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Abstract : To address the formation of finger-like macrovoids and non-uniform pore structures commonly encountered in poly
(vinylidene fluoride)(PVDF) membranes prepared by the conventional non-solvent induced phase separation (NIPS) method, glycer-
yl triacetate (GTA) was introduced into a PVDF/N, N-dimethylacetamide (DMAc) casting system to regulate the casting solution
composition and phase separation process, with the aim of constructing a uniform sponge-like pore structure and improving the long-
term operational stability of the membrane. The effects of the molecular weight of polyvinylpyrrolidone (PVP) and the air exposure
time during membrane preparation on the pore structure and separation performance of the PVDF membranes were further investi-

gated. The results show that, at an air exposure time of 0 s, with increasing GTA content, the viscosity of the casting solution increas-
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es, the finger-like voids in the membrane cross-section gradually decrease and transform into a uniform sponge-like pore structure,
while the numbers of open pores on the membrane surface, pore size, and porosity increase. When the mass ratio of GTA to DMAc
is 1 : 1, a predominantly sponge-like pore structure forms in the membrane cross-section, and the porosity increases from 31.36% to
39.62%. Under the same air exposure condition (0 s), after the further introduction of different PVP (K17, K25, K30, and K90), the
membranes generally maintain a sponge-like pore structure. With increasing PVP molecular weight, the pure water flux increases,
whereas the bovine serum albumin (BSA) rejection generally decreases. When PVP K90 is added, distinct macrovoids and finger-
like voids appear in the membrane, the pure water flux reaches 763.67 L/(m’+h), and the BSA rejection decreases to 28.78%, indicat-
ing an obvious trade-off between permeability and rejection. As the air exposure time increases from 0 to 120 s, the surface and
cross-sectional pore structures of membranes with different formulations undergo further changes, while the average pore size and
porosity generally increase. Membranes with higher GTA contents still predominantly maintain sponge-like pore structures. Mean-
while, the pure water flux and BSA rejection of the different membrane systems exhibit pronounced formulation dependence, indicat-
ing that membrane performance is jointly governed by structural factors such as pore size distribution, pore connectivity, and cross-
sectional morphology. During 24 h cyclic filtration, at the air exposure time of 120 s the flux of the PVP K30-modified membrane
(MP3) decreases from 420.92 L/(m’+h) to 383.60 L/(m’-h), corresponding to a decline of only 8.87%, which is markedly lower
than the 65.40% decline of the control membrane (M1) without GTA and PVP at the same air exposure time. Moreover, no obvious
BSA deposition is observed on the surface or in the cross-section of the MP3 membrane after filtration, demonstrating good long-
term operational stability. The results indicate that the phase separation behavior and pore structure of PVDF membranes can be
effectively regulated by adjusting the solvent composition, PVP molecular weight, and air exposure time prior to phase separation,
providing an experimental basis for the structural design and performance regulation of PVDF membranes with sponge-like pore structures.
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Tab. 1 Viscosity of casting solutions with different GTA contents and properties of resultant membranes (air dwell time:0 s)

Samples Viscosity/(mPa-s) J/L-m?-h™) RI% Contact angle/(°) Peel strength/(kN+-m™") R./%
M1 7 196.28 106.34 86.30 81.46 0.2332 47.89
M2 9 889.33 176.90 83.83 83.03 0.209 3 50.29
M3 12 953.32 262.12 84.88 84.50 0.176 2 50.39
M4 16 017.54 350.06 81.67 90.03 0.043 1 66.15
M5 18 840.00 337.66 66.61 107.02 0.089 7 96.33

Notes: J, is pure water flux; R is BSA rejection rate; Ry, is flux recovery rate.
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Fig. 1 Surface SEM images (left) and cross-sectional SEM images (right)

of membranes prepared with different GTA contents at air dwell time (¢) of 0 s
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Fig. 2 FTIR spectra of membranes
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Fig. 3 XRD patterns of membranes
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AR AR XS N, BSA #5 B4 2 BE PVP 23 i3 fin
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Tab. 2 Viscosity of casting solutions modified by PVP with different molecular weights and properties of resultant membranes (air dwell time:0 s)

Samples Viscosity/(mPa-s) J/AL-m™?-h™) RI% Contact angle/(°) Peel strength/(kN-m ") RJ/%
MP1 23 040.00 388.76 77.11 100.80 0.1801 100.00
MP2 24 480.00 594.52 74.02 91.53 0.2338 45.97
MP3 25920.00 595.20 72.97 86.82 0.1175 65.60
MP4 61 200.00 763.67 28.78 80.65 0.1030 64.02

[, Bl 25 PVP 3 fa 388 0, R fl £ 32 ¥ o
IK, R PVP M AL = T RRER e, X E%
J& T PVP R KPR L A 04 5 | AT K 525 5 1
PRI B S . SR, BRIl R 2 R IR R
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AR MP T ELAT TR A% fioh 7 TR v 1) 27K ot
{H 38 S A R M REATR , ZR A BT T YLk RE T A
5 TV 2 A X R O R, H s e T o T

FLESH AR F B FL N TS5 e .

A S B4 5 5 5 8 B PV P 431 A8 AL A AR
A% X 5T PVP 5 R G B E T A
Ko 2o iR AR ZR B0 5 AT B RR I B4 ISV 1) TG 45 A 5L
P2 NERB 3 , DT 55 158 )23 5 S 2 =2 A1 R LA
mATER.

222 PVPLRFEXELEAM N
[&] 4 R A [543 -1 PVP BCPE IR AR 23 /<452 B2 I i)
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¥, 2 BIAE PVP K17 2 K30 75 [l N, PVP B9 AT
KMEIR GTA AT BRIk IR FLE5H , MP1 &
MP3 Z [ 3R TE 5 22 AR A R . 24 PVP 4> T i
E— 25 $2 15 28 KOO 1Y M, B, MP4 i 48 vl o7 1 L
W HRRFLEE M, IR R 2 5 41 PVP HAT T 211 5%
TR I R 58 A S5 K1, IR T 700 B AR i 28 4
TR REIE Bt A R R [ I B R 43 5 AT
T RAL KA AR FLIE

AR 2PN E e T E—2 &3, PVP 4y
Fi 5| RS FLAE A8 A2 Ak 5 REE 375 - R TR e 2 DI A
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Fig. 4 Surface SEM images (left) and cross-sectional SEM images
(right) of membranes prepared with different PVP molecular weights at

air dwell time (¢) of 0 s
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#*3 FTHIEMERE(E SIS EBRTEIA 60,120 5)
Tab.3 Pproperties of resultant membranes (dwell
time:60,120 s)

-2

Samples J“’/(I};,.lr)n ’ RI% acnogrisz::) R/%
Ml 285.15 87.05 80.47 34.13

M2 225.75 84.96 74.04 61.21

M3 279.77 93.44 83.45 44.42

M4 264.15 79.64 88.44 76.86

=60s M5 383.33 88.72 106.25 83.26
MPI 392.53 79.12 92.34 75.77

MP2 388.76 71.58 90.33 100.00

MP3 696.60 70.03 83.42 54.57

MP4 771.62 40.18 81.69 66.14

Ml 230.71 84.82 80.19 50.33

M2 276.72 92.02 75.65 52.52

M3 263.07 83.98 81.50 63.24

M4 263.48 90.12 85.18 61.73

=120s M5 386.39 76.96 105.29 80.58
MP1 557.44 77.60 88.94 67.24

MP2 369.21 74.47 85.55 91.04

MP3 379.60 69.42 80.13 100.00

MP4 521.48 51.23 79.86 73.05

HF Y 84.88% $2 155 & 60 s ) 93.44%, Bifi 5 7F 120 s i}
T R 2 83.98%; M4 I i 0 s B 114 81.67% T &2
60 s [N 1) 79.64%, 1fij 120 s I $2 55 2 90.12%., PVP
K Z H, MP1 % MP3 ) BSA #§ B8 K ifi 23 < {5 B4 it
[¥1) 75 A i B AR AT B T MIP4 3 390 1 65 g 1 8 g
LTt s, H BSA BB H4H 0 s I 1Y 28.78% & 5
2 60 s I 1 40.18%, I 7E 120 s I i — 2 i &
51.23%.

ANTR) 23 A5 BR B[R] T 4% BE 1 3 Pk & SR Al ok
FH G — AR R R A, HaE ok B R A ARk 5 4%
fisk 1 AR AN A AE— BRI XTI D6 R, R B LTS
YeVEREIF AR Z R i R v ), AR v RE IR S5
ANRIBC T 1R R IE A LEs F A
232 FEARAEY A XS A

23S 4 BRI ] AE K 28 60,120 s B, TR R[] 28
SRR B FLBR R R 4, B 5 FIE 6 AT
GTA &5 145 (4 SEM FAFE 25 LA 43 A7 ,
7 FE 8 Fy AN ] 435 PVP 2OV J5 ) SEM 3R 4F 45
TR A, B 6 T 8 Ty MEP 31142 .
Bl 75 225 05 B I TRDEE A, R SIS 1) L B 3 AP 244
(B o= )1V SR EW N Eea e N S D&
TSR AR AR —E 25 5

XFF GTA R R, Bl 4 25 45 B B[R] A4 b3

F4 BEARZSEERETHILEE
Tab. 4 Porosity of membrane at different air residence times

Pl%

Samples

=0's =60 s =120s
Ml 31.36 33.96 38.83
M2 36.79 37.64 38.41
M3 32.99 37.40 37.88
M4 38.41 41.55 46.44
M5 39.62 43.01 46.69
MP1 46.24 48.17 49.29
MP2 44.09 47.05 48.17
MP3 45.17 47.05 48.39
MP4 51.25 51.85 52.81

THT A T3 L 285 ) S A T B 8, LA 32 4 K
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Jne AN [R] PVP AR 28 0 48 % 350 bl 25 <045 8 B i)
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DI ZR R AL N = AR T 25 44 5 B MP4 JIEEAE O s A7
FERN B K RS HRIR AL , (HL Rl 2 25 A5 B 1) i)
FER AR A R B P A i i 4 R LA Tk
> IR AR DX I EE B R R 386 0, SiE K s AR 45 B ]
2120 B, B2 i 4oL, % T hE
55 0 S R B 9 A ) 2 RS AR A . 7
A NER R RIZE TR S A A5 o
A7 2 AR 5 B TR T 1 98 S P ) s 2L B RN A T
SRS IR HE— 25 R S 2 ) - AR T R A8 e S -
WAR S B R, T AR & 1 GTA 7 i \PVP
oy i ROE R AR, A5 Bl % 28 s B e
F1%) M 1O B A7 AE 25 5, e T A [ i 3 1 LR
SFFLBR LR L AR IRFLESHE

EEFR IR EYERE T UK B, a5 A AE B
[i) 73| A2 1 L 45 ) 7 Ak 5 RS 4l Gl 1 22 (] I ASFEAE
AT ——XT R K R . IR 6.5 8 K4 R,
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Fig. 5 Surface SEM images (left) and cross-sectional SEM images (right) of membranes prepared with different GTA contents when air residence

time (7) is extended to 60 s and 120 s
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Fig. 6 Effect of air retention time (f) on pore size of membranes prepared with different GTA contents
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Fig. 7

Surface SEM images (left) and cross-sectional SEM images (right) of membranes prepared with different PVP molecular weights when

air residence time (7) is extended to 60 s and 120 s
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Fig. 8 Effect of air retention time (f) on pore size of membranes

prepared with different PVP molecular weights
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Fig. 9 Pure water flux and BSA rejection rate of the membrane under

24 h cyclic filtration
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Fig. 10 Surface SEM images (left) and cross-sectional SEM images

(right) of membranes after long-term cyclic filtration
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120 s) B9 F 2 FL 42 A1 FL B2 % 43 510 4 110 nm Al
48.39%, 4l /K i & 4 379.60 L/(m*-h), [d] Bf H A
69.42% [ BSA # # R A1 100% [l k2 %, 5
CL A AFFEAH L, A5 i 4 A P BT R Ol 3
St i ARAE DRI 2R FL 25 AL 1 [m] B 22 20 A e
(7K i, I3 H—E 7Y BSA R RE 7 s i i
WK RET) R B I 2 A e RE

x5 S5EANEAKPVDFRIERELLE

Tab.5 Comparison of PVDF membrane performance with existing references

. JJ(Lom Pore .
Formulation Method v ) RI% R/% size/ Porosity/% References
nm
PVDF/DMAC/H,0 NIPS 8 - - 150 - [10]
PVDF/TEP-DMACc (60/40)/PEG200 NIPS 64.6 90.1(BSA) - 26 81 [12]
PVDF/TMP-DMACc (60/40)/PEG200 143.0+0.9 73.8+0.3(BSA) - 40+2 81.840.2
PVDF/TCP-DMAc (60/40)/PEG200 NIPS 42.7+0.4 80.2+0.1(BSA) - 2441 67.2+0.2 [25]
PVDF/TBP-DMAc (60/40)/PEG200 19.1+0.3 78.5+0.2(BSA) - 20+1 47.1+0.1
PVDF/P(MMA-r-PEGMA)-TEP NIPS 460 - - 130 - [26]
PVDF/DME-NIDES/PVP NIPS 2048.24 84.6(SA) 15.44 - ~25 [27]
PVDF/GTA-DMAc (50/50)/PVP K30(=120 s) NIPS 379.60 69.42(BSA) 100.00 110 48.39 This work

Notes: TMP is trimethyl phosphate; TCP is tricresyl phosphate; TBP is tri-n-butyl phosphate; P(MMA-r-PEGMA) is an amphiphilic brush copoly-

mer synthesized at room temperature from methyl methacrylate (MMA) and poly(ethylene glycol) methacrylate (PEGMA) monomers at a mass ratio of

5 : 4; DMF is N, N-dimethylformamide; NIDES is a nonionic deep eutectic solvent prepared by mixing N-methylacetamide and acrylic acid; SA is sodi-

um alginate.
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T ERARFLEE Y, FLIR HH 31.36% $2 51 22 39.62% .

(2) 7 GTA/DMAc (1: D& Z& v 3E — 2 45 m
PVP,K17 Z K30 /K R SR CRFFE 4 FL451 ; H PVP
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(3)Z5 A5 B o A o 0 o ol A o AR A B
[TV T AR, i — 2087 Je B2 AH 70 B8 M AL 45 I
B Bl 25 S B IR 0 s SE 4 %2 60 s F1 120 s,
5 FELFL Bt 228 RS- 25 FL AR R A8 o, H ek i K i
Tt BSA # A ARG YLk BE 5 ) e T 5 IR
HAL

(D IEIEEMP3, =120 s)7E 24 h Gk 1 o
T PR 8.87% , JEAR T A PE M1 Y 65.40%, H.
1L U8 S SR T AU S 2 W i BSA UUAR, JR i R 4F
SR Bray iy S Yred o
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