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Abstract: To modulate the pore structure and performance of polyvinylidene fluoride (PVDF) membrane, a
series of PVDF/ethylene acrylic acid (EAA) composite membranes were prepared by immersion
precipitation phase conversion method using EAA as additive and PEG400 as porogenic agent, and then
characterized by SEM and FTIR. The permeability and anti-fouling performance of the composite
membranes were analyzed, while the effects of EAA and PEG400 mass fractions on the structure and
properties of the composite membranes were investigated. The results showed compared with the PVDF
membrane (E-0) without EAA, PVDF/EAA composite membranes exhibited higher permeability, separation
performance and pollution resistance. EAA improved the surface hydrophilicity of the composite membrane,
while PEG400 enhaced the affinity between the casting liquid and the solidification bath, accelerated the
membrane formation rat thus leading to more pores formed on the membrane surface. PVDF/EAA
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composite membrane (E-3), prepared with 3% EAA and 4% PEG400 (both are mass fraction, the same

below), exhibited a pure water permeability of 271.57 L/(m*-h) and bovine serum albumin retention of
64.83%, which were 486.42% and 116.10% higher than that of E-0, respectively, a flux recovery rate of
75.97% and total contamination rate of 46.51%, which were 19.37% higher and 26.92% lower than E-0.
PVDF/EAA composite membrane (P-3) with 3% EAA and 3% PEG400 showed a porosity of 53.33% and
an average pore size of 4.55 nm, which were 33.33% and 88.02% higher than that of PVDF/EAA composite

membrane (P-0) without PEG400, respectively.

Key words: polyvinylidene fluoride; polyethylene acrylic acid; porogenic agents; permeation properties;

anti-fouling properties; water treatment technology
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REMREMN . 5 7 A AL T N AT 25 1
185, BB AL R AL, DR ESh
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(SEM ), [ FEI /A5 Nicolet 6700 7 Bl A%
ELTHMEIEIL (FTIR ), 32 E Nicolet 24 Al ; DSA25S
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Table 1 Casting solution formula for different membranes
R w(PVDF)  w(EAA)  w(PEG400) w(DMAc)
1% 1% 1% 1%
E-0 16 0 4 80
E-2 14 2 4 80
E-3 13 3 4 80
E-4 12 4 4 80
E-6 10 6 4 80
E-8 8 8 4 80
P-0 13 3 0 84
P-1 13 3 1 83
P-2 13 3 2 82
P-3 13 3 3 81
P-4 13 3 4 80
P-5 13 3 5 79

1.3 PVDF/EAA E&8ERRIE

5 RER RN RN R < R FH I 2 B T TR 5 Y
FHEESEA TN, K AR IR A (70 °C) #5 M T H
Wi, MECK SR A 10 mL EAAT, Z R
BEFEFEETT Y & IR L AR A AR, TERE I A
M ERE, PREF 25 °C, BAFRRINL 3 WOFEUHE
BOFYIE . SEM MK . X 42 A B 2 1o A 1 fouR
EM AT, e, fE 35 CPKEAE T
AT EEA T 24 by B)E, R AR KA IE R
N, I FE e R TR R N A [ 2 R, o AR 3K
ZHT T BN S A WP A A T HE T, e 5 KT T
BONCEFEMER A B SR)E, BRI TR T
S, RIS 4 2 IR, BRR 60 s5 58
W4 S, KR ELE T SEM H, Mg 4 B A O
JES . FTIR Pt o8 FH A8 B b AR 4 2T A SO &2
A BRI R A 22 S5 R HEA T 4087, Sl B2 A ik
A 35 CHB T IEFM T 24 hy ZEKE A
By bR, i#E4T FTIR W, #fbfik. RA#EE
i £ A & A IR K B2 i A R AT, el R
BIERESLTE 35 °CF T 24 h, BESEEIT NS
WER/N, FERAGR R E 2 T8 A L, X NEE
R DR EL 3 ASANE B B AT, I A ]
1 min, fe)a BORHCEE . FLERAME « #
JEE RN R B i 22 R I i, S, ¥ PVDF/EAA &
BT 48T TI50 2 emx2 em IE 5 TERES, IF
WS TR IERE; 5, BIRREELET
K EA 12 h, USIREKIRE; K5, FHIE40H
FE i B E KT, FREFER R R RF,
PERAE 60 °CHYEZS THRAR T4, /K AL

R K, EEIBE AL N I, PR
BT RE SR BB SRS (1) TR A R AL
B

m%:ﬂ%%&mo (1)
p. .

K p MIERFLERER, %; my, MIBEA TR, g;
mg NIRRT R, g5 S MFEMBEE AL, 4 cm®;
SMHRER IR, em; p NEBE FIKAEE,
1.0 g/em’,

i F§ Guerout-Elford-Ferry /7 #2 (2 (2)] XKif
B A BT ALAR

Ky =:29-1.750)-8B-n-Jy)/(n-L-AM) (2)
K. Ko WAL, nm; g halikE 25 °C
ATAYZS L, 0.89 mPas; n AAEJERE, cm; L AR
., em?; Jp MIEMLKE R, L/(m>h); AM R
B 7, 0.1 MPal™,
1.4 PVDF/EAA E&ESEMEENIR

SR R A A Y (| 1)
X & A Bk 3 T8 T I

7£ 25 °C. 0.15 MPa FXi&E & AT 8 51 AE
MW, K LB oRE R, AR, el E s
JEAE 0.15 MPa F i 30 min; BfiJ5, 76 0.1 MPa R
XA BEIEAT 15 min (P8I, Fic 56400 &
B, #X (3) IHHE4KSBE# .

Jo=VI(A-1) (3)

K. J, MAKBEE R, L(m*h); VoA IERK
AR, L; A Midielaod i mA, m?; ¢ il
UEIHE], ho

TR a

TEFRiE

K1 BdEtkae s n s 2K
Fig. 1 Schematic diagram of penetration performance test
equipment
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W, AN UL EETTAE 280 nm YA TR
EVERE S I8 T BSA MIWOEREE, IR E
BSA itk B, H2IWOGE (y) 5 BSA sk
JECx BIBRE T2 7 T2 1y=6.251x10x+1.3253%10°2
( R*=0.9996 ), BSA ¥ % & BSA V5 5l 4%
X (4) M (5) HATIHHA
RI%=(po—p1)/pox100 (4)
Jpsa=V/(4-1) (5)
K. RN BSA BB R, %; pofl p) 4350 bk RHR
Ly b BSA M E A, mg/L; Jssa N BSA
BisimE, L/(m*h); VN BSA BRI, L; 4
i U oL BRI, m?; ¢ AL ERTE], he
15 PVDF/EAA E A BEHTLMERENIK
SRl 895 175 3 v A X A TS e
PEREMEATIN . & A A T4l K & BSA R
BRINAS , F A B I R R T U R TR
710 min LAARRIS e, HEPINAE & B 4iKE
HEA, EEX (6) ~ (10) HHEEEKER,. &
I S BUI NP 1 N B R

Jw1=VI(A4-1) (6)
FRR/%=J1/J*100 (7)
DR/%=(Jy—Jpsa)/Js>100 (8)
DR,/%=(Jy1—/psa)/Jw* 100 (9)

DR,/%=(Jy—J 1)/ J*100 (10)
. Jy, WL UE BSA J5 I FTINE A4l K 5
i, LAm*>hy; Vs BB, Ly 4 R il
BOLUETE AL, m?; ¢ AL ERTIE], h; FRR S K
A %; DROHAMISYH, %; DR, N 5 Yk,
%; DRy WAHHIEIE, %,

2 GRS

21 EAARENHMWESENZI
2.1.1 BB

& 2 N EAA JFitd 2805 PVDF/EAA #5151 &
JE 15

M 2 AT UL, FEE EAA ARG N,
PVDF/EAA # B IA RO FEBE B Wi K, Hif EAA
T ER A%, B IR B &6 SR B 37266 mPa-s,
XSEH R, PVDF 5 EAA SEBCAAMEIGIN, BEgmLE
S, MR R FE RGN, Y EAA it /A
— RN E] 6% 8%, FH B EEE r milik#] T
62133 1 86600 mPa-s, [ EAA ik /80 H 4%HT 85
JESVR R 8 B B 3 n, RS R AR . XAl
REZ T EAA Mt AE0E & S 800 hbE T A
HEVERIE BT AR o B ) SRR S 5 —
7T, #5 EAA FI PVDF P24 TR, B T RE

W B2 [B) A9 58, E—25 i T PVDF/EAA #
JIER ) 26

1.0x10°

8.0x10*

s)

6.0x10*

4.0x10°

FiBE/(mPa

2.0x10*

0
WEAA)%

K2 EAA Fuik/p$%t PVDF/EAA #4530 B 1 (952
Fig. 2 Effect of mass fraction of EAA on viscosity of
PVDF/EAA casting film solutions

2.1.2 SEM & #r
& 3 J& B-0~E-8 E A M1 SEM K,

a—E-0; b—E-2; ¢c—E-3; d—E-4; e—E-6; f—E-8
K 3 N[A PVDE/EAA £ & TEAYZE SEM A

Fig. 3  Surface SEM images of different PVDF/EAA

composite films

MR 3 AW, KA EAA B PVDF 826148l %
S, EERmA—EEENEE, L, mH
PEREZ AN RO RE 4% (& 3a). FHLLZ R, W EAA
J&, PR T HAT I S A FLREE# , Bl BEAA i
AYECRREIN, FLAVECR BT £, FLARR WA K (&
3b, ¢), JUHAE E-3 (K 3c) WL BE KR, 4
J 4 um, ZJEHEE EAA BRI BAAkSEIEm,
AIFLAE RS /N (P 3d~F), Hid E-8 (& 3F) i
BT Z AT AR B ERCIRE5 4, X T RE S Rk
T i B D PR, R TR R ) SR TR 4
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F, I RS R T LAY % 28 . el R, 5
) A R 5 3 ) A R [ S O B oA ) b s
FoBb, RSO L, EAA AN T A5 IR A B
BE, BRI TV ) 5 AR T R0 5 i ) i R iz Bl g
SEP BRI TR a5 . e RN
i, EAA HAAMEISEKME, 5 PVDF 55 2 1]
TEATEAL SRR 2l 78 T DMAC FI%E I 1 i
O T ER S AREFI AU L, ER T EL
HIFLARZEAE o (H EAA J i 43 B0E KRBT B4t iy
WK, R T B%R
Kl 4 4 E-0~E-8 & & R # i SEM &l

a—E-0; b—E-2; ¢—E-3; d—E-4; e—E-6; f—E-8
Kl 4 KA PVDF/EAA B4 IR SEM K

Fig. 4 Cross-section SEM images of PVDF/EAA composite
films

N 4 0T LA B A G FOIRZ5H . RIS EAA
B, B ARG BN H B — (Bl 4a), WA
EAA JFUE 4B 03E N, B ERIT 46 th B R FL
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HA, WHELE Z, LBl R, REIE A
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2.1.3  FTIR F=/Ki2 Ak f o H7

P 5} E-0~E-8 & A 1) FTIR 3% 1 A K 422 frk £
TR 2 NP Sa m] UL, ZE 95 %0k 1723 F1 1241 em™!
b H BT A A I, XY C=0 R4 PR3,

TS A E B ABRIE IS EAA 2 )5, ilidh c=0
R 4 I B IR WAL U B 3 L 2 PVDF JIE Hp Y I ik
W] PVDF/EAA A HRIENEZ . 76 1123 em ' AbH
LT —ANUA R s, XE I C—F BRI 4R TR SN,
XS PVDF H' C—F # X FRI 46 IR 3, 2 EAA
W21 R A 7E PVDF i, A 5b AT, ASIF]
PVDF/EAA &4 WY /K42 fil /1 141<90°, SR H I 2
K. W& EAA BT o8y, 246 K%
flf R TR IR e LT, FRRIE E-3 A
H ARk B/ (69.5°), X2 N, EAA HA
SRR, HOMARR S TR A EKEE; (H EAA R
itz , SRR, SFEOLERN AL,
M SRR AR 22, 3R T RS K 2 Al A o

a 1123
E-0 17231241 /\W
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Kl 5 °K[A] PVDF/EAA &2-ATEK) FTIR 1EE (a) FzKEf

i (b)
FTIR spectra (a) and water contact angle (b) of
different PVDF/EAA composite films

Fig. 5

2.1.4 HiBEMAEVAR T MRS

Kl 6 &y E-0~E-8 & A EAB B RE LA K HTi5 Je
PEBEM IR 25 5

ME 6a BB IETEREMEALE R AT I, A EAA
BAMERAKB EREN BSA MEFA THER
PEm, B EAA B E0W IS, 2A B aiKE
B R ESE, Hid, 4l PVDF JE (E-0) Ay4lik
BBl 4631 L/(m>h), E-3 F1 E-8 443k %
271.57 #1423.15 L/(m*h), .2l PVDF JE4r 548
T 486.42%1 813.73%. TikEH EAA Ji &5 KL 13
I, 2 AR BSA #REA R H 258 2Um TS 22k
s, Hrh, 4l PVDF i (E-0) i BSA ##
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4 30.00%, E-3 Fil E-8 43514 64.83%F11 48.79%,
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EAA &AM FLAR R K HALZ 50, i B ) 4l 7k
BB BSA #EH R 5B FEKERLE AR
KEKFR, ISR FLAE T AE A8 Kl FL 72 7 A va
HI9E, B BSA PR 45 5yl AL, TR AR A
B, 1M E-8 1Y) BSA BRI AR/, SRR,
R EAA Tt 50T, EAA ORI DA AT g
SV, R IR R Y BUBUR 2, BHAT BSA ik
SN BN, SRR IR,

500 — 70
a BEAziKeFiE R
=450 y SEBsamEx 165
=400t \ S 160
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=300 N 2\ - 1503
I 5 S N A A \ BE
e 50 \ \ ?% AN N\ 45
: \ N AN AN \ ®
1 200 N\ N A A N\
£ 150 N A | A\ A {33
N
50 [N\ \ N A A N 125
E0 E2 E3 E4 E6 E8
90
so—b PZ2FRR E2Z2 DR, FZZ DR, B2 DR,
S % i
ez 701 Z Z % %
A g % Z Z Z 7
60 A Z Z Z Z Z
;60 Z? ?7 ? é 7 é
< Al 4 4
; 2 Vioa) Uiod VA B 90 Ui
& 20 % 70 770 777h 72k % 7R %%
%278 % 70 72 R 770 %78 % %
= 0 G o ] ] o
2%%%7R% Z I o A
A 0 VoA T G o

( Lz

E-0 E-2 E-3
Kl 6 A PVDF/EAA A IRIGEIENERE (a) FIHTTE 4
PERE (b)
Fig. 6 Permeability properties (a) and anti-fouling properties
(b) of different PVDF/EAA composite films

[es]

-4 E-6 E-8

¥ 6b & PVDF/EAA & A BEPiT5 Ytk fg. v LA
Fih, 4 PVDF 3 ok & R LS YR 5000 A
63.64%H1 63.64%, E-3 Y3 Pk 2 R AR5 Y 5y
R 75.97%H1 46.51%, i Pk & R AHXS T 46 PVDF
JESRTE T 19.37%, &75 4« M % T4l PVDF AR
T 26.92%; 1 E-8 (3 ek &R AN B 5 YR 5 510
69.65%F1 52.24%, i &k 5 FAHIXF T4l PVDF [ {%
T+ T 9.44%, Bi5 YR M T4 PVDF BEREAL T
17.91%. 22, A EAA G, BEE M50 HR TR,
WK A B BT, R YR RS AT 5 G
RARA W EAL, A & EAA B A BAPTs Ytk b
¥IRF4li PYDF BEAPTs detkfie . X nTRER N A
PVDF 5 EAA Z[EIWAHEAEF , EAA IUGINEGE T

PVDF/EAA B A WEMEKM, Wit—S8sTE A
JES B AR (A P T5 Ye PR RE o
2.2 PEG400 REHN#H X E &R
2.2.1 SEM 5 #7
& 7 A P-0~P-5 (3 1H SEM &,

a—P-0; b—P-1; ¢—P-2; d—P-3; e—P-4; —P-5
Kl 7 KIE PEG400 itk 4340 PVDF/EAA B & IRK#

1l SEM [%]
Surface SEM images of PVDF/EAA composite
films with different PEG400 mass fraction

Fig. 7
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TERE R N #R PVDF /K5 PEG400 B /K P4 543
TREMEEH, SWAOREY TR EER,
PR AR R YRR, R B LR 25 R 1
T B LA B VR 5 i J2 R il T, AE P-4 i nT LAER
FNHEIE] | AR W FLARZE5 A8 LA K 5 BH G5 7y IO PR 4%
S5k (18 7e), X5 PEG400 i /- B in g 56 .
{HBE%E PEG400 Jii /50 50 it — 23 (& 7¢), i
T BT HRLER, LIRSS M AR, X T fE
JEHR, PEG400 3 i A A R Rl T —
by, S 7E R Y B
222 KEARAFFHILE LR E ST

8 S P-0~P-5 MK Al f FIF4L4% . FLBR
FIM LG
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Fig. 8 Water contact angle (a) and average pore size and
porosity (b) of PVDF/EAA composite films with
different PEG400 mass fraction
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Fig. 9 Permeation properties (a) and anti-fouling properties

(b) of PVDF/EAA composite films with different
PEG400 mass fraction
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Table 2 Comparison of the performance of different
membranes
4 B
Tam g‘i]gg/ BSA M w24
(Li(mh) ) RR/% HR% SOk
PVDF/Afb A 8M (GO) 577 79.22  63.89 [21]
PVDF/5e %M (CS) 665 77.17  64.63 [21]
PVDF/CS-GO 712 84.72  69.57 [21]
P-3 157.89 7747  68.00 AL
PVDF/ K & #i B R & BF 531.1 65.80 98.80 [22]
(SMA)
PVDF/EH NI T E/  201.6 3040 — [23]
PEG
PVDF/4h4 S Ak 328 91.04 7620 [24]
PVDF/Ag-SiO, 500 74.00  53.50 [25]
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FIFEAR T 26.92% . EAA RO INAT LA T & B ) 46
KB EmE . LB . BSA & RMPris Yertae.
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