EA6E F3M
2026 4F 6 A

BB % 5 # A
MEMBRANE SCIENCE AND TECHNOLOGY

Vol. 46 No. 3
Jun. 2026

IR AP B HE S Tolk 2% (0 56 710 55 ) £

EAE B M A HL PVDF 244k il 4%
N His Gertre i o2

CREE TR prpbRl2= 5 TR 2=, R 300387)

FHE: Ew A AR P TS RS2 3 5 R @6 B AT 5 A B R R AR,
TR AR & EART e ERE R AR, B AR E SR m AR SRR TT et 4t
TH B, KRB EIEESSRERARNAN TS, HE&LARE B 5HAE A5 Bk A
LI HMERE . T B R AERGMFBR I EAH, EA L QR PH ALK
E b & B A E e ) CNTs@PVDFE AL, @ i3 A AR 69 T S0 Ae £ @ o, X B A
PEERE A AR R bl ek KRR B R E A LIk R A SR @ B4 F E AT e
ot , %R AU ,54 PVDF ek, CNTs@PVDF 2408 49 3 KM Zeta W, 45 fo JE @, 1 4
HIFR R FRE, I, CNTs@PVDF ZALBEERR Y E AKX T, e & X A8, 28
oA B Fd 43. 1 %32 % 84. 6%, CNTs@PVDF Zefbfg £ Ik e) E R B 5 2 5 37% T
R B TRE R 57, 6%RAE 84. 3%, ATBRATELSEE THARIT R
MR R B R G R Y TR E IR A T AR, I A AR B R N 3 S T
Bk 69 B AR AT X
KW : RIBATH; famBl; Ed; 54
hES%EE: TQO2S8.8 XkFRERS: A XEHS: 1007-8924(2026)03-0031-11
doi: 10. 16159/j. cnki. issn1007-8924. 2026. 03. 004
AR B B HOR A SR80 8 IR S SR ARG TIO, 43 PVDF s 2 4 il
T o e PR B ELAT R SRk B T TS e e Re S

SRR CHIE R R . BWI M (PVDE) K H:
SR 2B R e PE RN S Ve R B2 N T4 i
Ry H % . [HE . PVDF [E4G f95E K M 5 78 47 3
T v S A 7 E R Y e DA ) 24 RIS L T
RGN Y . 7RI BUIE Yok i o, SRk e
DR A T o L8R I S T ) 92 2R T B 4
R RMR M A 2 A 5 vk, Bilan, Song 45

Wk B . 2025-11-21; Eefid®) H . 2026-01-18
HETH . FR [ RBAE 4w L0 H (22478302)

B4R T 6 Hr L AL il 938 K 2 R (FRR) M
76. 4008w E] 96. 6806, SRIN HBAR A 5y I ZEAL
T 08 KR T B . Wang 451 5% FH A 3 K
RO PVDE BREAT 2 100 U 8 i 45 K R i
TG TR HEAR T 671 H far Xl 7 e vl FL IR B R
GFRIBTTS Gt (HIR 2 FEARSE I E I 1 455 K
BBt By S e v o MBS TAT AL R BRE R SR T R

F—VEE A XIPKT2000-) 5 REA A LATTELE - 2N IR RG] 38 SR TE. > 8R4 E-mail: cuizheyhh

@163. com

SURARSC: XIPETE WAKSE AR IRT. & i B h 8 A9 i i PVDF Ak I8 0 i 46 Ko piis e bEpe i oe [0, BERb# 5 H A,

2026,46(3) :31-41.

Citation: Liu Q Y, Hu B H, Cui Z Y. A high g-phase PVDF hybrid membrane with enhanced piezoelectricity for
antifouling[ J ]. Membrane Science and Technology(Chinese) ,2026,46(3);31-41.



- 52 - WOR

5 3% & o 46 %

SR R AR T 2R o 0 Rl
K DI RELH 43 B o A\ S35 J5 S AR A i, DA T
I R HA TS e fE . Gholami 251 45 4 K45
(CNT) 5 PVDF i, #8717 B R 11 557K P 5 i A
HE L FRR 35 93% . ¢ Bk e gtk Jy ik
A I AR 5 R 1 S K P 5 g 2 A P ) 400
TSYYIW . FERLTE SR LT R R AN W Bl A R
AT LA 9 s S TS Y e et TR LA . T R g
FE kR F3 A5 F R o] 380K 6 R BN SRR TR
T FEL 107 %% 32 30 0 1 i e L HE R VR S 2 sl
AT A R S 00 290 e A A O LS00

PVDF {1 A —Fp ELA e B 45 0 R S k8L
HR PR RE R TR p AL, AR T
4 R M G BT R AR A 2 ™ A R FE I
4D L3R PVDF th g 5 50 2 e i Ak 3
JEHRPERBMRZ LR . BT IR SO 2 B ik A
FrH Y 2B AERT g M AVE U Mt R K £ .
N, Zhang 45" 38 < 7EBE VA HRs N TCALER R HE T
PVDF 4355 m 4 e M G54 48 N2 55 1 B i
RIS, IFUESC L B AR AL 1) PVDF R H A 5
MBiE gt Rl . Tyer 26758 i i L 5 22 ] £ PVDF
-TrFE/CNT 2 &5, kR Blik & CNT ] g Z8EH p
A S . AR SR ISR 4 857k (TIPS ¥ il £
1 B AR & i PVDF BB A X = . 45
150 3 TR R S L R L ) o A A o (F A S PR
ANEAEFR AN 22 i R fL L 17 RE A R i TR )2
Fi fnf R PVDF (%) 446 2435 e LA B2 28 e 1t BRI 1
FARBAT R FHRCR . Ry, M — 2 5 H o 4 2 fi
PUZ R B A SR . 0, Yan 55 5 FH 4240 56
By KL i CNT JE A T W 45, 5 $2 7 Tt
B LA P s 24 CNT Jil & B0k 14 Yok g
SR R E SO 2 PR R O U T B RE R R, SR
M. BETZE A TIPS 26l 45 g &2 & & ) PVDF
JEHLIEE, I 2R GEti o H R L 38 6 TS Ye AT R ()5
i) o 4 AR ENR AR R

PR, ASFSE R B TIPS ¥k, 38 1o 9 928 Va8 VA T
BE S S BT = il HA R F B
PVDF g it 3 S T 2 S5 L i R Ak B i
RIS, fEULIERE L, 1 85 B 48 2% CNT, il 4%
HATER R CNTs@PVDF 2L, &R %
FAE TSR 5 75 45 44 L ST S L 3% ThT fR 34 B S K
PE I T HAE K v R 0 B i e RE . B
J&i » VATRERE B PR MO RS Yoy o T 5 bk

F 3 BT et B 25 5 LR IE s FEL 250N Y SE B
TURR. I S T oL 5l T L Ay 2 4 5k R A
EIREE LTINS

1 SERH

1.1 SEIe#Rl

A4 2 s (Solvay 6020, 4> FH M, Sl 670~
700 kDa) , 3 [ 758 Bk 5 28 | 5 B R TN M ik (PO) 5
RALERRIL CNT, I ifg 2 s kA= b BB AT BR A A 5
NaCl, Kt KU AL 2238500 B A R w4 s 25
BK SEsE A
1.2 PVDF-X f&5 CNTs@PVDF Z:{LBE#$1 &

LI PVDF 5k}, PC i B B i 8 F =
FIRE T 78 140 “CR MBI Regetic b, B 2B
SIRIBEIEI . B S 0 5 IR i DA DGR =i, B
W58 W 4 B I {3 78 Tl S AR 2 140 °C (&1
FEEAR o I 0 ) ) R B R 280 pem 1P AR B
R » W BT A PR AR 1 ) FEE A B (A IR AN [] 2542
(AT L 14 PVDF- X A X 2 0.1.2 1
3) o PERER AL A SEOLER 1, L AR R T
K1,

CNTs@PVDF 2% fk f5t 1) il £ & 56, % CNT
IRAREA PC = BRI M 208 2 h, fli 1y
515y, RS ¥ PVDF JinA EiR & CNT 20 8
() = FURf P, 7F 140 “CRRRERAE 1 TR 3 5110 85
PR . F A 2 e MO Y0 5 o ) Al ) ) o S
JER 280 pm WM. H2 5 B VRS 1 ) 5 A
RAVER W H (10 °C, NaCl i ik JEh 350 /L),
JIT i B4 25 B oK 2 i 6 h JE A
1.3 PVDF-X &5 CNTs@PVDF Z:4¥ FE R R AE

KIS T 565 (SEM, Gemini
SEM 500) FAiE % L 2 11 AT A SO 2544 s R X
ST BB (EDS) X J8E I R 1 47 70 K 1 45 50 17 5
FH X SR 77 S (XRD, D8 DISCOVER) X i
RUPEATRAE M A BEYE R 107 ~ 40°; >R JHAd HL it
AFHR LT 3L (FTIR, Nicolet iS50) % il £ 1 fist
U AT WO B R AR, WK 0 O 5 o B R
1em ', JBEFE R 600~1 500 cm™ ' 3% FH & 1A 22 i
Zeta LA A (SURPASS - 3) 1k 5% 2 171 faf B P T 5
KB FLAR BT (Porolux 1000) . I 5 3 53
WA A AR T I B FL AR LA o A s R 4
9 B4 ik £ 0 X (DSA30S) , Afi B i 12 ) 2 s
R A E KM R A QCM - D R %k 4. 95



55330 XUPSF5 . & i B AR R HL PVDE Ak 5 1) thil 7 B bt v YV BRI 9% .33 -

MHz (45 FHBE B A 30 i A A SRt I a8 35 I K A
JEJEERE 5 R JH PO AR B HL LAY (FE30) I 72 I8 fr) L 5
R HRAEREAI 5 AR AL B AR (o) . 1

p

PVDF-X
) %33 > U
JlLA PVDF plilFay
G

s G

HF M

N
CNTs@PVDF F—/)

JIlA PVDF

SEHAP (R FE T AR 5 HEL 5 (o) 5 L B AR A (1 RO
F(o=1/p)RAFMBG AL TR L R DAL 72 I
BT FE o HE . DURE G5k B K 23 i Pt .

Bt B

‘g v 2=

A Ll Laselts

B 1 PVDF-X it CNTs@PVDF Zefl il & o
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Table 1 Process parameters of the casting solution and the coagulation bath

JIEE 4 B w(PVDF)/ % w(PC) /% w(CNT) /% VRS
PVDF-0 24 76 0 50 °C

PVDF-1 24 76 0 50 “C ,c(NaCD) =350 g/L
PVDF-2 24 76 0 30 °C ,e(NaCD) =350 g/L
PVDF-3 24 76 0 10 °C ,e(NaCD) =350 g/L
PVDF-4 24 76 0. 25 10 °C ,c(NaCD =350 g/L
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Fig. 2 XRD patterns (a), FTIR spectra (b), and relative content (c¢) of S-phase in PVDF-X
and CNTs@PVDF hybrid membranes
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Fig. 3 Zeta potential (a), water contact angle (b), and pore size distribution (¢) of PVDF-X
and CNTs@PVDF hybrid membranes
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Fig. 4 Microstructure of PVDF—-X membrane and CNTs@PVDF hybrid membrane (a) ;
EDS of PVDF-3 membrane and CNTs(@PVDF hybrid membrane (b)
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PVDF-X and CNTs@PVDEF hybrid membranes
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Fig. 6 Pure water permeability (a) and piezoelectric properties (b) of PVDF-X membrane
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A high f-phase PVDF hybrid membrane with enhanced
piezoelectricity for antifouling

LIUQingyu, HU Binghao , CUI Zhenyu
(School of Material Science and Engineering, Tiangong University, Tianjin 300387, China)

Abstract: Piezoelectric membranes can enhance the surface charge density during operation through the
piezoelectric effect, thereby strengthening electrostatic repulsion and forming an effective energy barrier to
reduce pollutant adsorption on the membrane surface. Therefore, utilizing the piezoelectric effect offers a
new strategy for improving membrane antifouling performance. In this study, polyvinylidene fluoride
(PVDF) microfiltration membranes with different p-phase contents were prepared by adjusting the
quenching bath temperature and sodium chloride concentration, and the membrane preparation parameters
corresponding to the highest f-phase content were determined. On this basis, carbon nanotubes were
doped into the casting solution to fabricate piezoelectric-responsive CNTs@PVDF hybrid membranes. The
morphology and surface properties of the membranes were characterized, along with their dynamic
piezoelectric performance under cyclic pressure. The effects of constant pressure and pulsed pressure on
the surface charge density and antifouling performance were investigated. The results showed that
compared with pure PVDF membrane, the hydrophilicity, Zeta potential, and piezoelectric properties of
the CNTs@PVDF hybrid membrane were significantly improved. Moreover, under pulsed pressure mode,
the rejection rate of the CNTs(@ PVDE hybrid membrane for yeast increased from 43. 1% to 84. 6%,
compared to that under constant pressure mode. The positive piezoelectric effect exhibited by the CNTs@
PVDF hybrid membrane remarkably enhanced its antifouling performance, raising the flux recovery rate
from 57. 6% to 84. 3%. Based on the changes in membrane surface charge density and the antifouling
performance results, an antifouling mechanism of “piezoelectric-enhanced charge density” is proposed,
which provides a reference for leveraging the positive piezoelectric effect to improve antifouling perform-
ance.

Key words: polyvinylidene fluoride; S-phase; piezoelectric; antifouling
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methyl iodide to introduce quaternary ammonium groups. Finally, functional polymer featuring both a
rigid aromatic backbone and ion-conducting sites was obtained. The ion conductivity of the prepared
QPTIDP-50 membrane reached 101. 98 mS/cm at 80 °C, with a swelling ratio of 20. 17%, demonstrating
good dimensional stability. In this study, ether-free anion exchange membranes with good stability and
high ionic conductivity were prepared through molecular structure design. The structure-performance
relationship of the membrane material under the regulation of rigid monomer content was clarified,
providing an important reference for the design and development of high performance membrane materials
for anion exchange membrane fuel cells.

Key words: anion exchange membrane; dimensional stability; ion conductivity; fuel cell



