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Rty T R pH DL ) i B
G B RE IS B2 B R SR BLIORE . F AT Ak, K
B EAE LR A R R ) A K
PR S gy AR A B — 5 IS, AR T K O e
HAR D FE M v i B RS WA R X EE RN A
A5 BB K BRI B ) 27 P RE % 3 L4 22 , A EIA
F Pl E A HLMGR AR AR (5 AR R R
PR BE K40 AT L S B9 HLARCTE RE L 91 2 K 1 4
UL 0 LA A A SRR A R O SCRRGE L R
SRE R BAT 1Y ey 988 B 32 U PR L AR A 4% 1)
PR 22 J2 R S5 4 5 T N T 2 55 ) R M TR G 1Y
T A AL MR 22 5 LK, DOV A B OV T, R
AU R AL

T g s R K BEIRE, VR 2 FHIE T AR
C 2 IF R & T3 J7 1l B BF 58 0F BIOS 1 BR
J&. Haraguchi 41" i) L+ 40 K 2% 10 TE AL
B R FE M AR, i T — MO AL AR R S
(NC) K EERE. 5 5t 1 SR AR L, 3 Fh S Bk 7
ORI D T 7K B e = 4k ) 255 45+ 1 D L% O HL
AR R T BRI SR B AR, NC K BE I 5 24 E
A LR N JC KL 1, AT R 1 & B4 8 9 L 7L
T80T - T ) 2R A T A A R A R R

ATl A JEL B 3K el ] AL IROAR A% G G S
PE 5> T4 R LA F B FLIFR N Pickering FLig"
AR, FZRBAC 22 XA KE
IR P A B IS X 21 B 4 R Pickering FLBER
HA BT A AL S R K BER TR, X £
Tl 7K B S T 35K ) o] & 42 2R T8 19 J7 5. Tokdarova
AT 3 F Pickering F W & W T PNIPAM/
Fe, 0, PNIPAM/Fe, 0,/Si0, 2 F i & P i1 7K %E
JE 52 5 K, T I AT R G ) A B R B ROCR R
S T EECAE AR W) O T R . H X S B S >
LK BERE 1% 10 P RE. H H o 1k, FI ] Pickering
FLIRK A 1 5 B 1) 1 1 7K O T 1 A DG BT 5 1 i
DL TE . A SORE DL #5 1 E VE 90 KR T Fe, 0,2
JE [ Pickering FLUAE A 22 156 ), JF 7638 LAY 254
1R LR TN 9 T M R ke B I — o G 1 v R B
B 52 & 7K BE X ( magnetic composite hydrogel , MC
gel).
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B(KPS) #2434l 6 2 4 A Ak 2 R AT PR 2
Al PO 3 £ e (TEMED) |, 43 # 46, Bl 437 T 38
FI 5y~ R D90 T AR 6 TR R — U R (TPM)
g3t at, DU AR AR A HLRE AT BR 2 ).

1.2 #% Fe,O,H1& A

9K Fe, 0,14 BRI Massart FiijEik "™
Sy BIFREL 3. 98 g FeCl, -4 H,0(0. 02 mol) 1 10. 81
g FeCl,-6H,0 (0. 04 mol) ¥ F 10 g F1 35 g 7&1H
Kp. A A K PR WORIR & 0T &
T AR PR A 2 3 min. [A) R3S mL
JKHA 400 mLL Z& 48 7K v 3 I I e 3 400 1 15 2K
FEO3 43 HUT K b K TR A v R B K T W
R ZUERE. RO 30 min J5 B — B )RR E
Y N B S R e A 1 (0 = M
T 400 mL Z& K O 45 #F , fdf FC 587 0 B, 15K
FHERBERRUE R DWW, 1A 3 W AR AR Z
Ja W wEE URL 4 BT 100 mL K R, IR ) S
IR ALK 2.5 wi% ) Fe, O, W i e, In A
2 mL TMAH /K% W, 4 6 h.

1.3 ®;t% Pickering 3% B9 #l &

Pickering FL I H 7K AH F1 i AH 2H B8 48 302 %
Sacanna 2L 7 AWFSE , B IR AR 2 y-
L TR A4 T S D R = TP AU Ak e (TPM) . — i gt
BRI HIVE 2 2 g Fe, 0, (2.5 wi% ) W, N A
5.5 g H,0 ZH UK AR, B A 20 . #6150 L
(i) TPM, vKis i & 24 h, ff L A R FLE. HIRA
VWL TR 4y TPM 3 & A K 7 A2 0 1k 4 1)
AT Y Fey O, 94 K 0B B9 B br F & #L A6 IF H
20 26 28 K I 5 T TR oK AL (O/W) FLE.
FLAK G | P55 20 VS TH BRI %, A U Pl PR A AR TR
JRAB,. X FLN 2 FE e T 5 B R e R
P P4 AT LR K Ml fn 2R LA o AR (AL L R
P T S ~ 10 min BUA]JE BCEL W) , 0 FATT Y R
s H RN TR ZLE LA KIE
). 2R3 1.

Table 1  Sythesis parameters of MC hydrogels and classic ( CL)
hydrogel
Aqueous phase 0il phase
Sample 2.5 wt% Fe;0, Water  AM MBA TPM
dispension (g) (g) (g) (g) (pl)
MC1 2 5.5 2.5 180
Mc2 2 5.5 2.5 270
MC3 2 5.5 2.5 360
CL 2 5.5 2.5 0.15

1.4 HHUESEEARES(MC) KRG &

PRI 2.5 g VA 4 ok Jie i A TC - 1) 2L o
LW E T vk ol A 10 min J5 A 5] & R i
TR HP (5 mg) A 5] & 550U B 3 2 —j% (30 pl)
Kol KPR RE. REHEHNA (D 4.5 mm x8
mm, @ 28 mm x5 mm) HRFFHIFL, & T 25 C
TEJR T RN 12 he e Ah, S 1 34T 5256 X R A S
Wil T HAZHC R MBA SR TPM il & 71548
JK &L ( CL hydrogel ) .
1.5 MWiX5RE

K D8 advanced # X I 25 fi7 5F 42 X 44 >k
Fe, O, WUk i 17 XRD 2l 2L UKL R F e zeta
PALS K72 43 A A 72 . ¥ VR T 5 04 7K B i (A
fh MC2) W7 T % H S-4800 %I 4 4% M1 F B 1 B
(SEM) #4705 . B 28 4 1) K BE B FE (P 28 mm
x5 mm) YIS R, AT K 20 TR S B K
B PR E SR M, R AR ®EZEBAKD, &
B — BB () BBC A bt R i 44 T 3R 1w i K 3, R
HIFIC A M. %K 5 (swelling ratio) 75 ANF

w oo M= M) (1)
Md

K EE B B PrARPE R AE WDW-05 Hi 5 fig ¢4
AR I AL L P AT I, 08 A R R s v
25 C, L F e B 10 mm, i H 1% 4.5
mm , 77 {f 3 & 100 mm/min. ¥ 4h, 7F hh-15 B #E
sl 2 BN R T I K B R R R R R O Y
T 5 0 A B, TR 300 KB i 1 7K 8 e 1
IS
2 GRS
2.1 #h% Fe,O,F#IF0 Pickering FL & 8 R

Fi HRSCHR [ 18 ] 5 1 1l £ Al oK Fe, O, UKL 1Y
XRD 4nf&l 1 7. Il i ] 8¢ 51 32 ZEATT 5 0 4
AiTE 26 = 30.14°,35.7°,43.33°,53.7°,57. 4° fil
62.8°, 4 B X Ri 57 5 #H Fe, 0, (9 (220), (311),
(400),(422), (511) F1 (440) b 1H A2 &, 5 SCHR
IR AIK Fe, O, FRAEAT ST UEAH W) & . JF B, % &
T PR D A% o U, U B BT A 1 40K Fe, O,
afi B Ay

B R4 TMAH 4b B Fe, O, /K % W 1 TPM
BAE IR RFR, R )2 % (K 2
D) . SR HF Fe, 0,48 TMAH 4b B | 3% FR i
T 1.3 5 3 52 9 A0 SR ) 45 s C O B A FL
Sacanna TA 43X & K o TMAH &b B J5 , {15 44 >k
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(L3 2) AT, FLIOHT M B2 , WO F £ 28 100
nm 72 47,35 SClk R Y R 2 R FL RN T 60
1020 30 40 50 60 70 80 ~110 nm 3. i £ 40808 (PDD) 7 0. 1 2245,
200) A LR ST B 2 A PR
Fig. 1 XRD pattern of Fe, 0, nanoparticles Bﬁﬁfm,Pickering H jjj(ﬁ 2 J&JE R B A 2R
B4 , 22 10 oK VR AN 6 I 3 1 0 00 FLBELAT B
Fo, O 41 T4 S MPE M AL MR AWM oy
TPM 43 T2 il AL, 9 20 K 7 I, B I B P 4
./l;e;O“-
ML Emulsification 2 A
Oil phase: °
TPM o °
805i o O/ Gankiton
[
o O,y Fickering

Fig. 2 Mixing of an aqueous dispersion of Fe;O, nanoparticles with an oil

phase (TPM) and the for mation of an opaque O/W emulsion stabilized by

the adsorbed particles

Table 2 DLS sizes of Fe;0,/TPM Pickering emulsion

Sample DLS mean diameter PDI
MCl 80.7 0. 136
MC2 90. 4 0.138
MC3 101. 4 0. 089
2.2 KERBEH ST

K3 2%k TR 5 1 MC oK BE B (FE 5
MC3) B A TAT 9 41 1 A 56 1. AATRT 3 () PR AT LA
A, MC K BRI B AT B4 1047 P 4544 1 1 1 52
R 190 AR SIS e 83 R 1 O L 45 A R 22 4 Al ) 2 A B
AL IRl 2R A 2 ALGE A AR B A B I A A A
I AE I BE 1 04K, A 00 T8 By T i ot e R AR
B AN, Z LA A7 AE D K 3 TR A T K
G JBE P 119 3 3, 2k B RV K 9 AR 1B 3 (b))

S 0] FLBE T HE— 25 KR (1 SEM 8], DA &L v af
PLZ B, ™ 1 90 K 0RO TPM 2L, i R
F, HEAZRJLE R 100 ~ 200 nm, 55 35 M ik A FE
IKEE L 25 v, 6B TPM 2L IR 1 SRy 38 B B T
Z 5T X PAM 43 4 (1) 38 B

2.3 KIEERR VA M BE R A R AR BY & A
WIRPERE R VF M K BEIR PR RERY — D EH S

B AR BEIE B M e b RN e R LA
it 75 38 7 A BE L N s — Bl I R/ oy B AR
P BE I I 46 o5 53— ol B M ) 24 4 A ot 47
SRR S WEAEE R EE . K4 SR T
e GEHy CL K BEE AA [A] TPM ¥k B2 1) MC oK BE i
IV K h 26, AR, 5 CL /K BRI L, MC 7K 5 e
HAHOMAL 5 19 7 PR RE. ok MC3 K B I % ik
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Fig. 3 SEM images of morphologies of freeze-dried MC hydrogel (sample MC3) : (a) hydrogel at low magnification and (b) hydrogel at high

magnification

AELFRIRF] T 101, 53 5l 1Y) CL /K B I ik R
(SW =15) 1 6 17 2. 3 )X Fh 22 53 19 J [N 3 22 A7
PIAS, —J7 T, 2 FLES B B AE AR (A5 K o T 3 5 37
s 73— 7, TPM 1975 | Al 754 52 Bk 50T (TPM
LA ) 18] AR B P 4 3 R R i, (545 1 B Py A% st
T . DA R A T L B, AT R A AT LR R Bl
% TPM K 234, MC K BE RS v ik BE 0 2 R
Wik 140 A, 2 WA BB JE 190 2% v S TR B 0T 1) 4 R A
SR A I G R T A L A I K 1 0 4557 A TR
(1% A W 4 0 20 T 3 SR 7K R T 1 Dl

100 —— MC1
—o— MC2
—o— MC3
80+

—=— CL

60

Swell ratio

40t

20
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Time (h)
Fig. 4 Swelling ratio of CL hydrogel and MC hydrogels with

differents TPM content as a function of time

AL BIA Fickian §7HOBE > S 4347 K
i3S SUR

ta — kn 3
M t (3)

®©

o M, IR o B 207K B WK &, M, ORI
UG SP- A R M 1 TR K R T kR e D) 43 ) R
VR B BRI S B 2 0= 0.5, 3 K o A A
Fickian " #{; % 0.5 < n < 1 B, LB E,
AFFA Fickian §78. R T4 F 18 n H, RSOk
S O B 2 (4) -

1M13 = nl Ink 4
n(M)—nnt+n (4)

®

FJELA In(M /M, ) I AEFR, Ine g 4 A bk A5 51 14
5. L AU E AT LA Oy 5 M A R SR e, Horp
CL /K EEE M n fH R 0.56, i MC1, MC2 #1 MC3
TR 1 n 00 43 54 0.92.,0. 90 F1 0. 86. CL 7K
BERCHY n (HH23E F 0.5, 3% B LU K o 72 0T 3 U
42 Fickian 71, ¥ M B2 bk 4 80 £ 5
Az, T MC K EER I n fH BT 8K 7 0.5, % ik
HEARLJE THE Fickian § 8, W7 MC /K BRI AE 7
i3 B AEAE P A i R, — T T A B K 43 1) B R
P B B 18, 55 — T T AL 3 A K A T B ) s st AR
JEE T 4 55 W UK g . TPM f 51 A 75 A 2 = Bk 2
JC (] B 1 4 B R R 38, 158 45 43 % 1 A st A
Mz B 3m CL oK B e 51 i 355, DR e o A [
i MC1,MC2 I MC3 =3 h LI MC1 () n {5
T, I 5V I S 245 R MCL R 7 ik 2 B KA
3Ry MC1 K BE i /Y 28 B2 B e I, fil 715
MC1 7K B B Ko ¥ 45 55 5y T I K, 40+ 4 i A
st R PR, WK i ) R R

Fig. 5 In(M,/M_ ) versus time Int for the CL hydrogel
and EC hydrogels with different TPM contents
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Fig. 6 Tensile stress-stain curves of CL and MC hydrogels with

different TPM contents

b(i)

Fig. 7

stretching, (ii) in stretching and (iii) after stretching

W75 H Ay 755 T 5 I8, vl LR Z2 B R AR JE
M R A &, B TPM Mk B2 (9 R F, MC
KU B A T e 5 R AR R TR R 3R R A IR
TPM ¥ & Ji5 , 7K 6 i I 45 v 19 A 3% 32 Bk o 1 B it
FEAR, JF HAH &R 22 Bk HE AT H) i 4 K 258 K, B P
b LRI R T T B
2.5 KEERHIREMYE
Rl 8 s BCE T K HR i MC K E I e S in wid
BRIPER TRl 5 4 B T & g, B MC 7K BE g

JEEHH L, MC oK 358 i 5 AT 5 S 04 437 i 1 BE A R
Gy I S Pk fE (LI 7 (a) ). BEAh, MC R BE i i
AL B R AT A (WL 7 (b)), X A
Haraguchi #4145 119 48 K 5 45 7K B 5 AR AR
L. 38 CL /K BERZ B9 H7 il i B A 14 kPa, 1B 58
i A 33% . BRI, 24 1] TPM AU MBA 78 24 521k
R BEIE By 2 PR RE A T MO i, o
MC3 7K B ) 337 A 56 B2 BL 28 #3154 kPa, BT ¢
i AR 3 3K 290% . X 2t MC K BEZ Fl CL 7K
TG JC F) 1) 245 435 g 1] ) 45 2 S 3 LAY . HLPACOR 3
YN 7K R R it L AL g ik 38 3 ) CL K B
S IR L Y JC L o3 A 3 BT HR A2 1 B T A
AN BRI, MC K BRI TC I B 4. MC K BE I 1Y)
SCHRBILIE Fey O, %8 %E 19 TPM FLIRORE , HoAS B 25
TEFLHE i 72 rp 35 5] 0 A TR &R v, o B I fE
TRSZHE AN F7 . L, MC 7K 3 IS Y 22 18 4% 45+

b(ii)

Photographs demonstrating the mechanical properties of MC hydrogel ( MC3): (a) elongation and (b) knotting; (i) before

FLAT R G 0 R ) 07 M B K M B i (MC3) T gk
Ji S TR Bl R R T X 2 B ) P R AT
ERHT, WKL 9 BT 5. MC3 7K %E e 4 1 7 s Ak
R K 0.96 emu/g, Fe, O, 44K ki + (& 9 Z£ b4
L) 1 B0 G AL SR BE Ty 47.9 emu/g, AT LLTHERAS
J5 # R WA 50 5 28 4. T MC3 58 i Hh w1
KL F it 2% |, 3X 3R WA 8 PR 90 K kL7 51 A BE
J5E 0 2% I, Hemg M IR e 2 205 . AR ik R R
th SR W S e M K B AT AT T
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Fig. 9  The magnetization hysteresis loops of MC hydrogel

(sample MC3) and Fe; O, nanoparticle
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ASCUAREE Pickering Ll A SZ W il £ T
— T B 1% 5 T 0 T e S 5 K BE . 5 AR SR K
BEIE A L, MC K B i H AT 0 5 59 77 2 P BE LR
Bk BE , 5 S A AR AT LLIK 300% |, iy KA Aif
5 )5 O 150 kPa. T Hi% A & /K BRI B AT RLUAF 1
ARWRSENERE. JEAN M FLROE i A2 P 1k 4 ok
Fe, 0, UKL 1 F 2%, R M RE 51 A K B B 1
2%, (oA A 5 14 7K T I H A 0 i L P BE . K 2608
JRE K 5 52 9 L P JE P 3t 1 T .
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PREPARATION AND CHARACTERIZATION OF MAGNETIC HYDROGELS
WITH HIGH STRENGTH BASED ON PICKERING EMULSION

Han-min Lu', Zhong-kui Wu'*, Yuan-peng Liu', Xi Chen', Yan-zhao Zhu', Yi-feng Wang'
(' School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070)
(* Hubei Key Laboratory of Pollutant Analysis & Reuse Technology, Hubei Normal University, Huangshi 435002)

Abstract A Fe,0O, nanoparticles-stabilized Pickering emulsion, which is a kind of emulsion stabilized by solid
particles instead of traditional surfactants, was used as a cross-linking agent. And a novel composite hydrogel
was prepared by initiating monomer acrylamide in the appropriate condition. The structure of nanoparticles and
composite hydrogel was characterized through X-ray diffraction ( XRD ) measurements, and field-emission
scanning electron microscope ( SEM ), respectively. Moreover, the properties of hydrogels were studied by
swelling ability measurements and swelling kinetics analysis, mechanical test and magnetic response test. It can
be found from SEM images that the TPM droplet acted as a cross-linking agent in the reactive system and
distributed in the hydrogel network orderly. Swelling test indicated that the composite hydrogels had excellent
swelling capacity in comparison to conventional hydrogels,and even could swell to about 100 times of their dry
weight. And swelling kinetics analysis results showed that the swelling process of the composite hydrogels did
not follow the Fickian swelling kinetics model. The mechanical test results showed that the composite hydrogel
exhibited outstanding mechanical performance. The composite hydrogels showed a strength of 150 kPa and high
elongation at break of 300% . Moreover, the composite hydrogels could return to original state after stretching to
several times of its original length quickly and even could make into a knot without damage. Magnetic response
test results indicated that the composite hydrogels exhibited a clear magnetic response.

Keywords Hydrogel, High strength, Magnetic, Pickering emulsion



