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1.1 Iet#

SEH ] RO JiESh 2 [ B [ 24 7] LC-LE4040 %1
S 52 4 1, Na B0 BH B 7 52 e W Jlig (Y5
001x7, BERAY) Wy A A= T AW TAE (B e A
FRAT . BT (BRIFEK A1) ¥R 25 8 17K e
il EGRE  AT AE 0 o R pH B T Tmol/
L %) HC1 5§ NaOH 377,

1.2 jKELH

ABIRFEIF KA B 5 A W ] 245 4l R K SR

TAHE AL T AR IR EEDTIE + A/0 + MBR HK,

HoKFEF§Fra0 R :pH,7 ~8;COD,30 ~40 mg/L;
NH,-N,0. 1 ~0.3 mg/L; TP,0.1 ~0. 2 mg/L;
TDS,400 ~ 500 mg/L; Ca**, 80 ~ 90 mg/L; Al,
1.2 ~2.0 mg/L,

AN[F] Cas/Al L HeE K B BCHRI 25 R L2 1. (1)
TRASARER K R K K 2 D20 x 500 mm BH 5
A HAR AT 2B 7K rh S B 1, A S s 4k
K Ca (AL YREE; (2) IR S 45K - FEKFE (1)
PINIE AR AR , 78/ fiH 30 min, §E 2 h 545
DI AT R BE 5 (3) i % 40 K« 78 Sk 4 m
EEGLIRGE , A e 30 min, FHE 2 h JE A
AL TR EE

&1 HKHFE Cafl Al WRERE

Tab.1 Mass concentration of Ca and Al contained in the influent

HEIR 5 Ca it ¥e B2 Al TR Ca/Al FE/R
Types of the influent Ca mass concentration/(mg/L) Al mass concentration/ ( mg/L) Molar ratio of Ca to Al
IG5 K4S Low Ca low Al 12.1£0.2 1.61 £0.12 =~5:1
K45 =148 Low Ca high Al 12.1+0.2 8.02 £0.15 ~1:1
548 High Ca high Al 85.3+0.3 8.02 £0.15 =~7:1

TE - R PR I S REUECH KRS S B bR 22 o

Notes: Data in the table are the mean and standard deviation after measuring 5 batches of prepared water samples.

1.3 FESEIE

JEETS e S e A B 1 TR OB 5 R ge bk
17, RBEFREHANFR AR 75 mm, FEK 042 15
mm, #K T4E 10 mm, P=/K 1T4% 15 mm, SEKH]
XF RO JRETiAL B R 58 5 #R BT i FL A 75 mm )
B f, 765 B KR 24 h, i@47EE, e &
B KIZAT 2 b fd e Bk B AR E IR A, PRl
ANSEES Ko SE 5 i B P OK R AR E AR (35
1) C AR R AR 760 kPa'

A
J —
Aty 6 : 8
5 1=
L (o] L) | I —IJ
PANE AN PANE AN B A |
1 2 3 4

A ORI B UK 1 JFUKAR; 2. BRI ESE; 3. &
JE s 4. R 5. i 6. A 7 KR 8. W
7,

A . Concentrated water reflux; B. Raw water reflux; 1. Raw water
tank; 2. Regulated booster pump; 3. High-pressure pump;
4. Electronic balance; 5. Flow meter; 6. Membrane assembly;
7. Pressure gauge; 8. Valve.

1 IRKETEE
Fig.1 Experimental set-up

i e (J) AT
J=AV/At (1)
KA AV B BRI, Ly A 0 A 2L
B m? ¢ Sy ad YRR ] b
1.4 [RE%RZE

A2 Uk 23 R AT BRI (pH = 4. 0) i1 2
mmol/L NaOH-EDTA J& ¥ (pH = 11. 0) X} 5 YL
Fr AT A2 i e o VR BT e R A
100 mL JE R, B T Uk 30 min, JCHS
JE R EEFKpE. 24 h g, 403 o A B R TE S
MBSO VER S Rk . AT T g
M R ek AT He s oA 1 035 kPa,30 min 7K J o
eI 7K I 355 BE ek F5 ) FEE &, oK g AT R
Y R IKITE BRI I 7 &4k vk s, W E
R 1 B A T3 5 Y R, 5 8L 7K T
EEIE VRS AT AR SR ) s i A AT iy 5 4L R,
DI B 3 RS YL i SR BT S YL R, .

R(%) =R +R,. +R, (2)
1.5 SiA*

KRR H G B 13 B2 ) EDTA i o 125005 , 2
Ay R B R s AN 6ot A
B TR I 3 e 2 1T T 4 R A .
(SU5000, Hitachi, Japan ) WL 5 JI5 2 18 7T 2 2H i
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X F EDS fE % 9 #i ( XFlash 6110, Bruker,
Germany ) ;{5 % 2 A HLA ORI AR B 20000335
(Nicolet iS10, Thermo Fisher, America ) 43 #f ; 1 7K
55 T A B A A SR R 2B A A I A
(JC2000C1 , Powereach, China) 43 #; 3£ /K Zeta Hi
Bk R 73 BT (ZS90 , Malvern , UK ) il 3¢

2 4k

2.1 REEHH

ANFHEIK S AT T i FEE i 114 728 4k UL 8]
1, 23 15 h ELLE AT, ARG IRER K 258 T I
WEH 351 L/(m® - h) BT/ 24.8 I/
(m® « h)  KEXF AR R T1% |, 5595 Y )i
B AR S AR K SRR IEORE X K T
B2 47% |75 Y T2 BE N 5 = 05 = R K 2
FRR X B T — 2 R B 36% |, TS YL B o g ™
H, RBRFEK  Ca Al J57 5 R 2 3 W 55 15 AH Xof
AR B AR i R A KBRS A AR #E 7K Y
BRGNS A%, ARXT I FENE N 27% 5 S S
FRIE KA R AR /K I 5 & 38 i T 6 £, AH
Xof JE FE FEMRAY 11% o | R HEWT , 2K Fh R Y
AR ST G 1 R 5 1 B R

3 P Pearson 55 25 R R /R, 45 S
FH BN R B UG (r = - 0.741,P =
0. 022 <0.05) , 4 B ¥ J3E T JI 10 4t 2 A0 I 670
A (r=-0.942,P =0.000 <0.01) , 55 F145 =
[ BAT B SCE . di3 4 T RUE AR EK
ZEAER X HE s R/ T 0. 05, 5 i AR 5 1Y
SE AR B A R T R AR R, A H(E
ZEAL B B0 5 S 1 8 o Ao 5 3 4 )
KT,

m {E451%4S Low Ca low Al
3%r & = o {E&5%4E Low Ca high Al
o a o AES5H4E High Ca high Al
— a a O O
= 30t P
o~ L | |
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B2 FE#EAZFHTHEREESTN
Fig.2 Membrane flux under

different influent conditions

R2 ARBKFHTHREE

Tab.2 Membrane flux under different influent conditions

HEKZES ST T v 22 FrELR 2
Types of the influent Membrane flux/[ L/(m? - h) ] Standard deviation Standard error
{KE51K4E Low Ca low Al 24.8 0.702 4 0.404 1
K455 =40 Low Ca high Al 16.5 0.862 2 0.493 3
45545 High Ca high Al 12.7 0.802 1 0.463 1

F3 FBEAMREERNEXME

Tab.3 Correlation of Ca,Al and membrane flux

547 Index Ca Al JI%38 H Membrane flux Ca
Ca Pearson &% Pearson Correlation 1 0.500 -0.741*
BEM (W) Sig. (2-tailed) 0.170 0.022
Al Pearson #H3&14E Pearson Correlation 0.500 1 —-0.942**
BEM (W) Sig. (2-tailed) 0.170 0
I Pearson &4 Pearson Correlation -0.741"% -0.942** 1
Membrane {lux BEME (BUR) Sig. (2-tailed) 0.022 0

TE . FEEAFIZ (O 2 0.05 I FISEMOR RERG; » » . (EELAFRE(R) y 0.01 I MMk B35 1.

Notes: #. Correlation is significant at the 0.05 level (2-tailed) ; #* . Correlation is extremely significant at the 0.01 level (2-tailed).
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x4 TRBAFHTREENSELER

Tab.4 Multiple comparisons of membrane flux under different influent conditions

95% EIFIX [H]

EiEtan HERIH) LI REEICEEL! PRI B 95% Confidence interval
Ind Types of the Comparison Mean Standard Six
naex influent categories difference error i LS FFR
Lower limit Upper limit
RASARER (IRZr=yeE
Low Ca low Al Low Ca high Al 8.400 00 0.643 49 0.000 6.825 4 9.974 6
B B 12.033 33" 0.643 49 0.000 10.458 8 13.607 9
High Ca high Al ’ ’ ’ ’ ’
A AR
Low Ca high Al Low Ca low Al —8.400 00 0.643 49 0.000 -9.974 6 -6.8254
B R
ST *
High Ca high Al 3.633 33 0.643 49 0.001 2.058 8 5.2079
o0 5 e RES AR .
High Ca high Al Low Ca low Al 12.033 33 0.643 49 0.000 -13.607 9 —-10.458 8
= o=
M s 3 -3.63333" 0.643 49 0.001 -5.2079 -2.058 8

Low Ca high Al

TE: . FHEZER BEAKTE N 0.05,
Notes: # . The significance level for the difference in means is 0.05.
SREER KA
HIEL 3 AT LA TS Qe e IR I T )2
ARARE Y, R T HR I 98B TT , J& RO ™K
g N G S Y PN P (2 P N i i AL S 71
(75 e J2 S A7 AE 1 35 22 5 IR AR AR R /K R 5
2 I DA B AR F - 2 ) 85 45 AR e R
IR G2 L By, AR AT R R 4G
fr DAL ) 1 A 5 e B e R K I 9 R AR R R
S AR T T 1 45 & URE A BB AL RT L, 3% TR
R JEE MR 0, X A 1 0 -5 R 7K A 2 i K
INEEAR I . BRI, 15 Y ISR B — 2 %k
HREEDFS ik A N Sl oo i N Ry R R S
Yy B AR TG ey ( 20k A #EK R 40 ) K
19, B0 2 2 T A7 A 14 JOREAR ™ RS Sy T HIL ER 45
A, F R AR KF A Ca 4143, BN RITE AL T
IR RE R S

F 4 NATR K ZR AT G B Y e R
oo AL 2, 552 CONLO BB R 5

2.2

T 90% , i B HLA 15 Y 2 10 3 B Y .
oA TEALLE AR HE K 4148 26, B AUSE Ca,
ALP.S Na Cl.Si K Fe % SR, B {5 Jedy o
Ca Al 4351k 5 HEOKAFAE BB 2 57 . IR IR4R
HEK I Cas AL BE/R FE R St 1, 8RS L2 Ca/
ALBEIREE N 1:5.5( 4) o X—F KRR ZEHITE
RHERE Ca, Al HEAE R HEK P, 5 2 B0R Y Ca 41
SYHELL D RCIRIG AL IG5 55 I T B RE T Btk K
A LIS S IURIE G Y2 . TANG 417 %
SEHIBAT IR ALK RO BRI A LTS e b2
ORI S R IKETE B 2 S, MUK AT
BERRERIT, HE Ca Al BE R 300 - HH 4, SR T 35 Y
JZH Ca/Al BE/RHC g 102, 8 (8] 4) 5 45 i 41 ok
IKEAET , BEK Ca/Al BEIR LR 70 1, BR TG YL 2
Hh Ca/Al BEIR HLBE— N 1:2. 4 (& 4) . Bl
PR Ca Al Frd BT, 15 Y82 b R AR 5 TS
SR T Ca, fHE Ca/Al FBE/R HLIBWT R
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(c) HE45%4E High Ca high Al

B3 ARk Al Ca iR EE iDL

Fig.3 SEM of membrane fouling at different influent Al and Ca concentrations

x5 AEALCaRETHEAERFERPHETELL
Tab.5 Proportion of each element in the pollution layer and the original film

at different Al and Ca concentrations

Jfi 1 H Mass ratio/ %

JEAR Element TRES RS fRESE e R
Low Ca low Al Low Ca high Al High Ca high Al
C 48.33 44.64 39.89
N 16.97 15.83 12.06
0 27.48 30.04 37.05
Ca 0.44 1.36 2.22
Al 1.61 2.62 3.54
S 0.71 0.85 0.93
P 2.13 2.70 1.76
Na 0.56 0.57 0.89
Cl 0.51 0.23 0.20
K 0.17 0.45 0.18
Si 0.84 0.65 0.35
Fe 0.25 0.80 0.92
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[ | %4542 High Ca high AL
EE K45 %548 Low Ca high Al
RXME4E1R4ES Low Ca low Al
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B4 AR ALCaiRETEHRENERITER
FaMEFESL
Fig.4 The atomic percentage of Al,Ca in the
pollution layer at different Al

and Ca concentrations
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&5 H13275 ~3320 em ™ R A HFEY0-H
HN-H W4 iR shvg , B 3 i N-H e ik
Bl JERLT 3 320 em ™ AR . ARASGEREK

—— R Initial membrane

5 YL IR AT I (RS ) T 3 283 em ' HLIR i
5, EEE KA LY R EZBERILEAS
Al-O-H 7E i 1E LR T £ O-H () 53k ; B % 55 .45
WY 3, Ve Ak 22 A i RS . BRI 1 663
em b SRS IA R IR T A5, %ok HE JEUE S (A
fIRERIEK AR E AR L, T AL+ C = 0 4
5 AL(OH), G4 SR, BHEM B R T
1 648 em ™' BRPEEMEAT ETF; B HEK AL 5 B
P W — A 5 1 640 em ™ BREFIEACAR
A 52 A L, 5 5 e A0 R K B A R
JLFBAE . JRBEAE 1550 em ™" 4b (1455 W i
SR Ty, 2201 1583 em ™'y C = C B
SRR UG . 3 A ] E K 7R e 38 & A 2R AR Ak
BRI C = C B %R IS e 2k L5 Pk e T0 iy W i 0eg
S, Rl TR E 4 T 45 C=C S
HEAK ) AL-O-H % A4 1t XUV 45 A VR B IR 1R
XERRAR SN, PEK AR O B, i — ok T
VISR B 5 M LU 22T i 5 e R K P R
G o i, —ERE I LS9 ME T XA B iR 3 o

—— {&45{%4E Low Ca low Al
—— {K45®4E Low Ca high Al —— 4548 High Ca High Al -

L :
|
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E 252 3
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ES5 RERARE ALCaiRETHRENLILIER
Fig.5 ATR-FTIR of the initial membrane and polluted layer at different Al and Ca concentrations

2.4 Zeta BOLFZEM AN

B 6 FE 7 5l s T RIEEK & T
W& Zeta FRLASE AT Gl 5 T 422 i £ 28 Ak, (&1 6 25
T, R AAAE TR i Ca AL BLAY, 4
HWEAR AL XT Zeta HLAT P2 A AR SE A . IG5 (IR
FRK G AL R BE 5L M AIRES = 45K S Zeta HLAL

M =2.02 mV /NETFE - 1.40 mV; k2232 71K
HRG B R AR Sy R A S AR KT, Zeta FEAS I 3
FIFE IR 0.52 mV ] L AR T [ i
R T LA R D 3 A AR S K R A BLER
PEVI P L Ca- 3R HE 28 G, KR TH K
Zeta AL, FEIE I JKIEWS RO BEHzflik &,
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592 S TV = S N S SR 325

Bl (SRR IK ) v BEKR)
Y R
(1+ cosf))'waOT =2(«/'ysLW 'yWLW) +\/'yS Ty, o+
VY v (3)
A0 SRR S R T A R AR, PR s ow
SR MEAR AR,y oy oy R A
) AR T A2 R R TE K T I, AR
SCHRL13 TR Y™ oy ™ oy T X B, A5 A AT
W2y Pz A L TR AR AR R K AT, &R
Ge MRS " 3T ARESITE,53. 0 m)/
m” R4 ,69. 5 m)/m” ;4G E4R,70. 4 m)/m’,
MK TG, BRI A
A ARES IRAR /K 1 15° b T+ 2 ARES = 4R /K 1 60°, i
SEIKMERE AR Ryt K M 5 (ER 5 B - Tk B R e 4
10 1 5 R B0 7K T 2 o A AR AS = R OK A A 2
4° [ /NI LT, X 6 T S 8 K P LT B A R
(El7).

ZateHifI Zate potential
1 RZHAL Deviation potential

2 19.9

10t 8.85 8.52

B Voltage/V

0. 524

-2.02 -1.4

RE51REE Tl SRS
Low Ca low Al Low Ca high Al High Ca high Al
6 F[E Al CaiRETTHRZEN Zeta AL
Fig.6 Zeta potential of the polluted layer
at different Al and Ca concentrations
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(a) EDTA

80r

0r 63.29
59. 65 T
60} T
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i

50
40+

i Angle/(°)

301

L 15. 45
20 I

10

REH1R4R RS HE l=ha s
Low Ca low Al Low Ca high Al High Ca high Al

7 AE AL CaiRET5HRERZEMA
Fig.7 The contact angle of the polluted layer

at different Al and Ca concentrations

2.5 REBERBROM

SRRV 06 000 e 45 e B8 2E 7K 5 G A i
HEAT 2 T AL 22 05 Uk, W B 49 UL 3] NaOH-
EDTA W5 A1 B i SO A2 15 Qe W
TAEMER T [ &) 8 (a) ], AP IR Uk J5 I IR 1
i R ARE TS e W R A1, TR 20 X el s
NREEATES [ & 8 (b) ], Kl 45 2R B, 15 Y i
FAFP IR BR G Ve A1 EDTA 2 BR A9 50 43 5] o 5. 81
mg/m’ 1.21 mg/m*, {ii & W& & TR &. R,
PRI 6 TR 815 1 25 B o B2 AH 214, 43531 hy 3. 68
mg/m” 3. 15 mg/m’, &9 BRI S
TR TC 2R 7 B 45 2%, TG 16 felf IR Ao 0 o 790 , IS i
YJRAT AT Ca JUER 5 B0 B AE A U 70 47
IR TE A 5% 1, H. EDTA 3535 /9 7% i
TR

SU5000 15.0kV-x120 SE(L)

(b) #FERER Citric acid

8 EDTA fiTiRERE %I /FERE SEM

Fig.8 SEM of membrane surface after cleaning with EDTA and citric acid
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80 S B BT Y
PN s cierie acid KHRIFSERK ) P TE N, TR 18
£ 602 SIS YL 10 e R 1 P 28 K 35 e 4 43 5 A
g 5ol SR AR I B R e, AR ) (LW)
3w} B Iy (AB) 5 Jy (EL )3 57 AR 22142
Z wl 2R SN TR B B IR T
£ | K Y AT [ 5 | A8 K 243 vk i
¥ of AR W 5 FRL S A R R E
. N Mmoo AEARTITE PR FR i, RO BT b, K e 5
N 0 Al Ca

9 EDTA MfriEBiEXEERAEE LR AL
Fig.9 Proportion of main elements on the
membrane surface after EDTA

and citric acid cleaning

ANfm] Cas Al FiE F it K 26448 IR 15 4 1) 41
BCILIE 10, fRES AR K B, 2220 505 Tk TS Y A
(3 VK 2 83% A4 17 % (1)l AN TR AR
AT s SRk K I, AN AT JeOR R 2 24% ,
BRHKER T RIS R 5 Z A, m S
FRFEK BN AT 3035 YT 2 25% , Al g5 4 ) |
FHT S AA SR AR K & R i 2 51
BRAE T AT i5 g

(1T A A7eT3RET5 Y Hydraulic reversible membrane fouling
R W RIS Y2 Chemically reversible membrane fouling

L2 Rur#iEsYe Irreversible membrane fouling
100

B b 28

80

60
40
20 %
0

RS54 o= [T
Low Ca low Al Low Ca high Al High Ca high Al

ARt Distribution ratio/%

10 R[E Al CaiRETEBEENHREER
Fig. 10 Recovery rate of membrane flux

at different Al and Ca concentrations

3 e

PEAK I [RIAEAE A LY VB AR 5 ) E B
WG T R IR T E AT R, 5
IEE BT, K CasAl BiE HL B9 A8 Ak S 8l 22 57

IERLE T, AL O R ALCOH) 5 B 1A s % il
PR ALCOH ), =, B4R, /K Ca 41435
HRETE FR B RE R T AL, BRNE AR O 5 BT 3 - 45
VBTG Y= o BRI, Fir SCIE T 5 e J= 00
ROMrRPIHH AL TR ERIZ KT Cao X —F
SEUEMA e )0 B B R TS B L 3 A
ST A BE Hh A g — T, 2R OOt B AR
BRANT %5 (i 5 o, A A e 5 180 Ho 4% 1 3k
KA 5 S B B IR 3 Bl I RE RN, K
UL A T T A P AT 2608 R 3 L 55 S PTRRAE
TN 2 ARG, [B1ET 2. 4 5 A AR AR
P A G T A m] R K o R S A A B AR
FHBER B2 WA R 85, PR, R 0K P 0 A
e B A 1) S K P T I T A R 22 T ) A
YEAEF ST 25 ERTid R APEAE I ) AB AE 3 R 5t
TP rp ke AR . 2.3 71 o T % B T 1Y
FTIR &304 2 W], K o 2R 5 R 2R 40 Al
O-H 5[ A ML 73+ B fE F Z 18] 19 XUk 45 A 1
FAC1 544 ~1 583 em™") 517 19 A0 FR 4k h Bl
JKER S G R A , AR R R — 2
TR Al 1Tk m A o

I3 —J7 W, AR K 25 P I 45 i o B
PEACER F RSO IESE 0, 2 B KA 5K A ML
FRRTENRTE, SN TE T 2RISR T 55
7> T45 6 Z 50, s 5 BEK P g K PEA LY
RAEBERAE R, S 5 DURR T I 1T 5 AAARC S w85 45 a2k
IR 2 e B e R E K B R R AR ORI S
Heful A AUA A 2 4° B9 /NEHT I, BT Ca 81Xt
GKPEA B R AEVE I A B3 . Bk
Ca FE SR IELM A IS, 5B K
A HILIR PN R 231 SR FL T 308058 , 2 T4 A SR
WS, AL T R B K 5 A Bl D
W ATy ohee , N AL 1 0 5 Mgk v
JK PR R I IR AN AT S g o b B
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B AR I 2 B TR A W e AR R 429 12-19.
[3] MENG F G, ZHANG S Q, OH Y, et al. Fouling in membrane
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Effect of the influent Calcium and Aluminum ions on reverse o0Smosis
membrane fouling

XING Yunging'*, CHEN Jiajian', LI Yuanming', JI Shifeng'*, WU Jinjian', WU Tianyang' , ZOU Peng'
(1. College of Marine Ecology and Environment, Shanghai Ocean University, Shanghai 201306, China; 2. Marine
Environment Monitoring and Assessment Center, Shanghai Ocean University, Shanghai 201306, China)

Abstract ; The effects on structure, morphology, composition and characteristics of reverse osmosis membrane
fouling were investigated by an effluent with different Ca/Al ratios of membrane bioreactor in a
biopharmaceutical enterprise. The results demonstrated that calcium and aluminum combined with organic
matter formed a composite fouling layer on the membrane surface,and the change of Ca/Al ratio resulted in
significantly different membrane fouling characteristics. The form of Al-O-H in the solution was preferentially
combined with the organic functional groups by polar force ,and it was co-deposited with the coagulation of the
hydrophobic organic components under the condition of low aluminum content and high Ca/Al ratio. It had a
far greater effect on the formation of membrane fouling than the Ca component. According to the extended
Young’ s equation, the total surface tension of the system was calculated as:53.0 mJ/m’ (low Ca low Al),
69.5 mJ/m’ (low Ca high Al),70.4 mJ/m’ (high Ca high Al). It showed that the change of aluminum content
mainly affected the polar force between the solution and the membrane material, and the change of the
calcium content had almost no corresponding effect. The results of membrane cleaning indicated that the
membrane fouling caused by calcium-aluminum components were stratified in spatial structure ,and aluminum
was tightly bound to the bottom layer of membrane fouling by the polar force between the molecules on the
membrane surface, forming irreversible fouling. Calcium mainly existed in the contaminated filter cake layer
which can be easily recovered by chemical cleaning. Therefore, it is of great significance to accurately control
the dosage of aluminum salt in the coagulation pretreatment stage to prevent membrane fouling.

Key words: reverse osmosis membrane ; membrane fouling; aluminum; calcium; coexistence
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