—_—
=]

5 6 1 =

2014 46 A

%

ACTA POLYMERICA SINICA

No. 6
Jun., 2014

iz

2,
-

K TEBHEMETREE-SIO, EARMNHIESERE

W

(it 22 3 R o Al T2 B

=

g

B 200240)

P 7 SR B AR K PE S10, 94K ABURE , 38 o 42 Wi 41 i V5 78 3 80 2 T 1) o 17 /K T B i 3 o SR M -Si0, &

B SR A R T RO R A A A, BT 4 43 S LG R I TR X A R SR TR R BB KR
i 4 il (OCA) R B Ay (SA) BRI 25 R WY, B 2K Pk Si0, & 1 i3, 2 4 58 ¢ Th 2R 442 9 2 K 1k
Si0, GAKFORIG 22, /K T g il P £2 i s BE A R LI ] AE 4, 52 G B K R g OCA SE W G, R 1 168 h I g
AN, SA W Z BRI [A] A RE . 2 Si0, £ B IF M 7 RS WO AR AR 1L D 1010 A 1:SH), &2 & I 2 3
B 2 Si0, L MR VRN 5T R VA WA AR AR HL R T A T L 20, A2 5 B A KT il R i/ OCA R T
150°. 24 Si0, Z W% WA 5T A WA R FLL T 1+ 1 (R0 24 b i, 52 5 JREOK T i 31 44 i e, 7K T 3 3 42 fih
1 OCA 3% 157.8° {83 1 SA Jy 1. 9°. S5 AT FI 7K °F vl i A9 # 478 , SE 30 T T8 ( B, ) FK 2 465 78 il i 0 S 1o

A H R RS
KA

18 8 bR 2 D B B R 2 — R A AR
P d e DL B BT B G 3 T I R A e 45 A 2 T
SREREIN IR R1E R NI §2 N (3 g Aoy e Ui b
A AN DR R SR T A T IR, T R
R R OO — B2 B R N A2 Tz Ok
A Jiang”'  Zhang' @7 Han'®' Ji' ZHF5Y 41
F AR S 6 A F DU HLAR AL 2 2 3 2 %
7k A T 2R T RS Y s L Y K
FM. AR WA R R T A 4% 2 )EA
Y R AR | — 2 A 2 1 A TV T R T I
(PI) R (PS) BMAGHME SR %
NI bl B T K SR, I R T X 28 R T Y
THRRAPEGEAT T

PN T TP = R V) A T L NP
w9 R Al A K T 150° i AR YL i T
TERCT FE AR A T R R
B LR K S AR AT ELAT ) IZ Y 18
B 5L, B GR AMTRIBFE 6. AR Fh iRk
T A I B4 2 THD AR A7 70 R R B9 SO0 TL AT 45 44 L)
e SRK B A A R, 77K r R 7 K 4 3 T Y 4
il fA AT LA ) 150° DL b, B8 4 52 K il T 1Y I
Yt T 5 o Xk B K A B g T 4R
HR 7K B I I 2R T T AR P OR O B A 3R - R OK

% 2013-10-31 Wi ,2013-12-16 & Fq.
s 1l K R A , E-mail ; meili@ sjtu. edu. cn
doi:10.3724/8P. J. 1105. 2014. 13381

822

KT B H I, 5E M, FEAKIE Si0,, KT MU R 2%, 1 ik A

4 A 2 2H R AN 52 5 O HLRE 45 4, RD7E 2 <k
FA SRR A A AT O 1 5 KT i 3%
W B &L WE SN BRI S KR 1Y A 2
3, 308 5 ) 5k 6 A W) 3 T H) BV AT 45 K R
Wh 2T % 1 22 il £ 7K T 6% 3 2 T A 75 3k A
L SN VIS S R SN I N TSR
VIR REW TR %

70 R K 1 AT i 2R W i o T, AR S
FIAIZEIK Si0, 99K JURL7E H 2 A 2 N 2 &
(1 REL RS 25 40, SR P92 957 418 97 325 7 B 30 % T ol & 17
KRB A SR, T ik B R S AT B A A
A

1 W
L1 ER R

FERM (i FR CS)  BiH 4 78 1% 10°, ) 2
WERE 90% , Wi VL 4 7 A W AL 5 A IR A #l 5 SRk
Si0, 44K Woki , kL 42 20 ~30 nm, & B IR0
K BE VR B BB A A BR A F 5 25% B U (R RR
GA) KW, L2 280, [ 245 4 Ak 7 R A FR A
Al K B, G Bk, 5 B A L A IR A
30% LEEALE, SR, BT Al b e A BR
oal s BRiR ,1,2- 5 ke IR (Bry) , A ke, 4



6 31 PV &5 < /K R B I P 7 A -S10, B4 I Y 1 4 5 1k R 823

Bradi, B 25 4 A 2R A R W) s R O ke
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sIRAYE), SR 5 A 0.12 mL 25% j% — 1
VW IR G35, R =5 e W Ah 30k 1) 3 388 A i) 4
LR, =T AR

Table 1 The formula of different samples

Sample
Ingredient
CS, CS, CS; CS, CS; CS, SiCS, SiCS, SiC8, SiCS, SiCS;
Chitosan solution (mL) 10 10 10 10 10 10 10 10 10 10 10
Glutaraldehyde solution ( mL) 0. 04 0.08 0.12 0.16 0.2 0 0.12 0.12 0.12 0.12 0.12
Si0, -ethanol suspension (mL) 0 0 0 0 0 0 1 2 5 7.5 10
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Fig. 1 Schematics of the wettability of water and oil on a solid surface in the air
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Fig. 2 Schematics of an oil droplet on a solid surface underwater
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Wl 5 52 YIS ) 19 1, OCA 2218 38 K, 270 96 h
Ja AR O A ST RO R 9 OCA 2yl i
150° ;3231 168 h J5 A OCA {EHEAPRFF AL, 1X

AR i T K KO Y. B4R OCA
T LRLIs # 150° KA B H 20, €S, CS,, €S,
CS,,CS;s MR B SA 3K T 90°. Feng 45 1 4
s SROK IR A B AL IR LA AR 1Y B fik
AR w5 B VR B ), 2 — Bl ity R . A3 3 ml LA
BT R 96 h J5, OCA Fifi g — % & &t
£ S s A K

Table 2 Water contact angles in the air on chitosan films with different contents of glutaraldehyde (°)

Sample CS, CS, CS;

cs, Cs; CSq

WCA 53.5+4.0 56.0+1.3

48.8 2.6

52.6 1.7 45.3 £3.1 54.9+1.9

Table 3 Underwater oil contact angles on chitosan films with different contents of glutaraldehyde after immersion of 24, 48, 96 and 168 h(°)

Immersion time

Sample
0h 24 h 48 h 96 h 168 h
CS, 117.9 £0.5 146.3 £1.3 149.3 £1.3 150.2 £1.4 151.2 £0.9
CS, 115.0+1.6 130.6 1.4 145.8 +0.3 149.7 = 1.4 150.4 £0.7
CS; 125.6 1.2 135.3£1.6 142.0£1.7 151.0 0.7 152.8 £1.0
CS, 117.5 £2.4 141.3 £2.3 152.2£0.8 155.6 0.5 156.0 £0.5
CS; 118.8 1.7 141.3£1.9 151.5 0.6 155.8 £0.4 156.0 £0. 4
CSg* 152.5+0.9

" Note: CSg, the pure chitosan film without the glutaraldehyde, is watersoluble, and therefore it is not immersed.

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ™)

Fig. 3 FTIR spectra of different films: (a)CS4 film, (b)

CS, film and (c¢) CS; film

2.3 KM SiO, fIERAEE L 3T SiCS E & &
iR e g EA o)

P T T G T o 1) 8 SR AR B 8 0 A 1 K
B 22 AN K, BT DR 25 % 3% U T O
[l E AN 0. 12 mL, 58 T Si0, £ B2 1% W M 7%
SRWE VS MR IE L X A2 G R TR S0 RN /K TS S vl P Y
M. AR A SiO, 1K) 22 Bk 5T B I CS, 19 OCA
HA125.6°(El 4(a)) &3 A KT 90°; % Sio,
T2 T W A e OB VA W AR B B Oy 1210 B

ToRKME Si0, & &/, 1A BRI 0 2% K
Si0, WOkL 43 A FL#CFR B, BT LA SiCS, JEEfY OCA H
A 133.1°(E 4(b)) ;2 Si0, £ [ V7 72
WEVE W ) R R LG 2 s B 10 SR, SR Y 3 K
Si0, OkL 7 5 W 42 w5, BRI A S B K T B I
PR AH B 2 5, SiCS, B OCA 355 146.6° (4] 4
(¢)) 524 Si0, & P 2 I R 7 SRV W i AR FR L
PR 1 20, SR KM Si0, 7RI R A W &
JREZK T s v P i — 25 4, SICS, Y OCA 35K
R 157.3°(El4(d)) fHJE SA KT 90°(%£4),H
R 2R 5 2 Si0, £ Pt B V7 W AN 7 3ROB Vs W 1 A4
FURL 3R w3 3: 40, SR KM Si0, TER MR E L £,
SiCS, A OCA 2k 157.4° (Kl 4(e)), H SA &A%
F)7.8°(F 4) ;Y Si0, T 2 77 W RN 78 B W
OV LL 4k 22 45 w3 31 10 LI, SiCS; Y OCA ik
2 157.7° (1 4(£) ) ,SA S 7.0°(FK4). a2
F il RS R OKME Si0, iR HoE RE | 4
[ 1 78 W 2, {5 G S AR T IR R JRE 4 K,
Si0, £ T B IF YR 5T BE I W AR AR L o 1110
B 69. 1 nm 3§ K 2 P9 F KL A 10 1R
125.4 nm (& 5 f132 5) , A1 OCA B g 3% K, [A)
B SA BEAR. 25 1Tk, 48 7 O B K M 43
+ B R A5 FEOME AN e 5E A 8 B i ah IR 2
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Table 4 Underwater oil contact angles and sliding angles of different chitosan-SiO, composite films after immersion (°)

Sample
Immersion time

SiCS, SiCS, SiCS, SiCS, SiCS;

0h 0OCA 133.1 2.6 146.6 0.9 157.3 0.7 157.4 0.4 157.7 +0.4
SA >90 >90 >90 7.8 7.0

24 b OCA 146.9 £0.4 149.8 1.4 157.4 0.6 158.4 0.2 157.8 £0.7
SA >90 >90 4.5 2.8 1.9

48 h 0CA 152.9 +1.3 157.1 1.1 157.7 £0.9 157.8 £0.5 157.7 0.5
SA >90 >90 8.8 7.2 5.0

96 h 0OCA 155.3 £0.6 157.2 £0.4 156.6 0.8 156.8 +1.0 157.3 0.5
SA >90 >90 38.5 31.4 16.4

168 h OCA 152.9 =1.1 154.9 +0.5 153.1 +0.5 153.1+1.3 152.6 0.7
SA >90 >90 >90 >90 >90

125.6°

Fig. 4 SEM images of different films, (a) CS; film, (b) SiCS, film, (¢) SiCS, film, (d) SiCS; film, (e) SiCS, film and (f) SiCS; film

Insets are corresponding profiles of an oil droplet underwater.

2.4 iR EX SICS £ & BEK T B it 4 B9 % 1 152. 991 157. 1°;32i 96 h J5 , E 5K OCA 73

XFF Si0, &P i ORI 58 RO WA B L
1210 F1:SH A B, R IR LT SiCS, Fi SiCS,
AR OCA 43 51K 133, 1°F1 146. 6°; 324124 h
J& , BT A BT 5, OCA 43 5l #2815 31 146. 9° F
149.8° ;129 48 h J5 , A M1 OCA 3 il 4 & 5

B0 155, 3° A1 157. 2°. WG BT ak , i 2 il 52 R
B PR 7 8 K Y 40 2 S S R 9 B 1] B 168
h, 2 AR OCA B A7 FEAIR, 70 e 2 152. 9°
1 154.9°( 3 4). il SEM WML HT AFM 43 H71 &
B, o, 2 R PR R o> Sio, Wi
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Sum

Fig. 5 AFM images of different films: (a) SiCS, film and (b) SiCS; film

W7 T SORE R 1 A RLRRE BBE B AR, SiCS, il SiCS,
525 B RELRE J32 53 ) i AR T2 ML IRF Y 69. 1 nm Al
74.1 nm FE{KF)] 45.2 nm 1 61.9 nm(F5) , AT
GRS A R RE. SEE R B, 2R OK Si0, UKL Y i
N AT R ey A 2 T A K T B . (B2 il T SiCS,
I SiCS, 2 i & b Y Si0, & i B, 2 i
e JEE A0 AH X AR, 332 9 B[R] ZE 4 2ok FR e SA —
KT 90°(£4).

Table 5 RMS roughness of different chitosan-SiO, composite films

after immersion (nm)

Immersion Sample
time SiCS, SiCS, SiCS, SiCS, SiCS,
0h 69. 1 74. 1 85.1 113.0 125. 4
24 h 65.2 69.9 77.3 104.7 116.2
48 h 63.0 68.8 76. 8 95.2 102.3
96 h 47.4 66. 8 67.2 88.7 92.6
168 h 45.2 61.9 62.2 68. 1 77.3

2 Si0, Z W52 I W AN 5¢ OB U AR RR LL 4

A 1:2,3:440 1: 10, i1 F SiCS, , SiCS, #l SiCS,
A TERY Si0, 5 5 A TR, R I I B 5T SROpE R
SiCS,, SiCS,, SiCS, i OCA © £ ik %] 157.3°,
157. 4°H1 157.7° ;32 96 h J7, OCA VA W I ot
AR R 168 h J5, OCA WA FEAL, (HA5 K T 150°,
— AR e (3R 4). DLSE BB Sics;
5k 43 B 12 WL B () X SA Ay S2 i , R X2 A
IS 25 TR 66 Vi 1 T 52 . R TR Y I A S M S T Y
Si0, Wik A B £, KM RMS HLKE FEH K, N
125.4 nm (3K 5) ,SA 24 7. 0°, 1 B v 52 35 18 o AN
R R (K 4(6)) 5236 24 h 5, Bl PEA P2
1o, SA BEARE 1. 9° X I i JEE 2 1H 1Y Si0, UkL ik
e Z (B 6(a)), &M RMS MAE A A 116. 2
nm , R SR TN AN R R 0 48 h )5, i T
43 Si0, UKL MR it (181 6 (b)) , 3R T RMS
i B B AIR , SA B K 2 505923 96 h J5 , Wi R 11
1) Si0, ks 4k 220k > (1 6 (¢) ) , T RMS Kl
BEELE R Z 92,6 nm, SA H9KF] 16, 4°, FTH F;

I

Fig. 6 SEM images of the chitosan-SiO, composite film SiCS; after immersion for: (a) 24 h, (b)48 h, (¢) 96 h and (d) 168 h

Insets are corresponding profiles of an oil droplet underwater
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T 3 K5 X R E) A B 168 b, B R I Y
Si0, kL & B/ (K 6 (d) ), i RMS HUKE &
FEARZE 77.3 nm, 8 SA KT 90°, I} 3 i 2
KIS VI 42 ik AT R T 1500, {5 5 R M. Rt
A LU R AT R T 7 R -S10, & & B 52
M) A2 XU 1Y)« — 5 T, B o I 0 I T 4K 50 SROpE
B WK 433 2, 23 e B A B K T sl 5 o5
—J7 I AR, B Y Si0, R 23 DR
TR T B (A IR TR RS R AR AL, 0 4
K., A 5 B BE AT 55 2 il Sio, 44 ok i
KL 5 7 RWER A W) HEAT 77 [ % (L4 JL A0 i i
%).
2.5 SiCSERBAEKTHBMRAREFNER
BEH SiCS, F1 SiCSy W &2 & Rk SE K R
TR N, SiCS, & A Ry OCA KT 150°, SA
KT 90° (I ACd) A7 (a) ), Jy B G il 6 i 2 1 5
SiCS, & A OCA K F 150°,SA 4 7. 0° (& 4(f)
o

LT (b)), k8 B T AS il iy 2 1

2 AN SICS, B A MBI R E TK
L e Fo L B s BB E A 25 43 ) TR B 5
L 1.5% (V/V) 1 Br, (505 7% W (18 5 @)
15% (V/V) RO EGER (M), 558 T

Fo FL (R 8(a)) s #2 HIRA SiCS, B &K
MIBEES F Fy SR L, B0 Br -G 05 i (& 8
(b)) s8RIEREH RN F o, By W Bh B, b Y 205 -
SA T A A Tk R 2 o S A — A Rl
T 1) i ), A €0 T U A R, U B Br, MR 06 &
AR R (B 8 (e) ) s S RE S min &, T B
R B C A S AR RN 5E 4 (B 8(d) ).

S 2% B 3 ) T HL A G B Y Sics,
AW F, RW K T s SiCS; AW F
B —Fhh i SR AR I — KR
MR SICSy ZAWEF,, B 55—l , A 78
W ST By, A 2 (40 R R

“b__' .

Fig. 7 (a) Shape of an oil droplet on the surface of chitosan-SiO, composite film SiCS; being turned upside down and (b) an oil droplet

sliding off the surface of chitosan-SiO, composite film SiCS;

J

; 4

Fig. 8 Photos of addition reaction between Br, and styrene oil droplets in microreactors underwater

it

R B R 3k 5 T 7 R OBE A oE K 1
Si0, A UKL 2L ) 2 & 15, BF 98 T e AR &

Y 2H 2 TE LU TR 9 PR T X A2 45 6 2 1T K R B i
R PE 2R A5 2 1K T BB R B i R
A 2 B Si0, £ T 8 7 W AN 5¢ SR I T
PREREL D 101 3R it 8] O 24 b, B it 52 5 8 A 7K
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b 4 il /A OCA SRR 157.8° 3k 3 M SA O SR LLBEAT KR ol #8455, 52 L Br, MK 205
190 FIHT 2 Bl P A R A9 K T Bl SiCS & R0/ e b i B
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Preparation and Properties of Chitosan-SiO, Composite Films
with Underwater Superoleophobicity

Li Sun, Mei Li"
(School of Chemistry and Chemical Engineering , Shanghai Jiao Tong University, Shanghat 200240 )

Abstract Underwater superoleophobic composite films containing hydrophilic SiO, nanoparticles and chitosan
were prepared on glass substrates by a simple dip-coating method. By observing the surface morphologies with
scanning electron microscope (SEM) and atomic force microscope ( AFM) and measuring oil contact angles,
factors affecting the morphology, roughness, contact angle and sliding angle of the film,such as the immersion
time in the water and the volume ratio of hydrophilic SiO,-ethanol suspension to chitosan solution, were
investigated in detail. With the increase of the volume ratio of hydrophilic SiO,-ethanol suspension to chitosan
solution , more hydrophilic SiO, powders accumulated on the surfaces of composite films,leading to a significant
increase of underwater oleophobicity. With the increase of immersion time in the water,underwater oil contact
angle (OCA) of the composite films first increased gradually and then slightly decreased after the films were
immersed for 168 h. Meanwhile, the sliding angle (SA) of the films was also affected by the immersion time.
When the volume ratio of hydrophilic SiO,-ethanol suspension to chitosan solution was 1: 10 and 1:5, the
chitosan-Si0O, composite films were oleophobic; and when the volume ratio of hydrophilic SiO,-ethanol
suspension to chitosan solution was equal to or higher than 1:2,the chitosan-SiO, composite films exhibited
underwater superoleophobicity with underwater oil contact angles (OCA) higher than 150°. When the chitosan-
Si0, composite film with the volume ratio of hydrophilic SiO,-ethanol suspension to chitosan solution 1: 1
immersed in the water for 24 h,it showed an underwater oil contact angle (OCA) 157.8° and sliding angle
(SA) 1.9°, exhibiting outstanding underwater superoleophobicity. The chitosan-SiO, composite films was
applied to the manipulation of oil droplets underwater and realized the addition reaction of Br, and styrene in
oil droplet microreactors underwater.

Keywords Underwater superoleophobicity, Chitosan, Hydrophilic silica powder, Underwater oil droplet

microreactor, Contact angle
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