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Influence of inorganic compounds on nanofiltration membrane fouling
with Al hydrolysis products
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Abstract
Nanofiltration was performed with polyaluminium chloride solutions at different pH conditions to understand effects of inorganic
compounds on aluminum hydrolysis products, i.e., three distinctive groups of aluminum species: polymeric Al at low pH; Al(OH)3
at neutral pH; and Al(OH)4~ at high pH. The PACI solution was prepared to be approximately 4.0mM and adjusted to the designated
pH. The influence of inorganic compounds on Al species fouling was investigated with 4.9mM CaCl, and 3.5mM MgSO4 because
Ca?*, Mg®, CI™, SO are the most common inorganics in the drinking water. NF membrane fouling was measured by flux decline
rate. The impact of CaCls, was not significant on the individual Al hydrolysis products fouling. However, the flux decline rate was
drastically changed in the presence of MgSQ,4. The concentration of particulate matters was considerably increased possibly due
to interaction between Al species and SO,°~ where MgSO, was introduced. The particulates were accumulated on the membrane
and enhanced the hydraulic resistance of the cake layer. In addition, conductivity removal of the membrane was decreased when
Al—hydroxide was dominant due to reduction of membrane surface charge. The rejection of Ca**and Mg2+ were considerably
different, which implys that composition of inorganics paly a role on conductivity removal.

Key words : Nanofiltration, Fouling, Al—species, CaCl>, MgSQOs, salt rejection
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1. B 2 AAZ 4 Jrt(Nghiem and Sch  fer, 2005). H]Z
AFE vF 7= 5ol HHEk FEE el EAHA]

oy 7}t (nanofiltration, NF) 5742 Ao & g 7 AR 2 QA YellA 73 AEA 0w §A4E A
Ask= JlEvAl ZelEA (endocrine  disrupting FrallIAtE 288 7hsAdo] - w2 EZo)7] whitel

compounds, EDCs), ¢Fer4 &4 &4 (pharmaceutically
active compounds, PhACs) 2 7§¢1342]-8-3 (personal
care products, PCPs) 53 & v|& f7]|&58 @38 o

=0

2 F71E2] Aojof st Bilo] nxH I e AEo]
(Yoon &, 2006). =Uj2] =2 FAlelA F
0] Yojzpe ols) a4 o R Aojd Ay BaE
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vl ItH(Kim 5, 2007a). Wizo #heke thr} o] 2] A4
o] wom, FuAFEHAET 4 g ) AolE=
et FHANE GFH(reverse osmosis, RO) 3740l
Hjato] AjA o g v Fade (HuA]) 9 H& vF
S 18 4 lohKilduff 5, 2004, Lin 5, 2006,
Tang 5, 2007, Wang &, 2009). whzbr] #* ?ﬂ?ﬂ 7]
ol wilo] FEH I Sl mF f71% Alo] 2 & Ao]
ol st A2 tiebey o' A vimofahut A o] &g
=1R=s ]_ l-:o]—?(] o7 ;\].35]1;].

teojzlul ZAE A g5l QlojA] Aol EAsHE A}
?A+71% (natural organic matter, NOM) % FZo|==
A (colloid matter) 5 o132 @ ¢1& A7) = AR
QA QAR Zrgsitt o9} e e AEHS AAT Y, Y
ol 39 AT S B flste] A4
sk Ax T 2L wiAE d5Aolet & 4 gtk & 4

AL ARAA7E U FEOITEALL AAE 70T

>4

-

oL, AR oI, A& S8 5 917] o] ol
270 AAe AL Bgol TPtk i, $4 1
25184 WAk E5o) ofsleh AME A felw

WAE7] flske] FA B AbPdols} o] A&

U_IZi_Erkﬂrlrr}Ol—‘.‘i-h
g 2

2 ghelolah) ZA o) Axe) A TN /Tt edS
£ v SAHESE AF TG sk, = A
1 Aol 3 A, o Aol 348 AstEe @
AL AR At Lee 5, 2000, Jung 5, 2006,

Kimura 5, 2008). t-%°], Htolle vioj gt Ao
A = %@%%Oﬂ o]t vt o1 wjw|g ojeka 4
st SHEFS] 717 vheol#ute] 3=l vlste]
A53] A7) Wil =1 Soll oF Heds 9 ¢
71 mZolgkaL Al]kakltt (Listiarini &, 2009).
SR/ 3L 4 T e GFulF (ALY 7]uke)
SHAE g}, Hole nEA A% dFulE 33
A (polyaluminum chloride, PACl 5)7} 7]1&2] &9 $4
AE Azt HE5of 85T Q= FAolt) shA| T
gﬁ/ig} Sl EFulgo] AHsHA elEA k3t A
_Q__J_/K‘],] E OLE ]L‘_Q_ 01"7].\31- A]/\qi (SNe] E]
Utk G&o] aitAl dFulE SAAL A gl ]0}
o] SaErt AdTA o R B wiitel A ¢ vliE 8

AT BETF SRS 2L AN sh= heol s}
Aol Tig 2 el RPAel 9] e
01‘— /\]— ]1:].

ays wes SWBH WA B0 A
NF/ROU AelA] 58514 oFe g

A5 Aol 215k Bl
g% Ak A AFAE) o8l wad u Qv

(Schrader &, 2005, Gabelich %, 2006, Kim %5, 2007b,
Park %, 2007, Ohno %, 2010). Schrader % (2005)&
A2 %/\O]—Q—%Ei DH 8.0L.% frAlato] &d &3 Al
o &gt AAEE 5 wojrbek FAgeA] ek 3
X—]Q i]xﬁg( ,% 1_& ] 943}0;] o;]jll_u]. ﬁtqg] 755']'7]'
FHasgloel et o] A &) Ak T g ARSI
Gabelich 5 (2006)2 952] Aol F%7t 2+ pH

6.7 2 pH 7.99 A% WF et U A Ro] Fade

BESIAT, o] 1, B2 Bl I3 o v
of eHrls AelelE7k WEE ) vheolsiute] 1)
o) BN SAAT AR AP ARATIE T2 ©

484 39 YL WHLKim 5, 2007, Park 5,
2007), ¥1% SHE FE (o} 30u/L) 2 FIHT seiehe
SRERN skl 49 5 98-S 13 Ohno 5,

28 A8 AFAREe] Byt Avfel| wpEd, dF s
ke o] A EEksl do] Qltt Gabelich 5 (2006) 9]
Hugh dFuy AgAlolE Btedle Ae dFvid
(AI(OH)4 Yol XujAQl =& pHolA I W3 AZE A
QFetely, Schrader & (2005) &Ful&
(AI(OH)s)O] AeA R F/32] p
£o] At Hasleh 1y &Frlgel 2% vhedd
‘l‘ﬁ‘bﬂ'z—] z3of| wh} Aol gt

Z=A )}

ZFol EAH: FuES T2 FAhol2
[E}E]r TR, g 9 e T A e
2 3Pt 7hsett 53, 0434‘1} EHAAM =
}Oﬂo]i(OH o] A=
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S5 8t Al-S0; B Aliz—S04~ ¢ 22 2849 A
52 A 4 At Driscoll, 1989, Pernitsky and
Edzwald, 2003).

A 7 AFeMe S3/E3 78S A
Sl Hmo] et B el HL@ 7Fet 4Fu ]L
2o gt FEHS 4
AT A A

CaClz % MgSO4 7 714 Rej2] ol 24& 833l
o} olat Y5 eHEakeS W A EE Bt W7t
sisick

2. M5 ¥ U4

AN $A-olst Ae B3 713
S Aake) WS s glete] & dArelNE
MRS RA $E5E Gealolth DA BAT #7112
o g L AR 5= glom, P oF 40mg/l FE)
D5 73 Q7] wliEell PACL 59 Al F40)2s
ool 1 ity S5150) 2 3 vhesdel Z3he 2
= ) yasly delzoz ¥

Table 1. Tap water quality of the laboratory in Konkuk University

22 &0l r3tE 22 ¥ 3EYGe =
A SHAR Seld AlxEe] g3t 17%
polyaluminum chloride (PACI, Yun Hap Chemical Ind.
Co., Ltd., Commercial grade, Korea)E A&t}
AP FEE 106,194 (7,969) mg/L 2 B2 E Qi) L3,
Az AL AN AErEe]  w=d
45-60%, FAtole(S0,7) 9] EHrg2 ok 3.5% ©lat Q
Ao SRIFgth, Al S5k Hel 9§ Shole
$EE A slete] Rl SHAES A,
4mM Al €] th3ted 1M NaOH (SHOWA, Japan) &
918 5 pH7} 43} 2 v 915 NaOHS| 519} pH
2 J1Zsdeh @ Age 538 A9E wgow
[OHI/[AIl S AXkstel BH o sh= dhnly 5512l
]Hﬂﬁo Z70)4 8] pHE AAT 4= 9ot dFu)E &
2 sodlel o gAY IS BB 3]
CaCly»2H,0 (SHOWA, Japan) £ MgSO4+7H.0 (SHOWA,
Japan) & 2853t} @rel A8 AloF 4l kol e 5
=E Table 20l F]ataiet. oFol& 4 Aloll&= H45 %
2 AZxH A8E 0.45¢m HE (PP, Whatman, UK) 2 ¢
Heto] g o] 25 HAIGIT & Aol &8 B4 A
H] 9 A|ZAH= Table 33} Tt

od7|p= ok

i

23 tioimat M

B oo #F8¥ 92 polypiperazine—amide
thin—film composite (TFC) 224 (NF, Dow—Filmtec,
USA), AlZAFEFE AES Algwol 190cm X 140cm=
Adste] Abgstolch FEuEA2 0.014m”] k. NFu}

Parameters Unit Concentrations
Temperature °C 22.3+0.7°
Turbidity NTU 0.049
pH - 7.26
Alkalinity mg/L as CaCOs 40.0+1.0°
Hardness mg/L as CaCOs; 545

ca” mg/L 14.0+0.5%
Mg™ mg/L 3.7+0.5°
AP mg/L 0.035
TDS mg/L 110.3
Conductivity LS/em 156.5+4.0°

& Source: measured in this study
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Table 2. Concentration of chemicals applied to prepare feed water
Chemicals Concentration Target concentration
in feed water
17% PACI 107.9mg/L 40mM as AP
MgSOy + 7H.0 290g/L 35mM as Mg*
CaCl, - 2H,0 350g/L 49mM as Ca’*
Table 3. Major instruments used in the experiments
Parameters Instruments/Manufacturer
pH 410°A pH meter/Thermo Electron Corporation, USA
Turbidity 2100N turbimeter/Hach, USA
Conductivity 3100 Conductivity Instruments/YSI Incorporated, USA
Cation Atomic Absorption Spectrometer
JAAB501F, Shimadzu, ,Japan
A2~ Fig, 1ol =218l vpgl o] crossflow =2 3, Zap 2l A
N, EHSE AF2R MEEA Qo A uE A A
"\E“O]dr. B el 2RE (Sepa—CF cell, Osmonics, 31 LRolE 3312 22|2 95t pH 23X
USA) el gz Adlo|XE s & usEx= UFugE T3k e tidt e JEFE At
(Wanner engineering, USA)E ©o]&38te] wHiakst 7] 25t BA o7 = otnly S=3kEo] XujAel A
(Trans—membrane pressure, TMP)< 2F 490kPa (2F 07 ALE 2ASE Fo] Qs AZolA] uksl nle}
490kPa) 2 fA]3t0] o eh= oo} o}, ey} o] dFnly 3 pH 224l 93l dto] 7hsshH,
THL HAAAE (AND, Cole—Parmer International, IL,
USA)& o]&3to] Aztem S74siglon, exiaiete] 4
% pressure transmitter (Cole—Parmer International,
USA) 2 dHoleldd =23 (Labview, National
Instruments, USA) & ©]&€35l] A85 SH3FIT NFT
o) 54 91 o]3hA8e] $271S Table 40] Helshe]
A8
Chemicals
Tap water Bypass Membrane cell i% 2
Feed
reservoir &; 0 T T T T
pump . 0 1 2 3 4 5
OH/Al

Concentrate Permeate

Figure 1. NF membrane system in this study
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Figure 2. Variation of pH of 4mM Al solution with dosing 1 M
NaOH
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Table 4. NF membrane characteristics and operating conditions

NF membrane characteristics®

Materials Polypiperazine amide TFC

Isoelectric point Near pH 4.0
Surface charge about -25mV at pH 6.8
43.3nm
51.7°

83.0% as NaCl,

Roughness
Contact angle

Salt rejection

Operating conditions
Tap water flowrate 1L/min
Chemical injection rate 3mL/min
Feed water flowrate 500mL/min
TMPs 490kPa
Cross flow velocity 0.9m/s
Initial flux 28.75+3.8LMH

2 source: Vrilenhoek S (2001)

Table 5. Determination of pH of feed water to transform aluminum hydrolysis product

17% PACI concentration Dominant
(mg/L) pH G aluminum hydrolysis products
4.3-6.0 0.3-27 polymeric Al
107.9 7.7-93 3.0-33 Al-hydroxide
9.3-10.6 3.3-4.0 Aluminate ion

H ATeM s A S EFrEe] v (OH/AD & A=
afo] HA o= k= i ko] Al pHYE$1E
EEsto] gt 759 ¢FvES OH/AIR
0.3-2.72] W]l A 2] &=Fn)55 (polymeric Al)
o] ¥4I, 3.0-3.3 HHMAN LFrlE FASE
(Al-hydroxide)©] #/d¥t}(Zelazny and Jardine,
1989). <114k (aluminate ion) ©fl thall A= AFHA
dgtont, dnlakgde] AIOH), & 450 = Ao
2 u]FolE uw OH/AIZ ©F 3.3—4.0 F-ToflA A|ujz ¢l
F3EE EAT Aot} & AgelA] &85 PACIA 1.0
M NaOHE 0.1mLE Z7}ate] A= OH/AlY] A=
Fig. 20l Yehlglon, ¢dFuly 73 J49& fg d
o] pH %718 Table 5 A|AFITh

32 Lhcofmhet figA A

heofsh %] #88 950) e $HE sl
Table 61 AT A9 2412 Falo] 2 Qo]
H Ao s A akEe] A
= S gerskaudt stsick 959 pHE 247} 7.
10.0 ¥-20= 2787] $8ko] NaOH 81.8+15.8¢/L 4
140.5+29.2g/LE 3ml/min®] 302 o] 18]
PR FYSH

o

A

B4 9] 5= 0.23NTUR #4590, MgS0,7}
et o] 57} 156NTUR F23-S 19l

L A EFuEY S8 WEs] sl dA7t
AT Pernitsky 2 Edzwald (2003)©] A|A|3F 439}
AFo] HES u], MgSO,E YT A9 & AFolHE 1
B GfolEI} SO,7 9] Hhso R B8A0) FAE
o] FAHX R oF ek

UFulg FARLE 9 ARG o] A4l A
5 CaClye] 7€ 459 nlugls wf MgSO7F 4=
3¢ B w57 72 1.6WH(33.0NTU) 42 2.84H)
(33.2NTU) 7k Aoz #AHQ ) Aty oz 4=
vl FekE oA ¢F v RS Al9)s 1EAd
AFug 9 GFUAEE 750l 5] o]2FHE &
Agtet, AN CaCle W MgS040] A48 745 43571
S-S Eoto] YAV £49) Edo] 7HshEs HojTe A

ol
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Table 6. Characteristics of feed water used in NF membrane experiments

Target ion AR Ca® Al Mg | AR ca® Al Mg | AR ca® Al Mg°
Concentration (mM) 40 49 35 35 | 40 49 35 35 | 40 49 35 35
Dominant Al species polymeric Al Al-hydroxide aluminate ion

pH 45 48 75 75 95 9.3
Temperature (°C) 18.2 18.0 17.7 17.8 171 18.0
Turbidity (NTU) 0.23 156.0 20.1 33.0 12.0 33.2
Conductivity (uS/cm) 1620.5 869.0 1581.0 1017.0 1779.0 931.0
2 as 17% polyaluminum chloride, % as CaCl, - 2H,0, & MgSO; - 7H0
33 ¢Fo|E Ti=1 SEH HSEN 6 25
Guy 3h5o] ol o] &3} WHgEle] AARS FA S| @ mAl mca Tubidi
SR 27 S8l hgo) ARl 2ol Ao e z - 20
44 0;01%94 FEAEE LA CaClrt 353k ERl 15
749 A7) Fig.3a) oH WM, Az 2402 sl 23] =
150 17 3.97mMo) 18LmM ¥ 249 g ] 10~
Rsfalgitt. ol Ak o w A AFulEe] Gy £
¥ ABHE W RRkielo R Aas W Uehie ade] O 11 >
ol 23 7]EL] AFA A dFulE GkslEe] A H) 0 - -0
A9l $4 pH oM g0l A = B L7 6 — 71 250
S Sk 0oemMe BAAGENE 9 A4 g [O ma me ey
2010). ¥ Aeld £ Avts) nlmal 2 v FEo] Z i
EAT AS S0l AR Age] 2ok W A EN - 150
o= ekt w3 Ca¥' Y Bk HAEEY A fAL E3 =
AW 2107 Mol Ca¥* e Al $48HES] FAo o 5, - 100
& 7bshs A} ohd oy = .
el AMAY LU peliel ik © 1
2.49mM=EA A o7 Pul dFu)E S Hlste] WA 0 - - 0

EAgglon, ol Ca**e %E FoF 1.14mM A7+= 3
o 12.0NTUS] o] BTt CaCly £ Al &%
v AR dEnlalgd o 7 B9kEA Mk u}
2} dFulg Tt U BAE T Gl ks e
o HAHEo] A7 Zow FAvhy

dFulgE FoE FAof dist %L?é" &> MgSO,
T8 Al 8% =gstA JeERth(Fig.3b). Hx dFvlE
TEE 3.5mME 2D 1A GFelge] Al
z704 MgSOs 74 Al €77 5% 0.92mM=
A7) o] W Mg™ 9] vt Hx BHow Pd Fi
S SAbE SA3mME B4 A 9ke W TR
ok2n)Fo] SO, 9 WS 8ol 156NTUS) %

Polymeric Al Al-hydroxide Aluminateion

Dominant Al species

Figure 3. Variation in dissolved cation and particulate matter
concentration at different aluminum hydrolysis product
conditions

N
Q
[} d':-‘z
(AL
i
i)
i
)
u
2
5
N
=
-0,

CaCl,Z FY3d Az}l §Alsk

=
%E% sk HO] A skt %L—Er
1.

63mM 2 33NTUZA
O]—E U] 1 b:T: 7]_ q

AL 50,779 gkl 493 gt Sds

qAkglo] AAel A9 R0l

%7} 0.37mM
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Figure 4. Membrane flux decline of aluminum hydrolysis product
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CaClyt= &Fn)F F4HE 9 dakde] 48 ¢
A s Q4% 2EIAT, o9 T2 Nk AAE U
ol¥} vk sle] ol dial uw|Pu AoE ghakwct

G FokE wesdel gk 3= Y MgSO,
2 Y S u g sk vehd 2E E1E 4= 919l
o). Fig. 52 d3joflA B, 182 S-Fu|ge o3t 5
Fuprakl %70 tha 9kt AZEES Kot} o
y}eFo] oF 560mLo] = AIAFE #2435 AES Hel
o}k 28y MgSOs5 FYHES 49 o275 H 343}
Al e Ego] A7 = Qo wRke] oF 560mLo] ¥
v ARelA olr] 27] uhEaare] oF 45%7F A8

Oerpating durations (min)
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12 | | | | |
£1.0 Jn

e
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o
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204 - AAAA by
2 OPolymeric Al
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00 AWith IVIIg : :
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Figure 5. Comparison of normalized specific flux decline by the
polymeric Al in presence of CaCl, and MgSQOx

A2719) PRI ARAYIE g, F 4

)
A=}
APy il 99 soglo] F40

HREA] dFulEo] AujEQl 2AelA MgSOs 9 Al
Az B4 Q) w7} 156NTUZHA 3438]) Z271ES Bgl
I U2 AgeE MgSOE umaoa CaS0.Z 4]
= Aol %_TJ Edo] 20INTUZH] w532 22l
3] p_Tb]au\:q 7300]]/\1;43 ULEJJ_/\
F ALEA= & Oéfz,k—% 7ValA] ekoktth uhehA, a1 EAHI
o) g o g 63*41?40% ugHe F2d

& Mg™ o] ZAE 3¢

20% @E—J Ll}-lzr &5 ALES ReloH, 9% =
oAl b2 3ET vl B wf oF 40% }%k w7k
t}. Schrader % (2005) 2] 1A x}e] wh=, ‘314&2'301

F29 g0l AkeES
Ao 52 Rareks 0D acﬁ Ak
w3l Listiarini S (2009) & S Z2(Z, dFu|F —/F
sH2)o0] theolzhel o olef wlu|d Jakg /18 Aow ¥
watel, g31-thelsth Fele] sfolHe = AXEE A
3k u} Qirk thil 7)E9] meteiniuk A AEloA g B4
H3 g 7hha of3) 2ol M B Sl g 3R

o3 ool 1
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Operating durations (min)
0 200 400 600 800 1000
1 A 2 | | | |

é 1O %%Oo
O
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=
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o OAl-hydroxide LN
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0.0 A With Nllg ‘ |
0 500 1000 1500 2000

Permeate volume (mL)

Figure 6. Comparison of normalized specific flux decline by the
Al-hydroxide in presence of Ca and Mg

oja el thal ARy B9 A GFo) WA 5
W) ] B4 WEZ AL Lheolzh A2uelA F
Q14 ofs} £7l0] YA slofof & AT BEH A}
frashl 289 2o ARE: Holtk

B%ol, Lhzols} BERab ] ik i ALk
o] 9= YT MgS0s 741 7I0he 5 glrk st

£ 1513tk Fig. 64 XH, MgSO, ¢ Al 972
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