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Based on Phase Inversion

LI Tiantian!2, LIU Fu!?2
(1. Ningbo Institute of Materials Technology & Engineering, Chinese Academy of Sciences, Ningbo 315201, Zhejiang,
China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Traditional phase inversion process mainly involves the pore structure regulation of polymeric membranes via
controlling the kinetics and thermodynamics, which is a typical physical process, rarely regulating membrane
surface/interface properties. However, the surface/interface properties, such as anti-fouling, anti-bacterial and non-clotting
performances, influence the separation performances substantially. We propose a “chemical phase inversion” in this paper,
which endows the membrane with specific chemical functional surfaces/interfaces during phase inversion process. The key

point is to manipulate the migrating route and fixing configuration of funcntional molecules during phase inversion process to
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accomplish the surface/interface functionalization of polymeric membranes. We summarize the surface/interface
functionalization strategies through “chemical phase inversion”, which can be classfied into, the inside-out migration and in-
situ cross-linking functionalization strategy based on casting solution, the outside-in migration and off-site cross-linking
functionalization strategy based on coagulation bath, and the top-down migration and interfacial cross-linking
functionalization strategy based on microporous membranes. According to the differences of the modifiers and the post-
treatment process, the membrane can be endowed with excellent anti-fouling, anti-bacterial and non-clotting performances,
respectively. The strategies are utilized to modify the microporous membranes for water treatment, oil/water separation and
hemodialysis etc. Therefore, the theory of “chemical phase inversion” provides a new research idea for the preparation and
separation of high-performance and multifunctional polymeric microporous membranes. However, the introduction of
modifiers will also have an impact on phase inversion process, thereby affecting membrane microporous structures. We will
further improve the “chemical phase inversion” theory from the view of microporous structure regulation and surface
functionalization in later researches.
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Fig. 1 Regulating surface/interface function of polymeric micoporous membrane via chemical phase inversion
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Fig.2 Diagram of immersion-precipitation phase inversion process'”
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Fig.3 Schematic illustrations of membrane formation mechanism by in situ polymerisation and micro-phase separation!*!
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Fig. 4 (a)Scheme of the alkoxysilane-based cross-linking mechanism;(b) Schematic representation for the formation process of the membrane
prepared via in situ cross-linking route:(b1)Molecules dissolving,(b2)In situ copolymerization,(b3)Phase inversion,(b4)In situ cross-
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Fig. 5 (al)Loading-displacement curve of the original NWF supported PVDF membrane during peeling process(The inset is a digital photo of
the composite membrane partially exfoliated);(a2—a4)SEM images for the membrane surface with scale bar of 200, 20 um and 2 pm,
respectively;(b1) Wettability of the membrane toward water in air(left) and in oil(right) (The volume of water droplet was 2 pL and
during the under-oil water CA measurement, the membrane was immersed in n-hexane(lighter oil was selected to allow heavier water
droplet to sink down and stand on the membrane surface) );(b2) Wettability of the membrane toward oil in air(left) and in water(right)
(1,2-dichloroethane(DCE) droplet of 2 uL was used as the detecting probe(heavier oil was selected so that oil droplet could sink down
and stand on the membrane surface) );(b3)Photographs of the dynamic under-water oil-adhesion measurement on the membrane surface
using DCE as detecting probe;(b4)Photographs of the dynamic under-oil water adhesion measurement on the membrane surface(The
membrane was immersed in n-hexane);(c)Separation results for different oil/water emulsions:(c1) Toluene-in-water emulsion(up) and
water-in-toluene emulsion(down);(c2 —c4)Chloroform-in-water microemulsion:(c2)digital photos,(c3)droplet size distribution by
DLS, and (c4)FTIR-ATR spectra of the emulsion before and after filtration**)
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B 6 Janus BRI (2) I bR H-hBH AL ™ 3 m K AR 5 Y 383, AR B3 & A2 35 s (b)PVP-VTES LI it
Rz [ARIITVE A SR M 25 42 7 [ FERE R T (o) BRI oK, TR R Mgk )

Fig. 6 Fabrication of Janus membranes:(a)Presence of glycerol on the nonwoven fabric preventing the exchange of water/solvent on the
bottom surface, exchange only occurred on the top surface;(b)PVP-VTES migration to the top surface in a gradient way and anchored

firmly as a network;(c) Top surface being hydrophilic and bottom surface being hydrophobic!*”!
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1524 45% BYFU R IS 5 1T PES-DMC6-Ag-5 1 PES-DMC6-Ag-10 B 7E 3 N EH 5 54545 90% LA BT
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Coagulation bath: b1, c1 —H0; b2, c2—DMAc-H,0 (VDMAC/VHZO:SO/SO); b3, c3-C1; b4, c4-C2; bS, ¢5-C3; C1, C2 and C3 represent
the coagulation bath including PVP-VTES, PDMAEMA-VTES and PAA-SSNa-VTES, respectively
F 7 (a)idiid Outside-in XEFESRME AP PVDF AL HRE; (b) AN [RIBE A TE PVDF Y5 T A2 i £ FIISE [ 75 8 5 ) 4 T
KI5 () AR A BE I T Ao A LB P )
Fig. 7 (a) Outside-in segregation strategy to fabricate the functional PVDF membranes; (b) Contact angle and surface tension of different
coagulation baths on liquid PVDF films; (c) Membrane gelation images for different coagulation baths!¥
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W £hi7 FAHEE AL . PVP-VTES 1Y Outside-in 3T58 5EWE F1J5 22 1 20 BOLATEL (AuNPs ) 1l & — {4k PVDF B T28157 4
47 B (FERR AL A R, NaCl T IR R (2 2F 1 3R T EERRES )5 2K R G4 PVP-VTES ML B BRI ok
ST, ok S T R T B, AuNPs ¢ A BRI TR, PVDF/Au & A1 — (b PYDF I (L U 1
PRI e/ MBI KGEE | —HAB I BRRZE A B BRSO )

Schematic of integrative PVDF membrane for solar steam generation via salt induced phase inversion, outside-in segregation of PVP-
VTES and subsequent loading of light absorber( AuNPs) (The NaCl seeds promoted the formation of spherulite morphology in the top
layer as nucleators during phase inversion; The hydrophilic copolymer PVP-VTES segregated onto the spherical micro-particles and
immobilized via crosslinking to form a hydrogel layer; AuNPs were embedded onto hydrophilic spherical micro-particles to form a

PVDF/Au hybrid membrane; The integrative PVDF membrane shows enhanced light absorption, minimized water pathway, integrative
thermal insulator and self-floating advantages for solar-to-steam generation )"}

Janus-1 Janus-2 Janus-4
95.84 144.84

(a) BA AR BREEHE 0 S BT 45 1 SEM [&1: (al) B BRIB A5 19 3R (a2) N ERRLA 3 A1 (a3) B TRAREE Y T
2T 1% AuNPs J5 (b)M-T HHGRAI()M-B BRI IO SEM l: (d—f) FUF BRIE S5 R 9 352K J2 2 2 BIEE 134 411
{5 BB INFIA]SE S TTHE AN : M-1, M-2 1 M-4 2353 A QWA EBE ST 75 P B 5 B IR A 1, 2, 4 min®®)
(a)SEM images of heterostructured membrane with asymmetric structure: (al) the top layer with spherical morphology , (a2) the inter-
fused boundary and (a3) bottom layer with flower-like morphology; Enlarged SEM images of (b) microspheres in M-T and
(c¢) microflowers in M-B after loading AuNPs;(d—f) The thickness of spherical hydrophilic layer increased with the immersion time in

coagulation bath: M-1, M-2 and M-4 represent the immersion time in coagulation bath for 1, 2, 4 min, respectively*"!
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PLA JFE A AL, 4 1 HA MU AL &5 HY 9 PLA UL, B 38 i Top-down iE #% Be P 75 A7 R i 51 A
PVP-VTES ZE47 3K B rEEs], WESE 4 R M, 7 53 K P R 2 T L B 3 A0 B2 1, A2 MBS R 4 A vy B M R O

AR T,

ik 1478 L/(m>h) . [AAF, PVP-VTES A95 | A BRI 4S5 5 9%(XRD L JL-F-3% AT 45 AT g )

PR3 42%(XRD VB T IH 8 A4 45 SR AT B ), B A T B BE L FR SCRIk [49] HIE AV Y 60 °C #EERIZ) 96 C.
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Catalytic reaction

&

Au solution flow AuNPs

K10 FEARE N as Byl f 2 (a) R AREL (L ikl 4 1 B SIRAL 454 1) PVDF 5 (b) i@ i LI 22k 0 PVDF BT /K
P (o) LG sh iy SUAE SR RFLN B A 2 BRI () LS 7 SRS IRFLIN A S ORI (o) XIS IEAEE) (4-NP) F1
P AL (MB )38 A8 AR N85 S S B A )
Fig. 10 The synthesis route of the finger reactor:(a)Finger-like pores based on PVDF membrane were fabricated via phase inversion;
(b)Hydrophilic modification via interface crosslinking;(c)Flow through of dopamine solution inside the finger pores;(d)Flow through
of AuNPs suspended solution inside the finger pores;(e)Flow and spontaneous reduction of 4-NP and MB!*"!
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Fig. 11 Interfacial crosslinking strategy to accomplish the superwetting, antifouling and antibacterial properties™*”
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T X R S5 R BEAT BT AT LA BT 3R L AT R B R BE AR IR T RE M . T I&T 12 FoR, AR PRI 1 Je 5
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() P(VP-VTES-GMA), TERPEMEAL A5, SO 1 25 S B B i ik 4 7K H- il ik Sz 07 445 45 5 A R R ik 1A /i 1R Ak
PV ITF 2R 701 DT I 280 o e 2 B T A R 1, 5 U A A E 25 35 e IR I S D RE BE AR

#Si-%, R
HydrothemalHO gy OH Glycidyl ether
S Al crosslinking : Q. 0 2O reaction
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The reaction mechanism of glycidyl ether and heparin

RCOOH + Base — RCOC®

R
RCOO +H,C ~CH- R, = RCOOCH,CH
o° [ON Rl B
RCOOCH,CH+RCOOH —»RCOOCH,CH+RCOO
R, OH

12 @it P(VP-VTES-GMA ) 3R I 3 HR NG /K H ik S 00t 2R LR IR A T I R ALt s R R Y
Fig. 12 Schematic illustration for heparinization modification of PLA membranes via surface crosslinking and glycidyl ether reaction of
P(VP-VTES-GMA)P"

TR 0 ol = S HT B E A 2R SR R B RE AT, AT B [ A A R R AR B RE B I R &)
PR M ZE . Qin &5 WU I Ry VA M R XoF Bt 458 1l k2 3 BEAF A MR AR B R AE T 0 b & A7 JR TR B e A1 . Wang
S 1520 i Ak AR (GCVD) 19 77 2UFE PLA R T 5 | A H R M R (MAA) Fl & — 1 — N M iR 18K (EGDA)
ALY P(MAA-EGDA), 5256 25 5L ilF— 25 11F B R 2 J5E A1 A0 5 | AT LA B i 4 v B A I v RH 2 1 o PRI, A2
R 37 S e A S AR DU 75 B A B b 5 | A KB R R IR R PR BB 1A o E S T S K 1) S Al L, AR DRUR 2 3 ok
H H 5L SR A B il £ 4 R B 7 A R R R R I e 1A i T SR A, I3l ok B T Ao K A O =X, B L5 1A PLA B,
GRS SRk — 20 R W, B PR AR A9 5 | {45 FEE 1) 000 R AH 25 A5 300 I b e, 90 13 68 I 3 A 8] (APTT) 44
% 180.1 s531, Top-down i #% M ST Mk S8 3k (1) 5 =X ad 3 T JC LA KL~ 9 50k (5450, FR ATl o 3% 0 ik
XK TiO, UKL AT U, B A 2 A8 R A W AL SR T A 3 1 2 V2R S W NI D g 3R 1

HTOh Y &, Top-down % K 5t I sl ik 5 106 1) 75 X mT LA S I DR L 1 IV 328 AT 2 14647 1 A 25 1
et BT R LT AR S SRR (PN AR ZY 200 pwm) 525 0T AR, 7E TS 7 4R B P IR A BRI 8] N R T A A0 TR
B AR RMER . FRATR A A5 7 26 i = Pt 73 138 2 Top-down i #% K2 ST S Ik AC K 19 T
OB HAB i [ 2 78 rh 23 SR AR N BE |, SEB A PUBESE HT a5 14557, an &l 13 (a) B, B 0EE o 15 Wl
BB T IZ AT 7 A MR T8 v, P Lo | B a] | YRR S A5, A B PUBEE TR . SRR BT
i 3 A e 4 i R G A (18] 13(b) ), I B REE ZE I R R e A1 25 B2 i 42 71, R B Ot = bt i
AN EEBHERE (K] 13(c) ) o Horh M-b-90 JRe 30 f A (R 8 1P B, 16 A5 43566 1ML 3% Ffg B5F (B8 2 600 s, E Il



222 U ofie w4 F ¥ M 33
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Fig. 13 (a)Simulated hemodialysis system:(al)blood reservoir, (a2)dialyzer reservoir;(b)Example of dialyzer; (c)SEM graphics of
platelets adhered on the inner surface of each hollow fiber membrane®”)
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