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DR, DRSNS W) (EPS) (50, B A E I T B ) A ) B ) 3t AR Y, A= s e I iad 8 v =
A= ) EPS Fb M 5 o DLE i 4% G ) B 2 5 T VR, BB S BO™ AR BT s g RIS A
15 YL O W B S A AR K AR R, RIAE AL B KA BR T 99.9% B 4N, 5k B0 0 BT
20 T A B AT BE AR TR AR B, DR e A Al TS Y (TG ML YA LTS G ) T T A i A RO,
A YA BRI S AL R R, PRSI TR L KGE R L RS DR O, AT 46
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AR, I A B DA A S e UL ik b R BT BN R SE AR R T A
BESR ) F T 5 AN o S AN, R AUK MR A SR PR P, IS B . B
REVEFRR . AW s 2 S5 40 5 45 5 B R AE U SY, 9ok S Ak 8% (ZnO-NPs) 5 0 5 UL A 40 K 44 8 2
—, HATR ., RaetEe, SN biild s ye e et 78 5 40 542 il i o] 0 5K 40 B 40 i S, PR
0 T R AR I B B, AT 5 448 R 3 2 A= 03 PR, ZnO-NPs 7 7K FITE b 3% 7K 14 5 75 v 5 T B
B o3, FOR PR 2% 2 8 SR AR, S R 28K A R LG, ZnO-NPs SRR iZ
BEN 15, EBEM R & i R, B ZnO-NPs £ R as ISR, Al 38 i it i) 6 iR B HE L R v R K
PE L IIH RIS S5 A T A, RT3 AL R | B e e fb 55, (KM & B Bk, IF A
TR TIRE, FEdl AR P YO SR, ARSI I H R 40K ZnO-NPs B &A= ok A1 3, v RS
B B T A AN 5], O IR AR R R B B AT, S A, GRS R 0 T AL R Al PR A
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B2 AL (AgNO,, 98%). [E]ZE i (MPD, 99%). ¥R =Tk (TMC, 98%). 1EC %t (99%). AL
(NaCl, 98%). Iif% (99.8%). W% 1#5 (99.7%), BRI (99.7%), <. (C,HO, 99.5%).
1.2 ZnO RYBLM

T ZnO-NPs 44 K ki o ik 22, Wik, fEARMR S, ZnO-NPsEﬁ'ﬁiHﬁ%%ﬁZﬁﬁ, 5
EH AT OME, DL S A EOMERE . LA 11 LB fC i 200 mL 2 /K AR R A B R, FRER 8 ¢
f) ZnO-NPs A I, AR B0 2% 9 (3-5iFE N 3E) = H 48 3L e Joe £ 3 5] 21 ﬁéh%éﬁ
iﬂ‘ﬂ DLBE G VAR HE %, THIR 50 C T Hik Sh, BEGHTE L, HEWRE, IEH

%3, DEHRSERUGTE 100 °C & Rt TH: . 6677 . &M
1.3 ZnO XM A TFC FEM RLE &

TFC AL 5 NS 75 2 K R BE R T MR J2 TR (045 1 25 R an J AT DA AT W iF 55 T s B0, 2 B4
FIH AT, 76 TFC RS MR Z U IE)ZE, B TFC R 2 gL' BYEhIR £ UL W
1 (pH=8.5), XV 2 h Ji7 >R & B FOK IR Ve B R 1, i B B n B FR iy PDA/TFC . fe )i %
PDA/TFC RIZ U 1E ZnO ¥, fEdbidferh, FIH 2 B RE MR, 90K S AL B DR AE i 3R
TR, TR 5T 4 B BEFR ZnO 2P (9 TFC I (ZnO/TFC JiE).,

1.4 ZnO@Ag i 14 BR il &

¥ ZnO/TFC FEAE 100 mL 50 mol-L™" AgNO, ¥ i H1 7= 10 24 h, 78 B % 11 19 4= B Ag-NPs. 7E It id
B, AgNO, 5Z MR, Ag kA i R b AL Ag-NPs, Z ELRHE 1/ O-, N-{ &3 it 4 Jm
BCiVE S Ag 45, DI FL RS fh 4R e IR @Y R e e, MR B TRk 3 Ik, =R
T, TR A AR ZnO@Ag H [F] UM 1 TRC 5, i FK ZnO@Ag/TFC Jii
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3) WA RAE . Zeta LA 1Y (Anton Paar, GmbH, 78 [E). il ff1{¥ (JC2000D2, I ¥ A% J& E S Rl 47
VA A BRI 5 v i IR e i A . SR KPR A AE Ak . 44 FL B (SEM, JEOL JSM-5600,
H A T W8 ZnO-NPs 1 41 5 DL Kz ZnO-NPs }2 Ag-NPs 71 %5 Ji5 JIE 2 1 A 45 #4028 4k . 74 b =2
A, FESTR B2 SR T IWE . A T ZnO-NPs B AT 5 H B M0 R AR, A5 2 50%
PP FTJS B9 ZnO-NPs 4350 2 2 8 /Ko (S gL, SR A M5 (LT 48 0 1 h, R385
M AR T, B R ALK W (30 ub), T Z 8 E 40 1, SR )5 UE4T SEMOWREE . eAh, FIH
X S ZO6H FRES (XPS, ESCSLAB250Xi, e [F]) X B 3% Y Ak 27 20 i k47 2R 4E . DL IE ZnO-NPs
F Ag-NPs 75 JI5 2 Th] 2 75 L2 1 3
1.6 FRIE MR

D) A ECH] . B EECH] LB AR 7R3 . Akt 10 g LY BERHEERY) S g L), BEE K
(10 g L™, W53 8 T RN KB, KR q il a8 AR IR 368 . S IR (E.coli) T4
B0 % BRI (S.aureus)2 PR AE A A H0L TR R (G 2% G PP A DB 2 B P X FRBT (e el e o o) 1
e, KriEEEHIMAKEERN LB RIS, BT 37 C MEEEK PR T R L0
JEH7E 600 nm 54 R OGREE, #7453 1x10"2 CFU-L W4 & 1F i, Fike% 10° CFU-L™ 1.

)P LK . W AMETF, ¥ 100 uL 10° CFU-L™' (I BRI SI 080T 1 em?® B R 1w, 45 B 38
rE AR R L, BRI S B A A SR . This, A #EE K (0.15 mol' L™ NaCl, pH 7.0,
20 mol'L™" NaHCO;) 74 th B S35 Fr, e vh DRV o % e M7 BE 2 10° CFU-L™', B 100 uL
s B (0 B R VR T LB BRI 3L, HIE 37 °C A4 FHi g% 24 h, GuilisaR L 4. B
BEEZS AN HRAL, BB AR 55 B il A0 75 B o AN T B TP TR TR R 1, 7837 C & FEE% 24 h
JF, S E AR MR ER B, BALK AT 3K, BOFME, MEsTRA A @ s, HU
FEAE R0 BT B 1 RE o
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e RWARIET R A AN BRI B A FSE R VR 2
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Fig. 2 SEM images of ZnO-NPs before and after B3 UM% /G ZnO-NPs Zeta B i

modification(5 000 times) Fig. 3 Zeta potential of the modified ZnO-NPs
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R B0 I A9 ZnO-NPs 43 B vE B 42 &, SF30RiA2 4 10~40 nm, & TZEKMER R o, R ke (i B
RN 7K A A BRI R 4R B7 B T E TSR 1 49 K ZnO-NPs i 45 1F B B 19 R 7, R AR B e i A i — 3
T, R VAR R B RERFRIE . B R R . SRS 40K ZnO B ARk 28 (8] 3) 2R ZnO-NPs 7
KRR R IERYE, HBEE pH MK, HIE A s a0, 2R3 TS & 7
ZnO-NPs 9K KL F AR R J2 Z A g i #4525 A AR T 8. 76 pH b 7 I 25 F T, ZnO-NPs H2
£7 4 31.1 mV,
22 ZnO X ZnO@Ag ERRFHE AHHESTL

XPS & R AF ML AL F RS MR EZ T H . ZnO-NPs & ZnO@Ag 44K Mikr etk TFC i3k
A Y XPS 45 & 4 s . JGRE S RTE 286.5. 532.6. 399.3 1 162.7 eV AbAT 4 ASREWS , 43 5I%F 1 T
Bk (Cls). % (Ols). & (Nls) Fl 8 (S2p)'®, ZnO/TEC & Fl ZnO@Ag/TFC E7E 1.022.4 eV F1 1 045.6
eV ib R 2 NFAEIE, 431K Zn2p,, A1 Zn2p,,, 3% —45 FHHE T ZnO-NPs B Th 3% . Y34k, 1E

Ag3d
Zn2p,, b

Ag3d,,

Zn2p,,
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Fig. 4 XPS spectra of TFC, ZnO/TFC and ZnO@Ag/TFC membranes

ZnO@Ag/TFC Jiit I W % 3| 45 5 fig 368 eV Fil *1 BERERTHE

374 eV 1y Ag LAF I X K Ag SR Table 1 Proportion of atoms on the membrane surface %
FERERWE, i XPS FET RS AR T B C N O s Zn Ag
BUWFE 1R . ZnO/TEC v i) Zn J5 7 & & TFCJ 66.04 1086 2278 031 —  —
214 13.04%, ZnO@Ag/TFC & H 1) Zn Jii + Fil ZnO/TFCH 4927 579 2889 3 13.04 —
Ag JFFE& 855 10.36% F15.34% . X ZnO/TFC ZnO@AgTFCHE 4979 908 2383 143 1036 5.34

JEEHT ZnO@Ag/TFC I 2 4~ kE S 1Y I 7 & &8 o |
AT e LB, FE BRI A N Ag-NPs Z )5,

Zn VT AW I 302t F Zn BT B o e
Ag R TS, T3 Zn 5+ 1945 5 58 B ol —— ZnO@Ag/TFCIEL
5. B XPS R T i e FIESE T 4% T :
b 2 R 23 100% 35 3 W1 76 152 30 46 5
SE T AR BPRH R TRC T S Rl S

& 5% TFC. ZnO/TFEC 1 ZnO@Ag/TFC Ji& el
1E R pH 4 5 F 1919 Zeta v i 5 45 5. 4 N
REW, A pH B3 K, 3 MR MY 2 4 6 o 8 10 12
BRI BARRYL, R 4G TFC BRAE (T BS TFC. ZnO/TFC B ZuO@AZTFC
7 pH A F F ¥ 2 Gtk HL7E pH=T &L F B Zota Bl
Zeta LA N —59.25 mV. ZnO-NPs £ [lid 3% Ifi f) Fig. 5 Zeta potential of the TFC, ZnO/TFC and

T2 B g oL BRI — R RO T ZnO@Ag/TFC membranes



474 EZ N D ERRE

ZnO-NPs ELA5 IE B (PR T, X — s & 3 A A 45 IR AT WSS, 76 pH=7 &4 F, BRI ) Zeta HE
PiAE 545 mV. 2§ Ag-NPs 76 I R 1 AE il 5, MRt PRI, 76 pH=7 &4 T, R H 1Y
Zeta L {H H—33.57 mV,

ZnO-NPs } ZnO@Ag 7F TFC i b 405 , BRI SEM 45 R an1&l 6 frs . W46 SR WERE TEC A
FUE IR BB A R P(E 6(a)). M PR ARG 25, PDA/TFC it S A 3]
£ ML SE(E 6(b)). H1IE 6(c) AT W, ZnO-NPs 75 I 3% 1 A e oh gk, 3 % 0 e 2 22 O il 6%
FHAE I ZnO-NPs Ui FX 2 PDA/TFC 1A, MM 15 %] ZnO /TFC . & 6(d) il W, 7EHFRARTE 5
LR G, K Ag ORI ok, FE M 2 BSURES M . a4 R BT ZnO 1 Ag B E AR
Dy 3k E R

(b) PDA/TFC

% 5 T I
& <85y
=V 3

(¢) ZnO/TFC (d) ZnO@Ag/TFC

Bl 6 ZRMBMEERRER SEM 257
Fig. 6 = SEM morphology of the membranes surface modified with the nanoparticles

5 JFUth TREC A H, PDA/TFC JIE 35 /K 80
WERE, EEALET PDA BRI FEAKME (B 7).
YK ZnO 76 BESTH 1 T #0, (i TFC I 19 2 ik o
11 ML 65°BUNE] 34°, BB ZnO-NPs 51 40 % S wl
i 3 1 BE A% A0S MBS SR K Mk . X — D T PR T X
1 B9 ZnO-NPs 75 7K 7 P 5 7K 43 T 22 W% I 2T
SUHE, TEMEFRMM K 1, SEAKMERSR; 5 0
—7J7 [l ZnO-NPs [ £ 2238 i 1 R5 2 18 119 2% 1 FH
b, SRR, KRS, ZnO@Ag/TFC
FRE )2 ik £ o 310, Sk U T Ag 7 IR 2% 1A 17 4% B7 TFCRMIERRMAHEN
Stz fih £ B M R K Fig. 7 Changes of contact angle after TFC

membrane modification
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23 EREZEROMKL

ZnO-NPs } Ag-NPs 7F TFC [ 21 (1) 1 % 2 0 o 22 e A Ryl Ay, B, 22 B e 7 B 3 1
[ 7% 5 XF ZnO-NPs, Ag-NPs (971 25 LA K B vE BB oA S EVEH . & 8 Bon T 2 B e vl kel i &
R IE AR . FESRIAY 3 hrh, Bl IRV (A B RE K, 22 T e J6E 3 1 179 SR B A 2R Y 4 Jm L 14
BASPL, fE3h ZEE A EIAE 0.26 ngrem ™, M 3 h )5, £ ke WG B E AL (5 8(a)), B
Z B TR AR S . N Z B R B 5K E R Z A R E (& 8b) mTLUA i, BEE K
Fh L UG SR BN, AKGE R () BRI H 2 BB AR AR, Kl R R L, M
WItG B 15.6 L-(m*h) ' BE % 11.2 L-(m>h) . HEAMHKFE, TREREAR, XEEZHTLZ2OMT
DUBR T I R T SR KR, 5 & P J2 A T 2 T T8 i ) BELAS VR AR KT, AT R T 2% i /K G B
fi%o 534k, HME 8(c) AL, & im kil i J, 5 %1 2 B0 s t . 2Rl T 2 B fe iR
P — 2 B2, BT EMBE, JJ, A FO LG M EE S, J/J, ME)N,
F O A PR RE R AT, B 8(c) P UL, MIETE 2 ELMGR W IR I 3 h, ST, Bl UL IR B
T AEMIKERB B, TR IR TRC BEK I & 5 5 ) 33 5 2 8 0 AR V-85 06 RAF LGS . 28 ik, £
B B e A R 2R 0.26 pg-em ™, BERS/KGE &8 12.9 L-(m*h)~, S Ehis & 4 g-(m*h) ',
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Fig. 8 ° Effects of PDA on water flux and reverse salt flux
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Fig. 9 Effects of Zn-NPs on water flux and reverse salt flux
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I, ZnO-NPs 7 & 3% T8 Ao R K P25 H , #2787 ZnO-NPs 5K 3£ M J7, M FEAK T 7K J1 B
J1, HRER W T B2 H KT, 2 ZnO-NPs 1 i T 0.75 gL 5, Al SRR, i Tt i
1Y) ZnO-NPs 7F JBE 3% I 67 2 0 ZE AL, Gl B PERER . Sz ) £6 38 5 09 45 2R 5 /K8 5284k i #AH
IO TS 2 e T = Sl L B0 0= o Dt A o = O (B 9 NG R A 105 N B 1 B A LI B0 1 ]
K Y (A 25 SR (B 9(b) AT LLE Y, 90K S A B e R 1 1 A 480 — DAk T I 255 1
It H. 24 ZnO-NPs ¥R 4 0.75 g- L' F, J/J, (B He/l, BUE BEPE RE fefE
2.5 ZnO@Ag/TFC W4 &E

JF4f TFC B8 . ZnO/TFC 2 B8 K ZnO@Ag/TFC pi¢ P S (1) 7K 38 o K I J) & a8 ot 45 5 an /&1 10 Jir
No Hop, WIH TFC Y /K38 & 4 15.6 L-(m*-h)™', ZnO/TFC /Kl &~ 13.8 L-(m*h)", ¥iH ZnO-
NPs 7 I 3% 7 805 8 s A BEAR, X F2EM THEEMASNRZN, ZRREREKRINHERS
X 7K )35 175 ik 3 B AHAE (] 8)o TFC B Sz [m] £5 38 4 15 g-(m*-h) ™', ZnO/TFC i 3.5 g-(m*-h) ',
X R W P I R A R R RN X BRI R ORI aE i)
AR . ZnO@Ag/TFC [ i) 38 £ A1 R 1) £h 38 2 43 51 4 14 L-(m>h)' #13.7 g«(m>h)™", 5 ZnO/TFC JiEAH
Fo, Ag (6 28 0k Pk RE % A B B2 I . ZnO/TFC I Hil ZnO@Ag/TFC Y J/J, 43 51 A 0.25 F1 0.26
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Preparation and synergistic antibacterial properties of thin-film composite
membrane modified by nano-zinc oxide/silver particles
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Abstract In this study, the nano-particles(NPs)of zinc oxide(ZnO)and silver(Ag)were used to modify the
polyamide thin-film composite(TFC)forward osmosis membrane for optimizing the balance between water flux
and reverse salt flux, and improving the antibacterial property. Firstly, ZnO-NPs were modified to improve their
dispersibility, the nanohybrid membranes were fabricated using dopamine(PDA)as the cross-linking material.
The effects of PDA self-polymerization time and the ZnO-NPs dosage on the membrane performances were
investigated. The results showed that the ratio of the reverse salt flux to the water flux(J,/J,,) decreased from 0.96
to 0.25 at the optimal ZnO-NPs dosage of 0.75'g-L"", and the balance between water flux and reverse salt flux
was optimized. The results of antibacterial performance represented by Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) showed that based on the synergistic antibacterial effect of Ag and ZnO-NPs
on the membrane surface, the antibacterial rates of ZnO@Ag/TFC membrane against E. coli and S. aureus
increased to 84% and 91%, respectively, ‘which significantly promoted the antibacterial effect of TFC
membrane. This research has great significance in the development of membrane material usage in water
treatment process.
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