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Table 1 Properties and sources of perfluorinated compounds
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Fig. 1 Schematic illustration of fabricating the PIP—COOH/TMC membranes and aminated membranes

1.3 ZhiEREERETiK

et FH S5 3 RIS 08 R e i o A T MR R
o BB AR 3 A AT Y 3 8 50T (CFO16,
Sterlitech, USA) Hv, 45 /> i 1§ 5. T 19 A7 2% 1w AL N
20. 6 cm” (4. 8 em X 4. 8 cm), 1 JE ARG IR L
11 BB WA ATRGR AR (4.0 L) 7RI
[ FEIATE B2 0 e A 805 AR ) TR B2 PR R AE (25
1) "C o S50 v 53 T A B W 3 32 R B8 I g T LA
KawhadeE . R Arh, G et fE 0. 8 MPa
I8 2B T /K 30 min e JESEE, H 2 ARAFERE 1K

Wi, SR5 A UEE ST R 0. 5 MPa, it A Y
W, 247 15 min J5 BORE DL, 05 b fif Y
MgCl, Fl Na,SO, 5.3 % W/ 2+ o B 33
10 mmol /L, it FH ) Hr P 95 o A 0 AR 174 Jo ot vk
FE¥SH 100 mg/L,

PUEIER K Z % R ELAL/(m” « h « MPa) ],
IR R (R, YO 43 il A (D (2O

A=deo V
Ap SXixXap

b J BKE R, L/(m® « h) s Ap J& N i &

(D



55330

IR R 25 « i PR 1 23 A2 58 T i 490 0 % 14 1 5 2 R REAIT T < 47 -

J1.MPa; S J& A BB E L m? 5 VIR AR — 2 W] ¢
(h) NSRRI E BWAIRTL L.

Rz(l—%)Xloo% (2)
f

s C, 1 Cr 435327818 17 R0 A HEHAR 1 7 o2 o
VL, mg/ L, Hir, Bk vk BE T 2 R (Five
Easy Plus FE38, Switzerland) M %2, 77 4 % J& {d
TOC 431X (TOC~ VCPH., Shimadzu, Japan) il E .

FETE M 2 B 2 FLAE Gy o o) 308 L B BEL A
RUATTE iR v, B FL ARk HL A A [
LMK R BAE . BTSRRI .

SHEIIRA R R, YO HAR G FR:

$K.

1—exp(—Pe) (1—¢K)
K¢ S 2 (A5 AC 28 K X ) R4 Pe J2
{5 S H 7 SN

Pe=K.J.0/(KqD..¢e) €Y
Kb Sy 2Kil i, L/(m® « b Ky 29 8P AT R
B0 (nm) 1 e 3 )2 J5E T M 2 19 ) 2 L AL B35
Do S K P R EG m? /s, A5 (R 43IE &R
B o= (1= 8, Hrb 2 BIEER 5 EALE
Bz WG /ry) . R PME, K. Fl Kq iTHPT &
KA FR Y 2<20. 8 IiF, K. =1. 0+0. 0544 —0. 988
AP0, 4412° FFH Ky=1. 0—2. 304 + 1. 154A* +
0. 2242° ;24 0. 8<Q<<1 i}, K.=—6.830+19. 3482
—12.518)* 3+ H Kq=—0. 1050 +0. 318x* —0. 213
ABFZG—‘ .

AW IS % A DL BUE AR . ©
ITHE 25 °C Y BB (D. ) 31 8. 42107
m’ /s Fl 5. 24 X101 m? /s AT T AR () 43
B 0. 29 nm Fl 0. 47 nm. ff F§ MATLAB
R2023b B , AGF- 5 152 25 Z Rl /N D DU - 35
WAL TG T
1.4 WMBESTERIE

e FH 3 0 4 S S R AR 2T AP IR AL (ATR
-FTIR, VERTEX70, Bruker, Germany) FfF &)
HREM . & & 85 4 AL T 2 BB (SEM, Hitachi
S5500, Japan) WL %< f5 14 2R TP 30, Ji+ 0 0 G4
(AFM, Dimension ICON, Bruker, Germany) |
PR TH RS FE (10 um X 10 pm) . 2R Nano Scope
Analysis 1. 8 AFM 73 M 4k £ (Bruker) Il 5 3% 11 #H
B, W ) % 41 HL B (TEM, Hitachi H7650.,
Japan) il & B T6 £ 2 R BE . fd 1 £ 4 (Contact

R.=1— X100% (3)

Angle System OCAZ20, Data Physics Instruments
GmbH ., Germany) WAl I 4 T 5 7K 1 » 5 A HF 72
TR 2 DI s LK. R R T Zeta HLAL
ZHr 4% CAnton Paar, Graz, Austria) il & A6 pH
TR Zeta HLAL, WA RAEZE R (11~15 C)
T 1 mmol/L KCI H fi# i 5 W h k47, I HLAd ]
pr KOH #i1 HCL Ky 4y pH {H.

2 Z#RE®

2.1 HWERERLE
2.1.1 R EREH ST

Kl 2 2745 PIP—COOH JE(ML. 5-0. 45) Filk
¢, PIP — COOH [ (P1 #1 T0. 15-P1) B ATR -
FTIRJGHER], 1 630 cm ' &b (4 1k e 0 VA i 3
(—C=0) By 1 4 = 3, X E W] T Bt e 5 10 B
B, FE 1412 em HEAYIE BN & C—OH Y
R Eh L X IE T BRI AETE R EEN F2 Bk
TRF R B B A B 7K i F1 PIP— COOH ik, &
FEXFIIAY 1 700 em™ ' 22 A7 B SR AR G 4R i) 5
1630 e ! A Pl i Bk Jk s 11 e 45 4% B0 X SUAH T
SN —ERER T, 3200 ~3 700 cm Y G
Wy EZLH T A (— NH—) ) N—H 45
PR3l . PEPA {3k 4x 8 3L (— NH,) () N— H {145
PRBILL R BRI (— COOH) Y O— H Mg ¥k sh iy =

&,

M1.5-0.45

P i
- 1

TO0.15-P1

I
I
|

-

|

I

1

=8|

1
1
1

1 \
1700 cni™'y 11630 cri'il 412 cnf!

4000 I 3660 ‘ 3 éoo ” 16.00 ' 1200
PEEL fom™!
K 2 ML 5-0.45,P1,T0. 15-P1 JEf% ATR-FTIR 5%
Fig. 2 ATR-FTIR spectra of the M1. 5-0. 45,
P1 and TO0. 15-P1 membrane
2.1.2  JESRTEDIE A AR E RS EE A
KM SEM, AFM Fil TEM %f M1. 5-0. 45, P1
A TO. 15-P1 JEHEAT T 2 TR 500 RLRE BE AN 14 )2
JEREEFRAE, A 3(a) s, PIP—COOH #55 J hij



- 18 - [

5 o A

5545 &

PR M AE ML 5 - 0. 45 il 3% 1 B0 A 18] F IR 25
Pt Rt AR L e 5 5k R A I SR 3 A
RN 5 KRR G 80y FREIE T P1 R
NS TARGEA . AF LIP s firh, & 5L 5 2 B k4
T3 RN BUE TO. 15— P15k [A] 522 2050 22 45 4R
g5k, A& 3(b) s, PEPA (1 B3 i i i F
MRS BE (9. 4220, 9) nm FEAKE] (8. 72, 3) nm,
LIP Y 1 A J5E ) AL RS 2 o s Bl /N[ (8. 9 £ 0. 6)
nm |, ELHEERIN PEPA B & A R332 16 f i Al LIP
R R A AR S 0 R A RN I B AR AR T8 A 15

M1.5-0.45

T0.15-P1

(a) SEM KL A E

RS R.-(3.9:0.6)nm
(b) AFM 2 HALAE E 121

SAAT L5 B T 04 J5UAT G5 AR 1 — o B S TR i i
B AR AR P AT AR 47 T ISR T ()P . ]
3( v, PIP—COOH 2218 ¥ w il Hokp 2k o ik
BN RITEYE 2 5 TMC [0, 5 300 12 )8 B 12
ZfHF] 113, 7 nm=£3. 4 nm, M Efk)5 P1 A1 TO. 15—
P1 JEJEERE 73 598 /0 2 94. 3 nm F1 87. 9 nm, X 54
BL 5 6 i 73 7 2 I KO BOH 0o 3SR 45 44 i
A, PRI ] PIP— COOH A Sy 7K AH S 44 ]
FINUERI LRI, I BEAT AL O AT TH SRAF R R 1 73
Bz,

50.0 nm

-50.0 nm

150.0 nm

-150.0 nm

50.0 nm

-50.0 nm

(c) TEM 1 M 2 E

P13 M. 5-0.45.P1.T0. 15-P1 ffOU4E5 44
Fig. 3 Surface and cross-section morphologies of the M1. 5-0. 45, P1, T0. 15-P1 membrane

2.1.3 JREERTACEKMER Zeta HLAZ53HT

W 4 Ca) fF s, 1 F PIP — COOH 5] A FlI
TMC K fiff 7 A 1 K B 5 B 1S 1 I8 i) 238 /K
MI. 5-0. 45 H AT AR B K 2 fi £, R 39. 77, R
ifif » 115 PEPA #7235 (— CH, CH, —) U K 1
Je Ak i M B AR T AN 0B R 1Y 3R TE SR K P PLOAI
TO. 15— P1AYHE Ml A1 43 3 % 60. 6°F1 73. 0°, WA
4(b) 7R, #E pH=17. 0 B}, M1. 5-0. 45, P1 #I
TO. 15-P1JfY Zeta HL7 435K —50. 0, —20. 4 F
—39. 3 mV, JESE R kA LIP S0 1 Al LA ]
T b T R 1) T R

2.2 WRRESE MR
2.2.1 FmettEpg ik PIP— COOH/TMC ¥ f) 43
EITERE

& 5 S it iefk PIP— COOH/ TMC fi ()
IKBEZECG A YERE . W 5 () Frs . R sk
FEM7K B 8 ZEAE T 145. 0 L/(m* « h « MPa) /2
AT M1, 5-0. 45[55.0 L/(m? « h « MPa) J##
T 3 . XA FEE PEPA J5 R0 1% P2
JERE U/ NFLARIE I, R 5 Ca) FTw 2 T el P i
X MgCl, Fy#k B 26 W] b 5 T Na, SO, , i 1 3% W] 38
ik PEPA S A RS R 0 3R TR A o 69 T T H £ 2%



55330

IR R 25 « i PR 1 23 A2 58 T i 490 0 % 14 1 5 2 R REAIT T

« 49 .

B T, o, P EXS MgCl, #il Na, SO, (8]
BRI 0 60. 3% 42, 3% 1 27, 4% 2. 0% ; X A
FIREME AR B 243 91k 33, 4% F01 86. 7%, =iE PEPA
J5 RIS 5555 TMC [y iz b A5 R T 22 1 52

80

70}
60 b
50
40t
30
20
10}
0

=
W

Hefhsa/(°)

M1.5-0.45 P1 T0.15-P1

(a) 7K 42 fh £

Zeta BV /mV

PR X285 () A TR o {2 S5 R T 4D A e X SR8 T g g e
i R T R A B0 M Al AL AR AMIL. 5-0. 4511
0.47 nm 3K Z P4 (1) 0. 66 nm, S T GE
TR RFEGEEREER R 86. 7Y0F%Z 62.3%0)

30

20F 2. -o - M1.5-045
10F e -o- P1
Sy -4 - T0.15-P1
of v s
\ o
-10f \\ \\\
—20F G A Tl
-30f .-
40} g - S
\ “*A'-‘A
50} R
50 DTSN
—-60F
-70 . ;
2 4 6 8 10 12
pH
(b) Zeta {37

K 4 MI1.5-0.45.P1,T0. 15-P1 JEF K32 Ml /1 Fll Zeta HLAZ
Fig. 4 Water contact angles and Zeta potentials of the M1. 5-0. 45, P1, T0. 15-P1 membrane
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Fig. 5 Rejection performance of PIP—COOH/TMC NF membranes aminated by surface modification
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Fig. 6 Separation performance of PIP—COOH/TMC membranes aminated by the LIP
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Fig. 8 The rejections of perfluorinated compounds by the
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The study of aminating piperazine-2-carboxylic acid polyamide
nanofiltration membranes in organic milieu

SONG Gang fu', HU Zhiyuan', GAO Yawei* \WANG Xiaomao*

(1. School of Environmental and Municipal Engineering, North China University of Water Resources
and Electric Power, Zhengzhou 450000, China; 2. State Key Joint Laboratory of Environment
Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing 100084, China)

Abstract; The amination modification strategies for polyamide nanofiltration (NF) membranes based on
piperazine-2-carboxylic acid (PIP—COOH) were systematically investigated. The negatively charged NF
membrane was first prepared via interfacial polymerization of PIP—COOH in aqueous phase and trimesoyl
chloride (TMC) in organic phase, followed by modification through two methods: surface modification and
layer-by-layer interfacial polymerization (LIP) using polyethylene polyamine (PEPA). The surface
modification increased membrane surface positive charge density and water permeability [ up to 170. 0 L/
(m*> « h « MPa)], enhancing MgCl, rejection (60. 3%) but reducing Na,SO, rejection (27. 4%).
However, the LIP produced membranes with moderate water permeability [ 75. 0 L/(m? « h » MPa) |,
reduced pore size (0. 37 nm), and near-neutral membrane surface, achieving the rejection of 71. 5% for
MgCl, and 78. 3% for Na,SQ,. Perfluorinated compound rejection experiments highlighted the importance
of charge effects stemming from membrane top surface under similar pore sizes. Characterization confirmed
that the amination in organic milieu changed the membrane surface structure, charge distribution, and
active layer thickness.

Key words: polyamide nanofiltration membrane; piperazine-2-carboxylic acid; surface charge modulation;

amination modification



