o,

elt
dJ,
ot

.

dt
oS,

50
45

= —0.31(J, - 25.9) (For CuSO,) (0.01 AN

= —0.194(J, —24.04) (For MgSO,) (0.01 A)

1l

= 0.305(J, =25.25) (For CuSQ,) (0.03 A

- = —0.203(J, —23.98) (For MgSO,) (0.05 A1)

10 mg/L NOM, pH 7

Auung,a:

i,
T 40
= 35
x 30
= 25 .
— Model
& 20 oy
Lo o 0.01 M CaSO4 (Pore blocking)
“ '
= 15 O 0.01 M MgSO4 {Pore blocking) .
U°J 10 A 0.05 M CaSO4 (Pore blocking) '
5 o 0.05 M MgSO4 (Pore blocking)
0
0 100 200 300 400 500
Operating period (min)
é N g " Y X [ L ‘l - L4
717 4.14 wanvasriialosouilizggAoniTanaduAITIan
2y a ] 3 [ . [l
o A1 4.6  HANTTIIADINNANAMTATTEHTHTUAUMN taanunliz g
~ Model Pore blochin Pare zansinghan AL e |
Parameter ha ¥ SsSE "2 5 ssE n . £ 3E . ~E
—Soncentration L1/h) (LMY timmt ] aLMen o [T e . _ Jl
001 M caso, 0 31 250 | Ba3se | 152 | 2488 | 13136 | AWM b : ) o
001 MMgsO, 0194 | 3a04 | 1307 003 208 | 2066 A 68 Laae vrs " ‘e
005MCaso, | oazos | zs25 | sors | 1z | ozs | wass | sac | gmr ) oinEe ) setE e g
_008 M MgSO, a 203 23o8 12549 | ovas 22 as 2449° 48 K 3F 62 . e ng
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PINNANTTNAAUTY NFINIRVAING aadu lifwamsanasvesdndmisazatoninnivile
dovdua 1 Tasiisnsfivninis NAFUUBI Cas0, (0.305 h ) MIANI1 MgSO, (0.203 h™") Ainaves
difalennuniniu 0.5 M i1 lifammavaininefingniuhinandsfuanniididsleseunifu

0.01 M
| gﬂﬁ 415 uaanarn? pC-pH TanzunsuvesnamlsznevusamsetiunidunaFoudana
(LS. - 0.01 uaz 008 A vinnT A erlseum 7 fm*F'|1ﬁm1un’|'m’fuu1nﬁqnﬁmu1snfia‘lﬁ
anmsanarnouuui vaamnuin unosddiznavveswin Gypsum (CaSO,2H.Ots)) 383831
W asotuniduuusdn Anhvdnte (CaSOs) dmiuadidreoouniitu 001 M daudfida
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-~ [ 1 = - o
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o w -u' L] ';r__ Ak Cond WNs—ulagd TUwE W 0 g.-_nw'
2 5% i 2 o3
s e i 2 = T S S R S g ¥ 4 [
5‘l 15 =02 M ¢ 2] i =005 M _/,-:’"
LI g s % cane |
10 :... 10 " T mgaOme
12 - o 12 o ~ CaSO4 (aq}
) L T S ) = o i+ Gypsum (CaS04 2120 (3N

14 - 14 - Annydnte (CaS04 (s

e - P e aE=d % —
18 ——- - i =; 16 - e e

0 2 4 6 8 10 i2 14 0 2 4 6 8 10 12 14

pH pH

: < . ) = = o a8 ar
3UN 415 pC-pH '1ﬁﬂzumm:mﬂmﬂs:nauwamsouumuuﬂmmunmmﬂn

finIfunInIsaza 1Y ams CaSO, ., (Sawyer et. al. 2003) CaSO,.2H,0,,, (Drever. 1988) unz

»
=

CaSO,,., (Drever. 1988) uanalaa?

-, _ -47
CaSO,,, (Anhydrite) < Cu’ + SO : K, = 10 »
CaSO, -2H .0, , (gypsum) <= Ca> + SO + 2H,O ; K, 10
K = 10°%

Ca=. + SO;-‘- — C‘lso:'lm[l .
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4.4 MIIANZYNIIgAsuve ndonsoauwnTy

4.4.1 HAMINATOUA 2 Fourier Transform Infrared Spectrophotometer (FTIR)

ninadavidensoduuinTudie FTIR 1Hlumsinszimjesduznoud q firedesty
mstunTénesTIuNFLuR ndoniay sUf 417 naniaalnaiuvesdurlsusadulSoudiouendng
u"mnsmarmmﬁﬁﬂﬁ’l%’amﬁmﬂnmmﬁqnﬁ‘uv’fmmﬁBuwﬁﬁnnunumﬁﬁnuwﬁu%’udu q N
AIINATeUNY T Wonsonuuw Tuidshild numiladduves N - H bending findwd
1540 cm” udE C=0 Stretching HALE 1625 em’” ='§qemaHyzﬂqﬁﬁufmmﬁa'Immi’u'imaqmm
i lud (Polyamide) Fuduiaaildiudonsos dadontoswumagadudimssuninanssy
d alnasy FTIR uaavnjilsivuvaemsiiilififanigaduuuidonses Taony Wuse ¢ - o @
aud 1020 uaz 1105 em” fimanuldluGines. nsn  mfuonddn uaz Infuanniled (Shon e al.
2004 AT Cho er al 1998) WuB: C -O Stretching 1Lu0ANagDH #AWE 1150 cm” Wusz C - O
Stretching lumyaifuenddn finud 1235 am” uaeuse C=C Stretching lunyjez Taundn fAadwid
1485 wuaz 1580 =§mxjﬁqrﬁui’iwuﬁ. HunyiidduvedTasiedaluagavasemsdaiin (Song er al
2004) MIHILTUVees nTiaNudwiuiAuniTanasvoanesTionvdnd snmsmunaduduves

- - v )
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. . - - -
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mmnwama:m:umsQﬁnumumsaumumqnssumn"lﬂmmmmmﬁ FagUft 4.18 umma
mﬂnnmmanuﬂimﬁ'uaamansamnmmimmmﬂ-ma WU alnefudursusaveadionsoail
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AT 1485 uaz1.580 em” Sad mlnadhangiaiFuves T3 Ta1 Ivdnhignnsanzatond 1 1dmwl
widawufinupaBimasAnaud 1,020 uaz1.105 em’ enFouifvudumunniuvesbansesiinzoin
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nuvuiTuedianiig

T T
l i
]

6 -
/"'\__\w:-f"-_ ; ! (n) —
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4.4.2 NG wlﬁomnaé’w Scanning Electron Microscope (SEM)

INNINGI0 Scannmy Eleetron Micrascope MA318 5,000 wih Fainisifiouioudnuus
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ABSTRACT

The influence of inorganic scalants and NOM on nanoliltration (NF) membrane
fouling was investigated by a crossflow bench-scale test cell. Mathematical fouling
models were used to determine kinetics and fouling mechanisms of NF membrane. It
was observed that. with natural organic matter (NOM) at a concentration of 10 mg/L.
divalent cation (Ca”") exhibited greater 1lux decline than monovalent (Na®) while solution
flux curves dominated cake formation model, especially at high ionic strength. For
inorganic scalants of polvanions. i.e. carbonate. sulphate, and phosphate. solution flux
curves were relatively fit well with pore blocking modcel. possibly due to precipitated
species formed and blocked on membrane surtace and or pores. For different divalent
cations (Ca”" and Mg™"). calcium showed greater flux decline than magnesium. possibly
due to higher concentration of precipitated calcium species than that of precipitated
magnesium species based on the pC-pH diagram.

Keywords: Nanofiltration: inorganic scalants: natural organic matter: fouling;
membrane fouling mode!

1. Introduction

Nanofiltration (NF) membrane can be employed in several applications. including
drinking water treatment, wastewater treatment and reclamation. as well as industrial
water treatment, to produce high water quality. NF process in drinking water treatment is
found 1o be very effective in removal of natural organic matters (NOM). as known as
disinfection by-product (DBP) precursors during chlorination process. The NF membrane
has also been applied to water softening due to rejection efficiency for manovalent and

Multivalent ions in hard water. A limitation in the use of NF process is potential of
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membrane fouling which significantly causes permeate fux decline. an increase of

operation cost, and a decrease of membrane liletime. The possible causes of NF

membrane fouling depend on various factors. for cxample, membrane properties

fecdwater characteristics. types ot solutes, and operating conditions. Of these NOM
containing in leedwater is found as a major loulant tor NF membrane (Seidel and
Elimelech, 2002 and Schaler et al. 1998),

Additionally, inorganic compounds cun be
responsible for flux decline. Hong and Elimelech (1997) found that an increase of NaCl
concentration or a presence of divalent cations increased membrane fouling. Alkaline
earth metal cations, lor example, calcium (Ca"y and magnesivm (Mg™') ions. led to more
fouling problems on membrane when combined with polyanions, such as carbonatc
(CO:™). sulphate (SO, and  phosphate (POs™)Y jons  (Dvdo et al.. 2003). Membrane
fouling characteristics were described by many rescarchers as pore blockage, pore
constriction, and cake formation (Hermia. 1982; Bowen ¢f «f..1Y9S; Field ¢t «f . 1995 and
Peng. ct al, 2004). However. the fouling charactenistics and mlluence of inorganic
scalants with NOM on NF membrance fouling are required more exploration to be a basis
of fouling prevention or membrane cleaning.

The objective of this study was to understand the intluence of inorganic scalants
and NOM on NF membrane fouling. Mathematical fouling models were used 1o
determine kinetics of membranc fouling and to describe fouling behaviors during

nanofiltraion.

2. Theory
2.1 Fouling models of dead-end operation

Hermia (1982) has developed mathematical louling models to explain permeate
Mux reduction in the dead-end operation during (iltration. These fouling models have
been used for further membranc research ficlds (i.c. Bowen ¢t «l. (1995); Field ¢t al.

(1995)). The mathematical fouling models bused on dead-end operation can be
illustrated as follows:

R R (N
ot

where ./, is the solution (permeate) flux. # is the rate constant or fouling cocfficient. t is
the operating period, # is the dimensionless tiltration constant: (1) cake formation model
corresponds to n = 0, (2) intermediate blocking model corresponds to n = 1, (3) pore

Constriction or standard blocking model corresponds to n = 1.5, and (4) complete pore
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blocking corresponds to n = 2.0. For a dead-end Operation. permeate flux caused by

crossflow velocity is not included in the mathematical fouling models.

2.2 Fouling models of crossflow operation

The difference between dead-end and crosstlow operation is caused by crosstlow
velocity on the membrane surface. For crossilow operation. the solution Nux (/)
associated with the back-transport mass transfer (i.c. crosstlow velocity) is corporated in
the fouling mechanism models. The mathematical models can be described in the

following equations.

2.2.1 Pore blocking model (or complete pore blocking mocdel)

The rate of change in the number of open pores is assumed to be proportional to

the rate of particle convection to the membrane surface.

o] . _ & . ‘-lm C'.I'm’i J
i n,

(S ~J) = —k (J =J) (2)

where a4 is the pore blocking efficiency. Ci.u is the concentration in the bulk solution.
A, is the membrane area. J, is the initial solution flux. ./~ is solution flux associated with

the back-transport mass transfer. », is the initial number of pores. and 4, is the kinetic

rate for the pore blocking model (min™").

The rate of change in the pore volume is assumed to relate to the rate of particle

convection to the membrane surface.

2. A Cond ) s .
S Sy LYW Y S Sy L0 W L W€ )
ot nr;o

L]

where a... is the standard pore block etficiency. r, is initial pore radius of membrane.

0.5

: . . .. - e T R
and %, is the kinetic rate for the pore constriction model (LMH™".min 'or m™ ".min

B.S) )

2.2.3 Intermediate blocking model
The rate of change in the cake thickness (limit on the membrane surface) is
assumed to relate with the rate of particle convection to the membrane surface.
tl/, R

= - ! ‘-—JD = —k‘..l‘(.,l,—-].) (4)
o (R, +R)-&, Au Conse] L, )




where & is the depth of the particle cake (m), R,, is the resistance ot the membrane 1m

R, is the resistance of the cake (m™). and 4 s the kinetic rate tor the intermediite

blocking model (LMH ™ .min™' or m™").
2.2.4 Cuake formation modcel
The hydraulic resistance caused by the particle cake is assumed o be proportional
to the cake mass, m, 44,
g, a ..C

- _ ks J:J - JY= & F -1
- " HJ _ Ky G =) 5

where, d.... 1S the specific resistance of cake layer (m.myg), and &, is the kimetic rate for

the cake formation model (LM H™2.min™" or min/m-).

3. Experimental
3.1 Inorganic Scalants

Inorganic scalants used in this study were NaCl. CaCl:. CaCOi. CayPQ.):
CaS04.2H20, and MgSO0,.7H-O. Solutions having inorganic scalants were prepared tor
ionic strengths of 0.01 M and 0.05 M. Conductivity meter was used to measure

conductivity for feed solutions and samples duriny filtration.

3.2 Natural Organic Matter

Natural organic matter (NOM). obtained from surfuace water reservoir at Libon
Ralchathani’s  University. Thailand. was isoluted by field reverse osmosis (ROQ)
membrane. This method was previously studied by Sun er afl. (1995) and Serkiz and
Perdue (1990). The concentrated NOM after RO isolation were prepared about 10 mg L

NOM and pH of 7 for all filtration experiments.

3.3 Nanofiltration Membrane

Nanofiltration thin-lilm membrane (TFM). obtained from GE Osmonics. Inc.. was
used to determine system performance under crossilow operation system.  This
membrane has a model number of HL 2540F1072 (scries 7933937). According tu the
manufacturer’s information, the membrane has a molecular weight cutof? (MWCO) of
150-300 Da, determined with uncharged organic molecules (i.c. glucose and sucrose
tompounds). The operating pH condition is in the runge of 3.0 - 9.0 while the cleaning

PH condition is in the range of 1.0-10.0. This membrane has relatively low for chlorine



resistance about 0.1 ppm. The maximum operating temper

are ix abouy S
Nanofiltration membrane sheets were stored m ",

NaS:0cand kept m 4 C 1o mumninee
bacterial activities.

3.4 Crossflow Bench-Scale Test Cell

Figure 1 shows the schematic diagram ol crosstlow bench-scale test cell wan

recycle loap. This system was previously studicd by Kilduff et al. 2004)  This sastem

consists of a stainless steel test cell (SEPA. Osmonics) that houses a4 osimgle membrane

sheet of 0.014 m* with a maximum operating pressure of 1,000 pst. A high-pressure

Pressunzed membrane
by hydrauh¢ hand pump
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Figure | Schematic Diagram of Crossflow Bench-Scale Test Cell

stainless steel piston feed pump (30 mL/min @ 3.000 psi, Eldex. modei CC-100-5-4 (No
19351), Napa, CA, USA) was used for membrane operating pressures while a ngh

capacily booster recycle pump (Gear pump: Model 75211-35 Cole-Parmer Instrument.

Co.. Vernon Hills, IL. USA) was used to adjust a high crosstlow yciocity m the reexvle
loop. Hydraulic hand pump was used to hold the system pressure at the op ot bench-
scale test cell. Mesh feed spacer was used to create hvdrodvnamic flow condiions
similar 10 that employed in full-scale spiral-wound clements.  Inlet temperature was
pproximately 25 “C. Recovery was operated at 85", during filtration cxperunents, and
crosstlow velocity of 0.1 nvs. similar to that of full-scale membrane (Allgeier and

Summers, 1995). corresponding to a flowrate of 530 mL.min in the recyvele loop



3.5 Fitration Experiments

Membrane sheets were initially rinsed with cleaned DI wuter and then \ransferred
to the bench scale test cell. The membrane sheets were then cleaned with citric acid
solution ol pH 3-4, and followed with sodium hydroxide solution ot PH 10 Tor 20-min
each. The system was rinsed with cleaned DI water and was subsequently tested for 30-
min membrane compaction with initial water flux ot 45 LMH (Lm “h '), Clean water
fux. J. was subsequently determined before NOM solution was used to the system.

Prior to filtration experiments, NOM solution was initiully used to tlush the
crossflow bench-scale system. The piston feed pump was subsequently used to adjust an
initial solution fux about 45 LMH and water recovery of 85% (Q,/Q), = 0.85). The
transmembrane pressure was initially recorded and kept constant during filtration
experiments. Permeate and retentate flow was periodically measured by using analytical
balance (Model BL-2200H, Shimadzu, Japan) in order to determine solution flux and
recovery throughout filtration experiments. Permeate and rctentate samples were
collected to determine total organic carbon (TOC) und conductivity rejection.  Afller
filtration termination (500 minutes), two steps ol cleaning were performed; lirstly, a
hydrodynamic cleaning, and secondly., a chemical cleaning. For hydrodynamic cleaning,
DI water was used to recirculate in the recyele loop for 30 minutes with increasing
crossflow velocity of 0.25 nvs, higher than the velocity of operation.  Afler the cleaning,
clean water flux was determined with operating pressures.  For chemical cleaning. DI
water with pH of 10 (using NaOH) and tollowed with pH of 3 (using HCI. was used 10
recirculate the system for 30-min each. Clean DI water was flushed to clean the system

and water flux associated with operating pressures was then determined.

4. Results and Discussion
4.1 Influence of Monovalent and Divalent Cations on Solution Flux

Mono- and di-valent cations can cause fouling effects on nanoliltration membrane
(Hong and Elimelech, 1997; Schafer. et al. 1998). Figurc 2 presents the influence of
monovalent and divalent cations of chloride salts on solution Mux. Dot points were the
experimental data while solid lines were fitted with fouling models of crossflow
Operation. It was observed that monovalent (Na*) and divalent (Ca®") cations caused flux
reduction from 26.1% (L.S. NaCl of 0.01 M) to 35.2% (1.S CaCl; of 0.05 M). Solutions

Containing CaCl, showed greater flux decline than that containing NaCl. This linding



indicated that calcium ion has a marked effect on membrane fouliny. Similar resuls

were observed by Hong and Elimelech (1997) and Schafer. et al, (19981 For monos alent

cation, the experimental results were fitted with pore blocking model (at fow jome
- L w

strength of 0.01 M) while the results were followed with cake formation (at Wigh some
- .

strength of 0.05 M). This was possibly dominated by reduced charge repulsion betw cen
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Figure 2 Influence of monovalent and divalent inorganic scalants on solution flux

positively charged Na™ and negatively charged NOM. thus resulting an increase of NOM
accumulation on the membrane surface. However, an increase of ionic strength from
0.01 M 10 0.05 M can also decrease charge repulsion between positively charged Na™ and
negatively charged membrane. thus decreased conductivity rejection from 25.3% to
13.7%. This can possibly decrease double laver thickness on membrane matrix as
reported by Braghetta er al. (1997). For divalent cation. the effect of calcium ion and
NOM interaction could dominate solution flux decline on the membrane surface. 1t was
found that the rejection of conductivity increased from 24.4% to 38.2% with increasing
lonic strength from 0.01 M to 0.05 M.

Table 1 shows the model parameters from louling models for monovalent and
divalent cations. It was observed that the experimental data were relatively fitted with

cake formation model for calcium chloride solution (both low and high ion:c



Table | Model p

&I

arameters trom fouling models for monovalent and divalent inorganic scalants

Maogel Pore plocking Pora constncion In‘ermadiale Caka t
Parameter K . SSE ka g SSE . I5 SSE "o e SSE
Concenicakon (tin) 1 (LMH) Mm 7] (LMH) iy | (s i) | )
001 MNaCI 0245 | 323 | 53t | 098 | 302 | 57% | 45 | 205 | 541 | 108 % | sera
0.05 M NaCl 0355 | 331 | 3895 | 15 2 | sesa | 702 | 316 | 4008 | 15 | 305 | 3ee
001 M CaCl, 0337 05 6 406 141 2819 8925 9% 2886 7755 153 27 5955
005 M CaCl; U3 | 296 | 6716 | 144 | 279 | 3584 | ses | 202 | 7ame | 150 | 253 | seas

strength). These results were based on minimizing sum squared errors (SSEs) between

experimental data and estimated data from fouling modcls(Z(.l

Lkl
amendely — Jl'[m.-mm‘c.'dl ) ) "

However, the SSEs were not significantly diftferent tfor each fouling model.

4.2 Influence of Inorganic Scalants on Solution Fiux

Figurc 3 illustrates the influence of inorganic scalants on solution flux (1.S. = 0.01

M). Inorganic scalants used in this study were chloride (C17), carbonale (CO:%). sulphate

Solution flux (LMH)
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Figure 3 Influence of inorganic scalants on solution flux (1.S. = (.01 M)

(8041'). and phosphate (PO,*) with interaction with positively charged calcium ion. it

Was observed that solutions having different inorganic scalants exhibited different

Solution flux decline. Solution having phosphate species showed the greatest flux decline
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while solution having chloride species exhibited the least flux decline. The relanve flyx

declines (1- J/J_ ) were estimated about 33. 6%. U 3%, und 511, lor CI°, CO."

2- - : ) :
SOs™", and POy species. respectively. Based on mathematical fouling models. the

experimental data were relatively fitted with pore blocking mode! for all solutions having

COy™", SO, and PO, scalants. suggesting inorgamc scalants accumulated on the

membrane surface and/or pores. thus decreasing solution flux.

Table 2 shows model parameters from fouling models for inorganic scalants (1.S
= 0.0 M). For each mathematical fouling model. pore blocking model was litted well
with experimental data based on minimized SSEs for CO;*", SO,*". and PO, species.

Table 2 Model parameters from fouling models for inorganic scalants (1.S.=0.01 M)

Mogdal Pore biocking Pare gonstrichon inlermediale Cane formaken
Parameter ka J: SSE ks J SSE ke =) SSE L & $SE
Concaniration {1/h) (LMH]) 1m M| (LRH) (1rm) | qLramy tear ILRAHS
001 M CaCl; 0 337 305 6 306 141 289 #o2s G 96 286 7 765 153 27 5 655
001 M CaCOs 0307 272 2481 123 24 31 27 55 834 28 81 3306 216 26 36 38 26
001 M CaS0O, 031 259 8 386 152 24 88 13136 824 253 19 781 212 24 07 30424
001 M Cay(PO,); 0.212 199 86 92 135 2t 21 153 3 8 48 190 170 8 165 7 19 6% 2442

However, solution flux of phosphate species was not fitted well at the beginning of the
run, thus causing the highest SSEs when compared with other solutions. From the
solution flux decline, these results were possibly due 1o decreased membrane pores from
inorganic fouling on membrane surface/pores. thus reduced permeate volume. However.
this phenomena was not significantly affected with solution having calcium chloride,
possibly due to cake formation from Ca-NOM interaction dominated solution flux curve.
Figure 4 exhibits the influence of inorganic scalants on solution flux (L.S. = 0.05
M). Experimental results showed similar trend with low ionic strength of 0.01 M. From
this figure, it was obvious that solution having phosphate scalant showed the greatest flux
decline. The relative flux declines (1- J/J,) were estimated about 35.2%.. 41.6%.
43.9%. and 71.6% for CI". CO,™, SO, and PO, species, respectively. An increase of
onic strength from 0.01 M to 0.05 M increascd tlux decline from 51.1% to 71.6%. for

phosphate species. Table 3 shows model parameters from fouling models for inorganic
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Figure 4 Influence of inorganic scalants on solution flux (LS. = 0.05 M)

scalants (1.S. = 0.05 M).

relatively fitted well with the experimental data of CO:™", SO4™", und PO, species.

83

Based on minimized SSEs, the pore blocking model was

Table 3 Model parameters (rom fouling models for inorganic scalants (1.5.=0.05 M)

Model Paore blocking Pore constrchon mtermediate Cake lormation
Parameter ks i) SSE ke E SSE k, -l SSE Ky J SSE
Conceniration {1/ (LMH;} wmn' Y| LMH (tirmy | LAY (him7y | (LMH)
005 M CaCl- 0343 2086 6.716 144 279 8 G4 6 84 272 7 389 150 253 5645
005 M CaCo, 0 309 267 2709 127 2413 3113 822 26 3552 2239 259 41
005 M CaSO., 0.305 25.25 6979 132 228 9 285 8 46 251 2259 2233 24 91 3758
0.05 M Cay(PO.): 0.19 6 34 2847 113 6.74 59 94 76 807 145 1796 kXA 2795

This indicated that inorganic scalants showed significant effect on membrane fouling,

thus increased solution flux decline.

Solutions having phosphate species had greater

solution flux decline than those of other species. The solution flux (./") associated with

the back-transport mass transfer was approximately 0.34 LMH based on mathematical

pore blocking model while the solution fluxes (/') were about 26.7 and 25.25 LMH for

solutions having carbonate and sulphate species, respectively. This exhibited significant

differences between inorganic species on nanofiltration fouling. Figure 5 exhibited the
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Figure 5 The pC-pH diagram on calcium phosphate scalant (LS. = 0.05 M)

strength of 0.05 M and pH of 7. phosphate scalant showed higher concentrations ot
precipitated species than those of dissolved species. The precipitated species could be
CaHPQOy(s). Cas(PO4):OH(s). and Cax(PO.)s(s). which showed relatively  high
concentration. Ho“:ever. the concentrations ot these species were dependent on pH
value. From this figure. the precipitated species could be Cas(PO.):OHis) if the pH or
solution was greater than 9.5. The solubility product constants (K.;) were reported s

follows (Sawyer et al., 2003):

CuHPO,,, < Ca* + HPO; . K, = ixlo o
Cu,(PO,),OH,, = 5C&°° + 3PO] = QOH . K_ = S=lu

C‘“!(Po.q)h” = 3ICa> + 2["()‘?-; A--:- = =107

It was observed that the solubility products of phosphate species were relativel
low, thus indicating the capacity of phosphate precipitation on membrane surface. [t was

Noticed that solution flux curve was relatively fitted with pore blocking model for most
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divalent inorganic scalants. This Suggested that divalent inorganic scalants could form

lon  concentrations, thus suggesting a
precipitated fouling on membrane surface and/or pores,

precipitated species due 1o relatively high

thus decreasing permeate
volume.

4.3 Influcnce of Different Divalent In organic Scalants on Solution Flux
Figure 6 shows the influence of different divalent inorganic scalants on solution

Mux. Calcium and magnesium represents different divalent species which interact with
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Figure 6 Influence of divalent inorganic scalants on solution flux

sulphate inorganic scalants for both low and lugh ionic strengths. It wus observed that‘
solution flux curve of calcium species showed greater flux decline than that of
magnesium species for both low and high ionic strengths. An increase of ionic strel?gth
from 0.01 M to 0.05 M showed no significant eflect on solution flux for both calcium

- i . decli - J/ ) ium were
sulphate and magnesium sulphate. The relative 1lux declines (1- .//./, ) of calc

determined about 43%, and 43.9% for ionic strengths o 0.01 M and 0.05 M, respectively.
For mugnesium. the relative flux declines (|- Jf.J,) were estimated about 40.9% and
41.8%, for ionic strengths of 0.01 M and 0.05 M. respectively. Bascd on mathematical
fouling model., pore blocking model was relatively fitted with experimental data l"f)r both
inorganic species. Table 4 presents model parameters from fouling models for .dl.f' fe-rent
divalent inorganic scalants. It was observed that pore blocking model showed minimized

: ouli i onstriction,
SSEs compared with other mathematical fouling models (i.e. pore con



intermediate. and cake formation).
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The results indicate that precipitated species

dominated solution flux decline when compared with Ca-NOM interaction forming cake

Table 4 Model parameters trom fouling models for different div

alent inorganic sculants

Model Pare bl.ockmq Pare constrichon Intennadiate Cake lormatan
Parameter ha ! SSE ke ¥ SSE ke, I SSE ke . v
Concentration (1) (LAYH) imon e ) (LM (v L)
Q001 M CaSD, Q31 259 8 386 152 24 58 13 133 833 253 19 781 =12 2437 30423
001 M MgSO, 0194 2404 1307 083 2208 2766 468 2n 36 63 1038 1891 51 a-?
005 M CaS0, 0 305 2526 979 132 228 Q285 846 251 22 59 2232 24 3755
0 05 M Mg50, 0203 | 2398 | 1254 | o934 | 2231 | zaen 48 2183 | 3502 108 193 | soar

on membrane surface. Figure 7 presents the pC-pH diagram on caleium sulphate scalant.

For low ionic strength of V.01 M., precipitated species (CaSO4.2H2O(s) and CaSO; (s))

showed relativelv high concentrations on membrane surface.

It was possible that the

precipitated species (CaSQO4.2H-O(s) and CaSO, (s)) could cause membrane {ouling

corresponding to the mathematical touling model based on pore blocking model. This

sugpests a reduction of membrane pores, thus decreased permeate volume,

For high

ionic strength of 0.05 M. the precipitated spectes {(CaSO,(s)) could easily form due to

higher concentration than the CaSO..2H,O(s) species.

The different

forms of

precipitated species were possibly dependent on solubility-produ

reported that the solubility-product

ct constants. It was
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Figure 7 The pC-pH diagram on calcium sulphate scalant

constants of CaSQy, (Sawyer et al. 2003). CaS04.2H:0yy, (Drever, 1988). and CaSOuy

(Drever, 1988) were as follows (Sawyer et al.. 2003):



&7

CaSO,,, (Anhyvdrite) & Ca™ + SOF; K = 107

s

CaSO,-2H,0,,, (Gypsum) < Ca’* + SO + 2H.O0: K
- af

Ca® + SO o CuSO;,, . K = 10°¥

It was observed that the solubility-product constants of CaSQ,,,, and CaS0,.2H.0
i were relatively low about 1077 und 107 *, respectively. The dissolved CaSOuq)
species had relatively high solubility-product constant (about 10°-*). This suggests that
the precipitated species could be casily formed when compared with the dissolved CaSQ,
wp Species.  For low ionic strength of 0.01 M, the precipitated CaSQ..2H>0,,, species
could be easily formed based on high concentration in the pC-pH diagram while the
precipitated CaSO.,,, could dominate on membrane surtace for high ionic strength ot 0.05
M.

Figufe 8 presents the pC-pH diagram on magnesium sulphate scalant. For low
ionic strength of 0.01 M and pH 7. dissolved magnesium species (Mg™™) had higher
concentration than precipitated species (i.e. Epsomite (MgS04.7H20,)) and Mg(OH)z,)).
However, the precipitated magnesium species of Mg(OH)xs, had higher concentration
than that of Epsomite (MgSOs.7H>0,s) when pH was greater than 9. For high ionic
strength of 0.05 M. the concentrations of dissolved magnesium (Mg2+). Mg(OH)z). and
epsomite (MgSO0,.7H,0,)) were not significantly different when pH was about 7.
However, at high ionic strength of 0.05 M. the precipitated species of MgSO..7H,0,.,
showed greater concentration than that of low ionic strength of 0.01 M but solution flux
curves of low and high ionic strength exhibited no significant difference. The

experimental results suggested that precipitated species of Mg80..7H:O;) could be
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Figure 8 The pC-pH diagram on magnesium sulphate scalant

formed on the membrane surface becausc the experimental data were relatively fitted
well with pore blocking model. However. the precipitated magnesium species showed no

significant effect on solution flux and presented less solution flux decline than the

precipitated calcium.

5. Conclusions

The influence of inorganic scalants and NOM on NF fouling was dependent on
number of ion valency (monovalent and divalent cations), types of inorganic scalants
(chloride, carbonate, sulphate, and phosphate) and different divalent inorganic scalants
(calcium and magnesium). Mathematical fouling modcls were successfully used to
determine kinetics and fouling mechanisms on the NF niembrane surface. For chloride
inorganic scalant, solution flux curve of divalent cation (Ca™) showed greater flux
decline than that of monovalent cation (Na~). For divalent cation. experimental data were
relatively fitted well with cake formation model while experimental results dominated
cake formation model for monovalent cation (Na") with high ionic strength ot 0.05 M.
This was possibly caused by reduced charged repulsion between positive charges (Na”
and/or Ca®") and negatively charged NOM, thus increasing NOM mass accumulation on
the membrane surface. For carbonate, sulphate, and phosphate scalants. pore blocking
model dominated solution flux curve, suggesting precipitated species accumulated on
membrane surface and/or pores, thus decreased solution flux. Phosphate scalant showed
greater flux decline than sulfate and carbonate scalants for both low and high jonic

strength, suggesting easily formed a precipitated phosphate scalant on the membrane

14
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surface and /or pores. The precipitated phosphate species would be CaHPO,(s), Cas(PO,)
yOH(s). and Cax(PO4)a(s). which showed relatively high concentration based on the pC-

pH diagram of calcium phosphate scalant. For dilferent divalent inorganic scalants

(calcium and magnesium). calcium showed greater flux decline than magnesium,

possibly due to higher concentration of precipitated calcium species than that of

precipitated magnesium species based on the pC-pH diagram.
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