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Temperature—Responsive Nanofibrous Membranes Fabricated by
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Abstract Subsurface-initiated polymerization is a novel modification strategy for the preparation of covalently embedded
polymer brushes. It shows great advantages in the development of polymer brush-functionalized surface with high stability.
In this work, the electrospun polyacrylonitrile (PAN) based nanofibrous membrane was modified by subsurface-initiated
atom transfer radical polymerization (sSI-ATRP). Covalently embedded poly(N-isopropylacrylamide) (PNIPAM) brushes
were grafted from nanofibrous membranes to prepare temperature-responsive oil/water separation membrane
(PAN-sg-PNIPAM). When the temperature is lower than the lower critical solution temperature (LCST), strong hydrogen
bond interaction between PNIPAM chains and water molecules makes polymer chains fully extended. The membranes are
hydrophilic and show very low underwater oil adhesion, resulting in a very high separation efficiency for oil-water emulsions
(up to 98.7%). While the temperature is higher than LCST, PNIPAM chains dehydrate and collapse, the membranes become
more hydrophobic and the underwater oil adhesion increases significantly. Thus, the separation efficiency dramatically de-
creases to as low as 9.1%. In addition, due to the high stability and durability of covalently embedded polymer brushes, the
membrane can maintain a very stable permeation flux after reversible switch between 20 C and 45 °C for 10 cycles under
a pressure of 4 kPa. This study provides a novel method for the development of highly stable, durable and smart oi/water
separation membranes.

Keywords subsurface initiated polymerization; atom transfer radical polymerization; nanofibrous membranes; tempera-
ture-responsive polymer brush; controllable oil/water separation

* E-mail: yubo@licp.cas.cn; zhouf@licp.cas.cn; Tel.: 0931-4968466

# 253K, H ATHE: Physik Department, Technische Universitét Miinchen. James-Franck-StraBe 1, D-85748 Garching.
Received September 27, 2020; published January 2, 2021.
Project supported by the National Natural Science Foundation of China (Nos. 52065061, 51805514, 51705507), Bureau of International Cooperation, Chinese
Academy of Sciences (No. 121B62KYSB2017009) and Key Research Projects of Frontier Science of Chinese Academy of Sciences (QYZDY-SSW-JSC013).
T H %2 H 5 5 8 FH# I 4 (Nos. 52065061, 51805514, 51705507) 1 [E R4 Bt bR &4 i (No. 121B62KYSB2017009)F1 H [E R 42 B fi v F} 4 5 AU 7L
T H(QYZDY-SSW-JSCO013) % Bl

Acta Chim. Sinica 2021, 79, 353—360 © 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 353



o F 5 R

1 5|8

W 5 2 5 A 2 sk B, KIS G @ H a6 ™
B b M 7= AR I T G A A IR B s R T K
IRUS1 i RO K 3 B A BES R W] G R 1Ak 5 TS
IKERAPIAEE. HoA 7 B ROR f T Hs v Rz i
RN BRI 43 B8R m S0 UM AN 9 =2 e R 1)
WK B 72—, SR H RS AT SR A7 AE [R5 e
SECEE A B AR N IR R E M 2SS £ ) e,
RERRIETE P 7 B T A T R B V5 G BE, RERE R
BT v 5 S I 3 (A, 7RV K FLVR 7 B R I R
UF IR AT S, OB B R 2 B I A W T TR TR
(177 U121, 55— BRoK 7Bl R B A B R AR B, <R
RETE” T 03 B BREAE A ST i sk o AR R 1T (1)
P, AT S I AR v R ok 7K 43 B 2 TR PR T 3 U] 4, ak 315
REmT Pk 20 B0 H AL S B A 40 B 5 RT LU I 1
pH 15[13—15]\ %[16-18]\ ?ﬂ%g[l%m]\ %i@[ﬂ-ﬁ]*u%ﬁ[%»%]
S ISR A 4 R T, T SRR B T K
Iy

08 3o 2R T SO P 7 2 AT DA S A R T VR P R 4
Horp R R A YR — Bl 2 A8 H 1 R A 22 0
PR BE2S) 35 T o o 7 SR A v 2 1 4 BB R T
(Y P AR S I LY R By =) LNtV T B - N
PR - TR 28290, LTIl B PR A R IR 42 3032155 Ty 1. 4]
n, FEECR PR R B AL R (B 2- LM HE g -b- 5%
TSRS, P2VP-b-PDMS) X R T R AT Bk,
B VKT RS K T BB T ) e R T, BT
HRBALRY ) P2VP BEB AT AFEAN A pH {E i i i
TACFN 253 AL AR FR R M AR G, AT SR B AT 1)
e ()R eI 3 B, PRk Ak, R L. A
SRR R T v, M BT R M R R T
4351 B N-J: T 955 A I 196 i (PNTPAM) i — i L 2R )
T 5 g ]9 TR 5 A 03T i /N TR I S A
(LCST)HF, PNIPAM %K 57K 73F 2 8 & A= A BEAE F
EIEACIRAS, HiIEE ST LCST i, PNIPAM 8 7> 1
[ 7 F P A A3 R AR s, 2HACIRES. 1T

Electrostatic| 4
spinning p

15 kv > Fiber membrane

Subsurface initiated

N i . 13
Polymerization
i

Polymer (PAN)

B 1 IR R R i K 7 B M B ) 6 2 20 B A

Initiator (BriBuBr)

PNIPAM brush ¢

TP YR A PNIPAM A& iR it 2 i S I i 5 i 42
[ S 7K/ B 7K 2 B) R T ) 4, G e SR TH B A AT
T AR K 2 B A RO S AE SR, A A S
25 (108 BEIH 7K 23 B PRI BIE Fe R 2 B AN TS, (HRH 4y
WFFE B R LE “BRyK” A Bl 7 22 1A AT i 1)
o, (EHRXTT BRI RRERIEVE 2 B, T K
FER T2 B, 5 3508 5 v 2 18] 77 AR B4 ) 4% 2 BH
73, T EL 2 I i e R O R S G i A ) TS
Y, SHCGEEE . Vancso MU0 i # FL 4T 22 1k

RONBEPCLAKAYERE, 485 KH PNIPAM E&
WA T A 2, SR BB I K IR A B K LR
BT 8, WERRDL 25 CHI 50 C s L4 B8 2%
I3 AR 92%H1 25%, SEHL T X6 [E] i K FLR KAL)
SOEECTN

ML G R ARG ER AR WA
e~ SRR VE S n) R, T 3 T 7K o B AR T B
R A A bk, T, ARBIKRE T — B B o i,
FIFHERTH 51 KR T8 B 55 & (sSI-ATRP) A 7E £
Fi A ZKBEIE % L 21 22 12 1 G oK £ 4 B I 3 1 )
ZIANMANRIBEEYIR, SCIAM RIS, S5E5RE
VIRIAHLE, sST-ATRP il £ (R A 2R A Pl AL A 5 1)
T AR R AW RIS, R EMR R B
P, 1 ELRN SRR R A YRR B 3R LK A B
77, W50 IR I 3R TH] SO A R N SRR A P RIAE B A
BEYE . PUBSTRRIM . WL RT5 A0 K 43 85 77 TH B H Ak
R L4401

ETarTE, mEX 1 o, ATERMA
sSI-ATRP X & H1 977 22 2 A I I (PAN) AR K £ 4 S i AT 0.
P B, I S R PNIPAM 5844 ) i) 4% 105, i
N TR IR AT 4 53 B8 K (PAN-sg-PNIPAM), 1| F iR B %
PNIPAM ZEEW0aE Ak S5cds, mIhsEil 7y B st
KT TRk BR RO K o B SR R O . MR
20 ‘CH}(<LCST), PNIPAM 57K5 T2 8K ERA
BAER SECR G MR, ERMmEK, S/KME
VE TR A JE TR 7K A 8 B GE ek 5 5L A A R AR PR B 7,

i o
\ o ©° ° | Oil-in-Water
: emulsion

Oil-in-Water
emulsion

hydrated layer

Scheme 1 Schematic diagram of preparation and separation process of temperature-responsive oil-water separation membrane
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Figure 2 XPS characterization of blank PAN-Br and PAN-sg-PNIPAM nanofibrous membranes. (a) XPS survey spectra; (b) N1s spectra

Acta Chim. Sinica 2021, 79, 353—360

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

355

http://sioc-journal.cn



r % %R

FZ 99° REH/KIRZE. XFT PAN-sg-PNIPAM i, 4 TEHAR, HoRGHE MELA 7.6 uN; M2 T, SR L
FERN 20 CHY, ¥4 WCA N 76°, BT PNIPAM E7K T LCST I, 1 2 T 4T AE RS R TR IR, e 350 70 Kl £
FRME, DAK 2 FLAT4E B 1 AR F I 54 SR, /K FELFTHD, T ELm b AR T, MIASIRRG R 22908 22.7
AR LT YEE R T R (L 35 s). SIRETHEE 45 CH, UN(E 4b), HAELOMIRIRRSHE 10 3 £, 145 R
PNIPAM H T HEUW i RPN B KR, HA)tE WCA & PAN-sg-PNIPAM TEAN [ ()3 % B AN (1) 7K T kG
4 98°, (H/KIM TR IR (2 30 s), X5 SCHkHRIEAH FHtERE, 7E LCST LA EAAEHARIKIRIFH 71, BeEAH 2K
—H(#2, 45 CH/KIHTES K PAN-sg-PNIPAM JI5 3K [Hi (1) B LR (RRG B, A B T4 2 B I i i G fe .
R 4l 2 T 22 FLSE A SR AR PG KRG 4 JE AN 95 E B 090 T AN [R5 AL I T 5 LR (LAY f = 70)
EEFER, XT8N PNIPAM #8548, SE@K PAN-sg-PNIPAM GKEF4EE SR TH 7R 31478, W 4c
CRYERTAADRS BE R 0 I [A) R FLBR AR LK, 196 Al 4d iR, 24iRE/NT LCST I, JEi8 ks B Ik =
YA ARS8 0 3 S BARRE FE R T 758635 73 IAE 30 ms AT 18 ms Pk

Btz Ah, MR T PAN-sg-PNIPAM JAE A )il & MRV, 4R KT LCST I, Wity Akt e
B #7 7K R v F2 fit /5 (underwater oil contact angle, JEFTH, ToikMNEIR IR R TR TR, XM — 7 AR
UWOCA). ¥ 90K 4 4 B0 75 385 7 R FEE T K F, BT PAN-sg-PNIPAM {EEE/INT LCST 5 i b 6
e FAS R AP )3 i B4 T K. 4 3b Biow, 76 LCST FCREPRAT . X B IR RG P /2 Ry PNIPAM R4 PRI TE
PLRES, KRS M (soybean oil). +75%i(cetane)s ¥4t IR 5 7K 73 - 2 1) 1) i S B A P B % 1 R 7K A J2 BEL
(octane). I b (hexane) ) UWOCA 437l 4 150°. 140°, 1B TN . iR B TS I PNIPAM RS Yk Z
135°.134°, ¥RIVBEMBLM M, HX KGRI H SF KM ) S I (B /K M) #7825 S0 TR RO RS B KR
BirtE. IR TR E LCST PLER, K&, +oN .
Bt FEbE A IE CLEr) UWOCA il i 43 5l AR 2 2.4 SRENNE PAN-sg-PNIPAM ZHK4F4 555 @
1270, 130° 115°801 107°, BEWIBEE LT, PNIPAM  gan3d7k 43 B0 igi5
B 46 3 22 K4k, PAN-sg-PNIPAM Ji5 ) i vl 1 ) 2 R Bl kK R R gk R e, MR T
¥, PAN g PNIPAM B LCST L PRIBLIRTRARIEE  pAN-q-PNIPAM Sk £F4ERAER RADE AR T 1072
TR S T A B B W Sa BRI A S BE 2
23 RENRE PAN-sg-PNIPAM SUREFUEIREIRT  (pinsk, ol L %E/NT LCST 3B 2K T LCST i
RGHIAT A R, LT AR KI5 37 00 B T 7 9 7 T 48K

NT B PAN-sg-PNIPAM JEAE/K R (Y MK F1H 2 kPa ik, 20 CHI45 “C Brxf B ()@ &2 75N
PERE, FRATINR T i 5 IR RS B, R ERAE AL 1850 Lem 2+h ' 112867 Lem 2sh" !, 4% /37 =% 10 kPa
JEAL R ER T 7K T 5 SR T R B R A R BN AT i, HBEEE S A INZE 7500 Lem 2eh ' £1 8900 L.
M. Wl 4a Fow, DLEH BB, KaRE B m 2eh !, N EBIEEE. R, EIRKE 27X A A,
T8 T B BB 5 R A BB, SRS 18 5, 45 CHEFEE MR IRZ4 T 20 CH il AR 28,
TE et i H () P g A % s N e i 5 T 2 T X LCST LA il & 20 8 KT LCST LA N HiBiE
Bf 3. IR FE/NT LCST W, i S5 R LT3 ks M. KOs B R B S AL TR
B, v IR T 23 BT, R AT, SR PR FREK

a b

180
126°
60s
Blank —
76°
358§
<LCST —>
_SOybean Oil Cetane Octane Hexane

98°
30s
>LCST —
w20 C mm4s C

B3 o o Y B KRR R Il BB . (@)% 1 PAN JBHI PAN-sg-PNIPAM JEfE 20 ‘C(<LCST)FI 45 C(>LCST)HI/KIHEML S (b)
PAN-sg-PNIPAM [EE7E 20 ‘C(<LCST)H1 45 “C(>LCST)R 7K i (1 3 Ak £

Figure 3 Water and underwater oil wettability of temperature-responsive membranes. (a) Water contact angles of blank PAN membrane and
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20 C(<LCST)and 45 ‘C(>LCST)

=
o
o

-
N
o

Contact angle/(°)
3 8

w
o
!

I I LD
I o
©

356  http://sioc-journal.cn © 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2021, 79, 353—360



<LCST O

>LCST

<LCST d>sLesT

b c

60{ —20C—45¢C 30 n&\ls ms

~ =
i 'ie&lﬂg \
3% Ly || = Soybean
2 ] *ancing ﬁ\ e oil

-40 % §\'

00 05 10 15 0 ms 0 ms Cetane

Position/mm

Soybean o0il Cetane

B4 G PAN-sg-PNIAPM SR /K il RGBS, () 20 ‘C(<XLCST)MI 45 "C(>LCST)RHihiR7E_Eah ARG M B IR e 5 B Ars (b)BhARs I
BRI 71- BRI e (c) 20 C(<LCST)RANFIMBEK TERIER T R SIT9; (d) 45 °C(>LCST)N A RN ALK T R K T
RIRBNAT A

Figure 4 Underwater oil adhesion of temperature-responsive PAN-sg-PNIPAM membrane. (a) Optical snapshots of dynamic adhesion measurements of
oil droplet on membranes at 20 ‘C(<<LCST) and 45 ‘C(>LCST); (b) real-time recorded force-distance curves during the dynamic adhesion measure-
ments; (c) the underwater rolling behavior of different oil droplets on tilted membrane surface at 20 ‘C(<LCST); (d) the underwater rolling behavior of
different oil droplets on tilted membrane surface at 45 ‘C(>LCST)

ML SEARMEREE R R 2 R, JEEET
LCST K}, PNIPAM &%kl 2 & 4 % KAk i 4,
PNIPAM % (U 46 &= FELLT 4R FLAR G K, R IR
AR ECONHIK, (R IFLAE TSR AT DL K g 7
RHEH R BB B A RN, X ATRER 45 CRIFIK
MR T 20 CHEZERE. K Sb BoR T 44T
4 kPa JEJJINF, HAE 20 CHI45 °CIN &% 0 BRI K 4
BRI, mERLAE AR 20 CH 45 CzlaiE
S 10 MERJE, EENR IR KA R, L
P B R S, T L AT DATE S IR 2 1) A ) 4
XK B RE, 20 CHERIUH S0 B RCE, 25
JE K A2 R 25 me/L, 4R E Y 45 CIF, 4
R T2 P, K& E B E KL 80 mg/L. i H.
1620 ‘CHI 45 CZ AP 10 MEHE, 7 B8]
PASEER AT AR, IR ORFRRRE, LB 2k, 10 M§
WG IECREMK R EAL M 2N 116°, 540 B RTM 130°
FHEE, WS T EE, EADRE R RS E MK 7 B, X

%, (EATSR BEOR e LU U 1) Fy 22 v R, X st — 2D U i
PNIPAM MV 3 TH o414 41 4 i 1 Ao e 12

Collapsed state (45 °C)
High oil adhesion
Low separation efficiency

Swollen state (20 °C)
Low oil adhesion
High separation efficiency

AU T PNIPAM V3R T 40P 2 248 16 1) s o 1A i
AME. N T RE— B4R R e, MR T
PAN-sg-PNIPAM &3 73 B J5 1 1 PEReE, Wl Sc iR,
AR PAN-Br B H2H 2 71/ T- 5 MPa, PNIPAM $
1 )5, PAN-sg-PNIPAM JE ¥ H7 52 7 B4 N %2 12 MPa, it
A N 2 SR 5 W Rl 1A A T DA I 35 4 v AT R L 1Y) )
PERE. HZ&xt 10 0] 5)r B G S, PAN-sg-PNIPAM Ji
RLAR B F AR Z) 11 MPa, 54> BRI EL ARG R

Acta Chim. Sinica 2021, 79, 353—360

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B 2 ISR PAN-sg-PNIPAM 214 I 7E A RIE I R # 4 48
th

Scheme 2 The conformational changes of the temperature-responsive
PAN-sg-PNIPAM membranes at different temperatures

2.5 REN N AHRER AT MK RS S

J9 T WF 5% PAN-sg-PNIPAM 4K 21 4 s iy aT 42 1 7K
FLI ST B RE, 76 2 kPa (R /7 N AT 1K FLIR I 7
BSEE. B 6a~6¢ 43l MK FLIRAE S B RGN A B fE

http://sioc-journal.cn 357



Al Hiocis
3000
aQ 1w b e
‘7"8000 < F70 ‘T__l
._: :: 2500 L 2
L 000 of » E’
= £ ts0 €
2 o g
X 4000 = 2000 40§
= X o
& =2 F30 =
2000 Al
20
T T T T T 1500 T T T T T T T T T T
2 4 6 8 10 0 1 2 3 4 5§ 6 7 8 9 10 11
Pressure/kPa Cycle
C =
©
%10-
2 o]
s
» |
2
2 o]
(7}
= 5]
PAN-Br PAN-sg-PNIAPM After 10 cycles
BIS iR PAN-sg-PNIPAM [ RIS A0J) S AE. (a) B /07E 210 kPa i [ 7E 20 ‘C(<LCST)FI45 "C(>LCST)RIAL; (b) BB LT 4 kPa

i} 20~45 C 2 [8] ) 1#%; (c) PAN-Br, PAN-sg-PNIPAM #1 PAN-sg-PNIPAM fi545 10 Ui 7K 3 25 Ji5 1 77 2 M R

Figure 5 Flux and mechanical properties of temperature-responsive PAN-sg-PNIPAM membrane. (a) Flux at 20 ‘C(<<LCST) and 45 ‘C(>LCST) at
the pressure in the range of 2~10 kPa; (b) flux of membrane at 4 kPa switched between 20 C and 45 C; (c) the mechanical properties of PAN-Br,
PAN-sg-PNIPAM and PAN-sg-PNIPAM membrane after 10 cycles of oil/water separation tests

(5 AR IR, R85 5 (1 i /K FLIRAE B T T
DA 52 S| K S ORISR G 13 70 A, A e Es
(DLS) KL 43 #7322 W L8 ER B0 K AR 9 K e [ 28 ok,
FRSFAZ) 100 nm BJLHCK, BRAETER (& 6ay).
B 6b F1 6¢ it /K FLIRAE AN [RIR B T 73 85 i BB Vi O 2
SRR, HERTLUE B 2SR/ NT LCST B, 755
J PRI 7K AR T A WL B (I AE £E, T4 IR KT
LCST B}, 785G HIIEm A A K E M AA7E. 2 —
5640 B IR IUEWEAT DLS Kife o tr, 4K, R
/NTLCST B, B RATHER /AN ZAK i (<200 nm)Ak,
HR P A M5 SR 2 BR (B 6by), #53/NRH4N
SR (¥ B T R TR D 2 v B R A 5 LA 2 A T 3
O 4R KT LCST, S BR 1 /N SE 9K
G, ATERATER 43 OKRZOR RS l aR BE, 3X 5 BB
2 g R — B 6er). X — 4 R R W
PAN-sg-PNIPAM JEAE LCST LA T X 2 v 7714 52 1
WK A R = 107 B, 1fi7E LCST P B4y Es
HORIRAE. B 6d AR T TV Gl gl K ALK,
KT LCST 43 85 2 5 IIEIRATY AR 52 30t B S22 1) ) 2
T B 2VEMRE, Mi/hT LCST B 40 B 2 5 I8
SEARE BOEIEW. HTRA T 75 IV G+
Bk AT gutt, B LT DU I 58 40 R 43 D' o' FE VAl
R AT 0, S P BT EE R R B e K 0 B A
. B 6e TR K FLIRAE 53 BT S 58 4T IR i
Sk, S BRI FLIRAE 360 nm A1 519 nm b33 H I B
IR, 75 20 “CHR 2355 i B8 v - SRk i i
e AT O, XU R A e A R 2, A,
358

http://sioc-journal.cn

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

IR RIS 98.7%(El 6f). ML, 45 CH 3B )
FLIAE 360 nm Al 519 nm A 1R SR IR g, X 3 B
R KT LCST Xy 7K #4038 RCR AR, THHEAS
B BIERN N 9.1%((K 6f), 5 20 CAHILL, 20 B%%
KRBT 90%LA E. X 2K N PNIPAM R &kl {E
LCST LAF, KA 5K 22 FLAT 4E B i B 4n A F AT
DU BB LK 27, KT BB IR T A A R
B 0] DL 2S5 1 d 3R 6 2% T R 9 R R VS e, TRk
PAN-sg-PNIPAM YK 4ERAE 20 CIH 3 i 1) 43
SRR, R, MRE ETFHE] 45 C(>LCST)I, —J7
[l PNIPAM APl Ab T UL IRZS, 25/K0 )G I 4T 4k i
TG PEATY, 1 R SR, XS R R
Ko B YRR, 5 —J71H, LCST LA LgiEiliE
A1 0 2 5 3040 B R PRI

3 g

A TAERH sSI-ATRP X} i 195 22 PAN-Br 44 K 41 4t
JEHEAT NP2 Th e, i e PNIPAM il 48 17 il B2 1e) 1
RUYIK LT 4 7K 53 B (PAN -sg-PNIPAM), il FH i J3 14
5 PNIPAM G WEE A K 515 4a, HZhsEil 155 B
Xof 7K T R PR 70 9578 B R 7K 3 B AR AT
5. 4IEE 20 CHH(<LCST), PNIPAM X445k 57K
STz s Es e H S ER G e e i, BRI
o1 K ELG i AT AR AR ORG B 0, 1% 2 B Sk i /K L
BRI AT @ BEREEOE 98.7%); MR &2
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Figure 6 Controllable separation of emulsion using temperature-responsive PAN-sg-PNIPAM membrane at 20 ‘C(<XLCST) and 45 ‘C(>LCST). (a~
¢) Optical microscopic images of emulsion before and after separation; (a;~c;) dynamic light scattering (DLS) analysis of oil droplets size distribution; (d)
optical images of dyed emulsion before and after separation; (e) UV spectra of emulsion before and after separation; (f) separation efficiency at 20 ‘C and
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