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Fig.1 Schematic diagram of the preparation of PVA /g-C;N, composite nanofiber membrane
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6.7%g-C:N, 1 8, N 5 M ORHE 7T L6 B4 R 2 235 sk
T Al S AR B TRL BE RE IR ORI U A R R R
AR . H AT, g-CNL 5 PVA [ B & — fiE
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Tab.1 Proportioning of P-CN nanofiber membranes

Mass fraction of CN

Sample w(PVA)/% in PVA/% w(glycerol)/%
Pure-PVA 10 0 1
P-CN-1 10 0.5 1
P-CN-2 10 1 1
P-CN-3 10 1.5 1
P-CN-4 10 2 1
P-CN-5 10 3 1

1.3 PVA/g-C:N.E & PR A HFERISI &

¥ g-CNL 8 7 4 BU/E DMF 1, T B & 2 3
20% ) 35 2] 43 BUAE , g-CNJ/DMF 4y B8 44 5 PVA Al Jii
250 B0 1% i H I K I WUIR 5 7F 1000 r/min R 45 FE
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1 h, 15 3| P-CN 47 223 #{ (Tab.1) .

4 P-CN 7 22 i B NEF L E A N 0.8 mm [1 5
mL VRS A, RS A E e E L, w R
A 1.0 mL/h, WE 2 RN 16 kV, J742 1 h, 44
KA YEYURRAE 2 M (9 45 9 b, 45 9 PR B v O 48 2R i
12 cmo
14 FERY3ZEX

H P-CN 4 K 2F 4 JE 45 96 b 31 55, = 00 T 1
SR 5 F 50% I — T T 28 VR AE TR 1 i AL T A8 Bk
10 ho I CRETE Ve S8 BRI 9K AR 4R, T 60 °C HL 7
T4 12 h, 13 B S BE )5 1 P-CN PR £ 4E i
1.5 MK 5FRIE
151 A de & 4 ol o R B 8 (SEM, H A
H 37 S-4300) M %2 P-CN 9 K £F 4E W JE 5 . P-CN
YKL 2E (1 emx1 em) A 5 HLUBCRS 75 #F 5 & B4
M%< A B, AR P m T FE R Dl 20 KV .
152 #ah &M 54l M X G5 AT I 4 BT A
(PW3040/60, fif == ) id 5% £ & (9 X 9 £k 77 4

(XRD) . fE 40 kV H JE F1200 mA H 7 T, f# ] Cu
Ka %6 4 (2=0.154 nm) , 394 3 2 4 5(°)/min , 260 7t [
N 10°~100° o

1.5.3 77 57 & A& 4K« JBE 1 07 2% 14 e T GP-6220 $i7 fif
IS HLEEAT M. A 2 S AF A 1SO 527- 3:1995 4
e, Z W, B FE A 2 mm/min.

1.5.4 #4272 ¥ #7 : ] HENGIIU HTG-1 #4453 4%
CTGAD WA 5 1R # A 58 P 5 10 mg #F i 7E N, 450
L 15 °C/min 38 M 25 °CTHE % 800 °C. #i4
K2 10 mmx10 mm [ 44 K £F 4 B2 N K, W %% 3
B RRIRES , B 50 L K o

1.5.5 HLH &M 9 A7 8 X Fan 8 " LA 5 %
WS N AS B4, X6 P-CN 44 K £F 4 I8 30t 4T 01 8 1 1 07
Yo BRERE IR FEIMAE 50 °C, SR 5 3N 85 5% Lo )
B A iRk, B S min, B AR LA S K K A
BT A A BRI AR FR L, AN 4 mm 1)
FE i BR300 35 7% 2k 00w, F5E AN ) D 5 1R Ol
WOR B AN EOR , SRIG/E LED 4T R 37 °CH5 3% 24 h,

Fig.2 SEM micrographs of composite nanofiber membranes before ((a): PVA(0%); (b): P-CN-1(0.5%); (¢): P-CN-2(1%);
(d): P-CN-3(1.5%); (e): P-CN-4(2%); (f): P-CN-5(3%)) and after ((A): PVA(0%); (B): P-CN-1(0.5%); (C): P-CN-2
(1%); (D): P-CN-3(1.5%); (E): P-CN-4(2%); (F) P-CN-5(3%)) crosslinking
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o H—— 0] X 58 B, mm s D—— 3 RE A4 ] X
(8 B A2, mm ; d——RFE I B 2R, mm.

2 FHRE5IHIE
2.1 WM

Fig.2 /& 28 WL A J5 P-CN & & 40 K 45 4 8 (1) 3% T
JE31 & . Fig.2(a) /& 4 PVA 909K 27 4 5, 7] LA 48
W %% | PVA 94K 28 4k 2 6 1, P ¥ B AR 29 4 200
nm. M P-CN-1(0.5%) & & 94K £F 4E i (Fig.2(b)) 7]
PLE i, g-CoNy 02K 35 &) b 4y B7E PVA 90K 21 4
WL G0 OK F Y 1T 3 B AR 20 N 270 nm. £F 4E 3K T
1) g-C:Ns & R 451, B & g-CaNL & & 1 38 I, 4
KOAF 4 B P g-CNL I 5 Bt BE 2 B £ (Fig2
(c~0)) o [FIBS , 44K 2F 4 H 12 B 5 g-CN, 7 &= 1 3
07T B A B 0, 24 g-CoNL T = 20 BUK T 3% ), #f R
g 42 A5 15 R HfE . Fig.2(A~F) #& 22 B 5 1) P-CN 44 K
2F o JE 0 B TR B, 28 K IR A oK A 4 AR 45 M B
UK A Y fl & 7 — BT B 8 451 .
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EH. WA, 5 g-CNGANK 60 38, 24F 4 ik 2 301
A2 LI Z ) .
22 St

FI FHl XRD 4 1 T g-CsN, F1 P-CN 44 2K £F 4 Ji5 1)
fn PR 25 1), 45 B0 Fig.3(a) s » 7 g-CaNL 1] XRD
T UL 5% B 2 AR AE AT S 06, 27.34° 1) BiR U XT3 L B8
75 A 5T T (002) B & 0, & 1 (] #E A 0.323 nm. Ub
Ab, 7E 13.02°(d = 0.685 nm) 5 55 [ U4 J& F = -S- =B
B 6 (100D B S 1 A 45 F B 78 7. 46 PVA 1 19.34°
() 5 I A1 P-CN-5 (2% ) 71 19.48° 1) 5if I /3 5l /& PVA
[ 101 d [ « £ P-CN-5 (1) XRD B4 & A il 2]
g-C:N, [ REAIE U, 35X P R 2 T g-CNL I 48 2 B b
i BN, 7 Wang 25 "B 5C 1, g-CNG B R K £ 1)
PVA J# I AE 27.78° RJ LU I 21 15 55 47 AiF Uit

N Tk 2 R L Ak A 5 A RN R T A A
X 48 PVA 402K £F 4k i il P-CN-5 5 & 44 K £ 4 fis 3¢
1T 7 XPS 73 Hr, 45 B0 Fig 3(b) i« M ] LA i
FEHE 4l PVA 90K £F 48 5 A Bk ot R AR TR 1)
BB N 69.88% A1 30.12% , H1 T g-CsNL 44 2K J )
B A P-CN-S AR H IR TR AL R
BICE M B0 HAE N 76.38%,22.41%H11.2%.

(b) Samples Cls/% Nis/% OIs/%
PurePVA 6988 0 30.12
P-CN-5 7638 12 2241
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Fig.3 XRD(a), XPS(b), TGA(c) and mechanical property(d) of membranes
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I TGA BIF 5T T 94 2K £F 4 I (1 #4 s 5E M ( Fig.3
(€)o g-CN, 44K A 7£ 550~710 °C i} 2k & R 4 N
80% , X N 35 — W& 34 1] 43 fiff , 4l PVA 40 K 21 4% i A P-
CN-5 9y K 2 4k i (1) TGA il 28 A AL, 78 #4 2k & o 2
W] L 2 AN BB B 1B B, 150~230 °C, SR E L)
10% , X0 IV 58 2 475 T A0 68 1) 4 e 5 565 — I B, £ 230~
600 °Cyi [l N, 2% 5 2 295 80% , Xf % PVA 43 T8 42
) B fif RN = T 2R (1 I 24 . L rh 40 PVA B (1 A B
B %  10.16% , P-CN-5 [ #4 H 5% B %8 7.4% , 7%
R ZE B 3%, 5 g-CNL 7E PVA 111185 42 {5 (3%)
FEAA [
24 HEFEMEEST

X P-CN g K 247 4 B HEAT T 3 AN P AT B 1
77- R AR IR 45 5 0 Fig.3(d) i 7, Tab.2 %1 HY T i
{147 UT 4 4o K S5 R B A 5 B o A Fig.3(d) vl L, Bl 5 g-
CaNL 75 5 I 380, 999 2K £F 2 JBE 1) W 24 ek K 5 0
FREERSH TR PRI R RLZ S g-CINL K
7 AE PVA JEAR i 0 B 9% o g-CoNG I 2 [ 3R
RESHENAEFFONHI, S ¥EERET
R, L 0 B U 1) g-CaNG 1 AT DL in PVA 1) 4 #1
ACIEE P A NI 2 10 ) A TR N K AT 4 1)
B 55 B HLE 1.7 MPa PA b, 3F B #0514
J1EPERE

Tab.2 Elongation at break and tensile strength of

membranes
Sample Strain/% Stress/MPa
Pure-PVA 148.36+0.35 2.894+0.12
P-CN-1(0.5%) 131.84+0.32 2.51£0.10
P-CN-2(1%) 112.68+0.30 1.86+0.09
P-CN-3(1.5%) 87.36+0.26 1.85+0.15
P-CN-4(2%) 90.14+0.28 1.71£0.10
P-CN-5(3%) 81.07+0.31 2.51+0.13

2.5 BB

Tab.3 5 9 K 41 4k R AE K IR 1 h {15 RS
AL, Hod, N7 R BTG W R AR xR I
SRR, 47 RN M . SCBCRT I PVA 40K £ 4k
FELAE 7K Hh Sl A it AT A S T A BR S 1R PVA 9K 4F
Y BREAE 7K R A B 2 il AN R, AS TR RT LA B
P75 0 K AT 4 W R i K P o P-CN £F 4 5 7E 20 min
P I IR K R a2 2k A i, R SS TG n T 41
o IS 1RV T
26 IMEMSH

A SEEG AT E T P-CN 445K £F 4k JIE 7 7T WO T
K W FF B RN 4 2R T BR R R B D . e AR
it JIBE 1 K i A 1 R 4 B £ R 7 BR A O R R FE N
5x10° Lux ) LED 4T N &S GF 24 h kAT R 9% . 0

Tab.3 State of membranes in water before and after crosslinking

Sample name 1 min 5 min 20 min 40 min 60 min
Pure-PVA <+ <> x4 x4 x4
P-CN-1 & + + <4 <4
P-CN-2 + + + 4 e
P-CN-3 & & & <4 <4
P-CN-4 & + + <4 Y
P-CN-5 & & & <4 <4
Crosslinked Pure-PVA Vv vV vV Ve V4
Crosslinked P-CN-1 vV vV vV Ve V4
Crosslinked P-CN-2 vV vV vV vV V4
Crosslinked P-CN-3 Vv vV vV V4 V4
Crosslinked P-CN-4 vV vV V4 V4 V4
Crosslinked P-CN-5 vV V V V4 V4

Vo obvious dissolution; x:obvious dissolution; 4 :crimp
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W B W, Fig4 1 Fig.5, Wl & vF & 0 ) & 4 58 W
Tab.4. Figd(a) & 2= [ % B8, Fig.d(b) & g-C:N, 4 K
F 5 Figd(c) 72 46 PVA 99 K 4F 4k it . B m] DLFR
i, g-CaNL 1 Bt 1 Bl JE 8 /), 4l PVA JLF- 350 DT fe
77. Fig.4(d~h)% 5] /& P-CN-1(0.5%) , P-CN-2(1%) ,
P-CN-3(1.5%) , P-CN-4 (2%) fll P-CN-5 (3%) & & 44
KEAFYERE . Bl g-CoN 7 & B 3G 0, HU 7 Bl 1% i A2
Ko M5 Tabd h G PR B, P& ¢-CN & &
(6 18 T, PUBRT 1k B I 5 . M 5 A O 3% I, 4
KT 2 X R A B R 0B AR I8 B 15.0 mm. &

REW, EEHRTHBERIPUR AR BEE ¢-CN &
R N eR . RIS KT . g-CNL AT PVA (1)
PUIR AR 22, (HEATI 40K 524 M ORL R 7R H BT 1)
PUB M. AT BE A P-CN f 99 K 2F 4k 45 1/ ff g-CN, 2
A TE KB 2R T AR RN B 22 1 3 T A6 a5, P LS B
J 11 % O B, B R 3 R ROS 17 AR UK,
AT I 21 B 4 1 A BT B SR TEOR I BOR
Toe-CNyRKEBTHE K, BT 5 PVA RN, =4
ROS, 7] A 25 H 3% K41 B, B o] WL, PVA R R
# Bl g-CN, 77 £ ROS I3 3% ROS .

Fig.4 Antibacterial effects of nanofiber membranes against E. coli.
(a): blank; (b): g-C3N4; (c): PVA(0%); (d): P-CN-1(0.5%); (e): P-CN-2(1%); (f): P-CN-3(1.5%); (g): P-CN-4(2%); (h): P-CN-5(3%)

Fig.5 Antibacterial effects of nanofiber membranes against S. aureus.
(a): PVA(0%); (b): P-CN-1(0.5%); (c): P-CN-2(1%); (d): P-CN-3(1.5%); (e): P-CN-4(2%); (f): P-CN-5(3%))
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Fig.6 Diameter of the inhibition zone against E. coli at different light intensity
(a): PVA (2x104 Lux); (b): PVA (4x104 Lux); (c): PVA (6x104 Lux); (d): PVA (8x104 Lux); (e): P-CN-4 (2x104 Lux);
(f): P-CN-4 (4x104 Lux); (g): P-CN-4 (6x104 Lux); (h): P-CN-4 (8x104 Lux)

Tab.4 Diameter of the inhibition zone against E. coli and
S. aureus.

Sample name Diameter of the inhibition zone/mm

E. coli S. aureus
Pure-PVA 0.8 1
P-CN-1(0.5%) 9 32
P-CN-2(1%) 12.8 3.8
P-CN-3(1.5%) 13.0 5.0
P-CN-4(2%) 12.8 6.2
P-CN-5(3%) 15.0 8.2

Fig.5 /& P-CN JI5 411 thi] < & €8 % 47 3k B (0 &1 v
#1158 B 42 40 Tab.4 Fron . MW AR AT LLA H, P-CN
I %oF 4 B € A A PR B A B R PR AR . Ak
21 2ff 55 0T 4 B €0 4 BR BN B R BB R AR A 3 8.2
mm. {EAH [F R 58 2% A1 T, P-CN R K i #F 1 1)
PU R - 4% TR T 4 207 0 3R (BB P AR, X AT
RE S PR 5 22 G BH P 41 T 20 A R ) K SR R 2 B
M MEES L. Bk, ROS % H K
VW) SHe B A < % €60 7 257 BR B 400 L A 1 TSR B

T E 0 W A IR B R G T B R I
Wi, I 6 58 43 ) 2x10%, 4x10°, 6x10° Al 8x10* Lux
FRY S HOL A BH 60T 5 it LS 10 min, SR /5 8597 24 h, 45
L Fig.6 11 Tab.5. Fig.6(a~d) 2 4l PVA 44K £F 4k i
FE AN [F] B8 S 5 B2 (B B R, 4l PVA B i 1 410 16
RH)EAEAE 1 mm /£ 4 . Fig.6(e~h) /& P-CN-4 E & 44
KT Y R AE 2x10°, 4x10%, 6x10° 1 8x10* Lux [ 5 5
FE R BIPURE RCR , T BLAE H 4R BT % BOE 1 P-CN i

() B B R e, BT AR P B AR B 16
mm , F KA 2] 20 mm, Lb 3% B £ 80 % B8 A 5 7Y i K
PR AR N T 33%. i ¥ PVA AT P-CN Ji £
AN TR HE R B R A B R, BT RLR IR B Rk
B 1) DTRR AR /DN

Tab.5 Effect of light intensity on the diameter of inhibition zone
against E. coli.

Sample name Diameter of the inhibition zone/mm

E. coli
Pure-PVA (2x10*Lux) 1
Pure-PVA (4x10*Lux) 1
Pure-PVA (6x10*Lux) 1
Pure-PVA (8x10*Lux) 1.2
P-CN-4(2%)(2x10* Lux) 16
P-CN-4(2%)(4x10* Lux) 20
P-CN-4(2%)(6x10' Lux) 16
P-CN-4(2%)(8x10* Lux) 17

Fig.7 & KBHE T, I8 B 30% & 45 s T, A
A 2 AL 2 B Sk R 10 d R . S5 R EoR,
B RHESLAE 10 d IR A R R
B, B BRAE TP RSk KGR, WA KA K
B, A8 Sk R 2 T B B . H PE, PVA fI P-
CN-4 025 (118 SLAR b Mo AR 17 T /K 4r « FH PE B35 (1)
BLAEHE S RO TR B &R, JF BT
R LR BB IR Y K. FHPEfEEMIEL, K
Iy RGN, B IR FESE N, B DL B 2 IR R AR
K. HPVAGEMELES 6 R T M/ %E
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Fig.7 Mold on steamed bread packaged with different membranes

BELERE TR LR RERIZIEY K. PVA BT LA
W WAL 1 Sk 3% T /b & 1) 7K 43 DR AT L2 T 5 AT SE 2% 25
WEESL KM M AEK. HP-CN-4 BB 18K 7E 2
10 R T A/ N5, BEJG LR BHREAHY K.
iIF B P-CN-4 I 7E OR 6 (1) [F] B B R I A4 58 2R -

3 g

ARSCH R E ARG RS & T g-CNy, 38 I # H g5
22 FNAZ Wk R I ) %6 T PVA/g-C N, B & 40 K 4F 4 fi .
HEMKAREBREG ZILEW  FHER DD
53, g-CNL 40K 23 BUAE PVA 9K 4T 4 R T . 1%
YK T Y BN B AT R I B R MR R ) R
M7 HAE 0] WL a0k R 5K e A R A 4 o 6 A Bk
B A B S 0 P AR, e g-CONG R 4 B0R 2% 1)
40 2K £ 4t I8 40 1) X (¥ B¢ K B 4% 0% # 20 mm. A P-
CN 1F R 5 155, W] DL AT 205 b 3100 0 18 Sk b 35 681 10 26
Ko D EM -GN Uit & 5 3 1%~3%) 1 #A/E PVA
PR Y BE P A R P UR RS
st B 2B AT B A Tz R R
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Fabrication and Visible-Light-Activated Bacteriostasis of Polyvinyl
Alcohol/g-C;N, Composite Nanofiber Membranes

Yang Liu, Xuemei Bai, Meijuan Chen, Jingmin Luan, Tingting Song, Jianxiang Yu
(School of New Materials and Chemical Engineering, Beijing Institute of Petrochemical Technology, Beijing
102617, China)

ABSTRACT: The novel antimicrobial and biodegradable composite nanofiber membranes were successfully
fabricated by electrospinning of polyvinyl alcohol (PVA) solution with dispersed graphitic carbon nitride (g-CsN.)
nanosheets followed with crosslinking reaction. The morphology, physical and antimicrobial properties of PVA/g-
C:N, (P-CN) composite nanofiber membranes were systematically characterized. The effects of different g-C;N,
concentrations on the morphology and performance of the composite nanofiber membranes were investigated. The
SEM results show that the diameter of P-CN fiber is between 200~300 nm. After crosslinking, the fiber diameter
becomes about 1 um. g-C;N, nanosheets are evenly distributed on the surface of the nanofibers with the content
below 3% . At the same time, the tensile and swelling tests reveal that the cross- linked composite nanofiber
membranes have good mechanical properties and excellent swelling resistance. The antibacterial test results show
that the antibacterial effect of the composite nanofiber membranes on E. coli and S. aureus is significantly
increased with the increase of g- C;N, content, the maximum antibacterial radius could reach 10 mm under the
visible light excitation of 4x10* Lux for 10 min in advance. P-CN-5 composite nanofiber membranes demonstrate
excellent antimicrobial performance with a small amount of g- C;N,, which should provide great potential for
applications such as antimicrobial coatings and packaging.

Keywords: poly (vinyl alcohol); graphitic carbon nitride; nanofiber; photocatalytic; antibacterial
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