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Preparation and properties of bio-based multifunctional
nanocomposite fibers

Abstract

In recent years, the rapid progress of industrialization has brought about the rapid
development of economy, but also brought about the problem of air pollution,
especially the fine particle pollution with PM2.5 as the main feature has become the
focus of attention. The preparation of filter materials for effective filtration of fine
particles in the air is an important subject to improve human living environment,
improve quality of life and protect human health.

Self-assembled nanoparticles have a large specific surface area, and their
structures can be designed to give them functionality, so they are widely used in many
fields. Electrospun nanofibers have a very high specific surface area and can be used
as air filtration materials to effectively capture particles at the micron or even
nanometer level. The adsorption of nanoparticles on the fiber surface can increase the
mechanical properties of the fiber, but also increase the contact area with toxic
particles in the air, and improve the filtration efficiency.

This paper combines macromolecular self-assembly technology and
electrospinning technology to prepare multifunctional nanocomposite fibers and apply
them to air filtration. Firstly, multifunctional nanoparticles were prepared by
macromolecular self-assembly technology using bio-based materials as raw materials.
Secondly, biobased nanofibers are prepared by electrospinning technology, and then
combined with nanoparticles to prepare composite fibers containing multifunctional
nanoparticles. Finally, the properties of composite fiber as air filter membrane were
studied.

The specific research content is divided into the following parts:

(1) Preparation of CS/Gel/GA nanocomposite fiber membrane

y-polyglutamic acid/styrylpyridine /silver nitrate (y-PGA/SbQ/Ag) nanoparticles
were prepared by macromolecular self-assembly technology, and the effects of y-PGA
concentration, SbQ concentration and photocrosslinking on the properties of
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nanoparticles were investigated. Chitosan/gelatin (CS/Gel) nanofibers were prepared
by electrospinning and crosslinked with glutaraldehyde (GA) to obtain CS/Gel/GA
nanofibers. The effects of spinning parameters on the morphology and properties of
fibers were studied. Nanocomposite fibers were prepared by the composite of
nanoparticles and nanofibers, and the effect of adsorption time on the morphology of
the fibers was studied. The effect of fiber structure on air filtration performance was
studied. The experimental results show that y-PGA, SbQ and AgNO; form
nanoparticles through electrostatic self-assembly, and the concentration of y-PGA and
SbQ and the intensity of optical crosslinking affect the morphology and particle size
of nanoparticles. Glutaraldehyde crosslinking and spinning parameters affect the
morphology of CS/Gel nanofibers. The nano-composite fibers prepared by CS/Gel
nanofibers immersed in y-PGA/SbQ/Ag nanoparticle solution have certain air
filtration performance. Due to the swelling of nano-composite fiber after soaking, the
porosity decreases, resulting in poor air filtration performance.
(2) Preparation of CS/Gel/TA nanocomposite fiber membrane

Chitosan/gelatin (CS/Gel) nanofibers were prepared by electrospinning and
crosslinked with tannic acid (TA) to obtain CS/Gel/TA nanofibers. The effect of tannic
acid concentration on the morphology of the fibers was studied. Nanocomposite fibers
were prepared by spinning nanoparticle solution on CS/Gel/TA nanofibers. The
effects of the amount of spinning aid on the morphology of the fibers and the spinning
time of nanoparticle solution on the morphology of the composite fibers were studied.
The effects of fiber structure and volume of spinning solution on air filtration
performance were studied. The effect of electric field intensity on the morphology of
electrospun nanofibers was analyzed by Comsol electric field simulation in the
spinning space. The results show that the morphology of tannic acid crosslinked
nanofibers is controllable; The amount of spinning aid and the spinning time of
nanoparticle solution have important effects on the morphology of nanocomposite
fibers. The air filtration efficiency and resistance can be controlled by adjusting the
shape of nanocomposite fibers and the volume of spinning solution. The prepared
nanocomposite fibers have good air filtration performance.

v
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(3) Preparation of nanocomposite fiber membrane based on CNF/Gel/TA
Carbon nanofibers/gelatin  (CNF/Gel) nanofibers were prepared by
electrospinning, and the effects of the concentrations of CNF and Gel on the
morphology of the fibers were studied. CNF/Gel/TA nanofibers were obtained by
tannic acid (TA) crosslinking. The effects of tannic acid concentration and spinning
parameters on the morphology of the fibers were studied. Nanocomposite fibers were
prepared by the composite of nanoparticles and nanofibers. The effects of the amount
of spinning aid on the morphology of the fibers and the spinning time of the
nanoparticles on the morphology and air filtration performance of the composite
fibers were studied. The effects of fiber structure and volume of spinning solution on
air filtration performance were studied. The effect of electric field intensity on the
morphology of electrospun nanofibers was analyzed by Comsol electric field
simulation in the spinning space. The results show that the nano-composite fiber
membrane prepared from CNF has higher filtration efficiency, lower filtration
resistance and better mechanical properties, and is an ideal air filtration material.
Keywords: macromolecular self-assembly, nanoparticles, electrospinning, air

filtration, biomacromolecules, comsol finite element simulation
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SbQ
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il & AR KL T B A PR AT AR I ThRE SR JG R B L 7 2 BUR il 4%
CS/Gel KT, 2Nl (GA) ZTHKEUMEE, Wl fF gk 4 4R fey
—PGA/SbQ/Ag GURKL TR, SRR, 9PRRL ISR RIS SR T, A5 2

TREMENZREPKR B S L4 DH T 9T i R, a2t
e EE B S5 S RO LF 4 TSR RE I s BEAL T 2 IRk 2 & AR 4RI 2 < JEPERE
T 5E S W 2-2 s .

¢ eqe ./ yPGA
te © o+ v

SbQ

© AgNO,

® 7-PGA/SbQ/Ag NPs

!

F % E*j*l***
\

Room temperature
Electrostatlc spinning glutaraldehyde vapor
crosslinking

" U o"o. ]

Air Filtration
Pl 2-2 CS/Gel/GA AR B & 2T HE I ] 78 =
Fig.2-2 Preparation diagram of CS/Gel/GA nanocomposite fiber film
2.2 SLLw RSy
2.2.1 SEI R R 5
#2-1 EREA

Table 2-1 Laboratory reagents

LB Rk GRS
V-EAARR (y-PGA) AR NBHEAL 2
R IFMEE E (SbQ) AR R
it B4R AR I 25 B A AR A PR A 7
Mg P22 AR Baf bz 1R LA PR A A
iliin AR B hr 1A b A PR A )
FERRE (BLEEE>95 %) AR BT T A b R A =)
R AR Bl 1 AR AT PR AT

2.2.2 SLIN RS RO &
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*® 22 KA

Table2-2 Experimental instrument

NG S RS )X
TR FA2204B R SR R A E]
AN KN/ Zetat L AV 43 T A 90Plus Particle size analyzer o [ A TS A T
B L G722 0 DP30-S ZIRHL
R DF-1017 ﬂ@&%ﬁﬁ%ﬁﬁ)ﬁ@ﬁ
AR kA 84-1A i E] R AR AT BR 2 7
SISO Uv2700 SRR CRED AIRA
R 3 a
x-S R AT D8 Advance e o 7 5 9¢ e Tk
AT R AL AT ASAP-2460 AR (L B
H 3 AL DDSI-3 IR CR B A B A
SR ohED HRA
F7 AR ISAT AGS-X =
Ry SN YS-706YY U TIPS 35 1 25 A PR ]
UVIEHALEE UVCURINGS.0 B s G
EEE R ) Hitachi S-4800 H A H A

223 y-PGA/SbQ/Ag K FHIHI &
(D) y-RBAR (y-PGA) IRFEXT KL T 57 (1 5
3 FREL 0+ 2+ 4+ 6+ 8+ 10 mg y-PGA ¥ T 2 mL i A/KECHIHKR B 1-5 mg/mL
fK)y-PGA V&, T+ 4 he 2 HIECH] 3 mg/mL Y SbQ WA 3mg/mL Y AgNO;
W, X 2 mL [ SbQ ¥ AN 0.5 mL 7 AgNOs ¥R A5, #5942 mL A [H
WL Iy-PGA I WUZ T NN 2] SbQ/AgNO; MR AW, #Hid: 4 h [FARRI4K
FLF I, FRAE.
(2) SbQ R FE X gH AL TV ot Fr) 5
X AFREL 2. 4y 6+ 8. 10 mg SbQ ¥ T 2 mL A /KELHIH A 1-5 mg/mL 1
SbQ % - 43 HIECH] 1 mg/mL )y-PGA ¥ 3mg/mL 1) AgNOs ¥, [7] 2 mL
ANFRIHFE ) SbQ N 0.5 mL AgNOs %3, 1RA 21, 6 2 mL RH
WL Iy-PGA I WUZ T NN 2] SbQ/AgNO; MR AW, #Hid: 4 h G RI4K
Fif, fFRAE.
(3) y-PGA/SbQ/Ag gKkii T 1] &
W GKRLFAEZL A TSR MG, 5 A [R] 6 RST8] R 5 (R R A R 58 AR
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SOt .
2.2.4 CS/Gel FF4EFERYHIE

HERARR L — 7 J5L B 1 70 SR W 0 AR T HAe &5 20%11 HAc KV,
40 °C FHE /1 40, BEIREEN 0.5 % 1% 3% 5%F 7% (wh) FIFE TR
VW FIRIEN 25 % (wiv) BRIRVEOINE 572 RBEE W, 133 CS/Gel TRAVEWL
40 °C FHEFEEI S H: pH 3745 o # CS/Gel 54270 N SmL RS 28 rh, V5t
5 20F— MRS AT SARTE, KR AR S SRS, Sk mi i R 2 TR
B KRS AR R AR AR b, R, RSk S HESOR R MR  5-20
cm, B &7 L WHERBEE Y 0.0001-0.01 mm/s, 2522 B[54 10-25 kV, #7 ¥ 60 °C,
i USRI A mL. 724K )5, FA3EIH CS/Gel LT 4EEE T 40 °C T 14
I RAH
2.2.5 CS/Gel/GA HKE & HRRIHIE

(1) CS/Gel/GA T4 (1] &

K 4% 1) CS/Gel GKAFHEE T 576 10 mL 25 %)% BT 10 T 1eps vhadt
1T IR AT, 288k 8 h, £33 CS/Gel/GA £F4ERE, 753 MEAR Th LT, IR 40 °C,
BTt Ae A

(2) CS/Gel/GA ZNAKIL & 4T HE B 1 i) 4%
¥ CS/Gel/GA LI YEE & T PR ME T IE P B 5-25 h, 15 3 A [R] IR B I 1)
[¥] CS/Gel/GA GNAKE G LT YEE, FESRBFT T 40 °C T4 4 h J5 1
2.2.6 EEAHIERNRIESMHEENIR
(1) EELYENE SEM EALE

M T R (SEMD WK G 2P 4ER I TS T RAE: €&
erde, M-S BREEEEMBEFNG L, E2F8i430s 5, 76 5SkV
HUE T, XL EAT IS, FIH Image J AT Goit 2R 4E H AT

(2) EELYENR FTIR &AL

IR B R P 0 R AT A3 s HOOEE 2 P Y B [ A S N e 47
BE, AR, R, KRR E R, EHALAMGEACEL 1 em!
K153 3 2 AE V5 ] 400-4000 em! P B & P8 L AR e 2T A1 R 1)

(3) BEL4E0E BET RAE
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I bR T S FLAR 0 AT SO BTl 46 B A0 oK R SR A BHE RS R AT 2500
RGP PRI, AR SO BIH A3 B 90K B & 4R e R LE R A FLA AP
B ESH
(4) FEAYN TGA/DTG KAk

RS, 10 °C/min M FHEEEE T, FFEE AT Ao HTRE fn I B e 1
(5) Z S JERLE

KK T A Y12 X 12 cm?)JA B3R B G e B b B FR Hh i
K B AN (NaCD)RURLAN %S — 1R — 53 ¢ lE(DEHS)AH B, FERLAU IS A2 m]
SRS AORIORL A J i 3 HEAT e 4 o KM= 75 2 T 5 MR RBTR ) E AR ZR i HE
) IR RS BN B6 PMos IS8R R 28, 58] Ul A =
(1-3) HATUHE S R F(QF), X 4F4E i 25 & i i e AT VAN

L1 %E\ |~ DEHSIE 1
[|—NaClig #
SEL#s n/

SETRE 0 \ﬂtﬁﬁﬁ% 0
i SBﬁEI
%8 sgwm
ag | [
it B~ /Q:ME
f—ﬁgﬂi -
WE $ | SER |
H:E;S) /ﬂmm ﬂ | HRigit
ANBS
(NaC%I%\ jCZQOV/SOHz @'
N o ©
Eiﬁ§’i/{
in 0 o g )

B 2-3 JERIE A PR IR & AME R B )
Fig.2-3 Filter material comprehensive performance test bench outline diagram(!!3]
23GER5TIE
2.3.1 y-PGA/SbQ/AgNO; B 4R 4NK KL T IR AE
(1) y-PGA ¥R BEXT H 2GR TP 5 (1 52 i
I T AR EEI)y-PGA X H A3 GHK LTI 5 AR, 43 Fl A A o) Ak
y-PGA 5 2.5 mL SbQ/AgNO: IR A AT e, AR Fy-PGA W EE T 4Kk ¥
RSP BIRAE AN Zeta FAALUTE 2-4 Firow, BEEY-PGA WRFEMEIN, 49K KL T Rift s
BN G K, Hy-PGA WK E/NT Img/mL, y-PGA K EH/NFE 5 SbQ F1 AgNO;
(RIAE TR FHACES, ANBE EAT AL AR B AR o 171 24y-PGA IR FESG NN, J¥
F I AR F-RLA I K T BN F AT T UTE . 4y-PGA WA 1 mg/mL
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(R, T2 BB AN KRL T Bk s, Bif2oN 158.4 nm. y-PGA WELE 0 mg/mL-5
mg/mL G N, 99Kk T Zeta BLAZAE-37 mV £-22 mV N IKE).

Lo
800 -
-10 _
Z
= =
£ 600- 5
E —20 %
) =
£ 2
A 400- 28
—40
200
. 50
0 1 2 3 4 5
Cpga(mg/mL)

2-4 y-PGA/SbQ/Ag Ak ki 7 Rifr AL A7 By-PGA IR FEAE4k, SbQ W’ 3 mg/mL, AgNO;
W 3 mg/mL
Fig. 2-4 The particle size and potential of y-PGA/SbQ/Ag nanoparticles change with the
concentration of y-PGA, SbQ concentration is 3 mg/mL, AgNOj; concentration is 3 mg/mL
(2) SbQ W EEXT H ZH 2L g KL~ BT 1) 5 i)

I T AR B SbQ X H 4l 3 4 K ki 7 L B 82, 2 7 #E 2mL
Img/mL-5 mg/mL SbQ F A 0.5mL 3mg/mL AgNO; CEARFH 2.5 mL) , [
T Ny-PGA BEATAE, ANFEI SbQ WL T AKHRL T (1 T B RIAR AT Zeta HLAZ 411
2-5 flr, BEFE SbQ WK EEMGIN, AKKL T HORLAR e e K, HIRE N T
3mg/mL, SbQ KER/NFES5y-PGA WA EAFHESS, AREE AT 4R AR E M
RALT o T 24 SbQ MBI, BRI AN ARL TR Id K T B KR T A
SETMVE « 24 SbQ M4 3mg/mL KR, JE R 9K KL T B Aa € , Rift o 158.4
nm. SbQ WAL Img/mL-5Smg/mL Ju [ N, KK () Zeta FRALFE-55 mV £-22
mV BN,
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-—20
500 -
F—-30 ~
£ g
= 3754 =
E
@ = —40 -~
- =
a £
250 - N
-—50
125 T T T T T _60
1 2 3 4 5
Cspo(mg/mL)

B 2-5 y-PGA/SbQ/Ag GK KTk 2 AL A7 BE SbQ WZEARML, y-PGA IKFE 3 mg/mL, AgNOs
W 3 mg/mL
Fig. 2-5 Size and potential of y-PGA/SbQ/Ag nanoparticles change with SbQ concentration,
y-PGA concentration is 3 mg/mL, AgNOs concentration is 3 mg/mL

TEFAE M R Xy-PGA/SbQ/Ag GKki FHIKIAZ 3 A« T 1A /RELSR AN SEM £
fEanE 2-6 fim. B (a) UiBH, Hl&M9UKRTFAHER TERIER, HRR
I3 AT RS, ULEHGKR & . Bl (b) 1) SEM RAE SR, il gk
B NERE 454 . fEy-PGA IREN 1 mg/mL, SbQ KN 3 mg/mL, AgNOs K
N 3 mg/mL, 13 RIGPKR T KAt i/ ME, FiAe N 158.4 nm. Ja 28t 78 ol i B,
FAE S B 72 35 Fe A2 M A 2 AT N AR AT

(a) (b)

Mean Diameter = 158.4 nm
1004

80 4

Intensity

60 4

404

20

10 100 1000 10000 400 nm

Miamatanimml

K] 2-6 y-PGA/SbQ/Ag H HALANKNL T R /A . T kRIS (a) M1 SEM [l (b)
Fig. 2-6 Size distribution of y-PGA/SbQ/Ag self-assembled nanoparticles, Tyndall phenomenon (a)

and SEM (b)
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(3) JEATHRAEFEXT B 2H B 4 KL 14 o3 () 52 e
¥iy-PGA/SbQ/AgNOs YKKLF1E 365 nm AL AN R HEAT IR, TIAS A 6 g
s T A KL TV R P R A2 R R A IR SO 1

K 2-7 () %I, REMBRE, IWE2-7 (b) HRTLLEH, GKERIK
FEAEM S tHILAE 410 nm /Ay B B EEARA KA, LI GIRIRRIAS K /N
ARANAR o AR AR R AR AR R AT W T AR o 55 A ' R R I ) 9 A Ty 4, e AT AR AE
120 min AR ERAE, 2 JGFRFER S TR AR N BEEA ST RART, IR 4R
BT oERZ, RNGEFR. FEENE RGN, IR RS Wit 5w,
BEAWIE D, Ag NPs [ EIZEIE M. 120 min B, 0 AR B T HEA L 5 .
ME2-9 (e Hf3H, SbQ HIRFIEMR U IE HBAE 340 nm /47, SbQ A % 4K
e Bl AN EHRES R R K, REAEIR IO T ARUZ TS /N, 7E29 120 min B SbQ

JUT- A Ag B2,
(a) (b)

-
o
e
—-
o

——— Omin —— 30min —— Omin —30min
—— 40min ——2min —40min
T min 7543,,,“ min —50min
126 Smin g 0.12} ——Smin —60min
@ ——— Smin —— Omin @ . 10 min— 90 min
E 10min— 120min E AN —Lﬂmin—uﬂmy.
£os ——iswa B0min | Z 08 L mim—180min
=] 20min =] ~
2 — 2min 2
< <
0.4 4+
0.0 e - L L L D.O L L L L
300 350 400 450 500 420 480 540 600 300 320 340 360 380
Wavelength(nm) Wavelength(nm) Wavelength(nm)

2-7 7-PGA/SbQ/Ag AKAL T HA ML 58 A IR RN [ £ 5 S i (a3 A MR M 45345, (b)Y
KA 28 SMRE AV SRS, ()SBQ 115 KR AR IR
Fig. 2-7 Ultraviolet spectra of y-PGA/SbQ/Ag nanoparticle solution exposed to ultraviolet light at
different times (a) characteristic absorption full spectrum, (b) ultraviolet characteristic absorption
front of silver nanoparticles, (c) ultraviolet characteristic absorption front of SbQ

AN TG SR A TR] B 4R T Bk A%, Wk 2-8 (a) BFTR, R PRk bE

DL SR N IRt AN SR NI G EZS WD R D VAR B ST o 1 1017 A N 1 L 21 B
GURRL T REE — R FEYPKRRLFRAEER . TERI Ih i, YRR IRk
B /ME, N 100.2nm.  (¢) BEA (d) BN MG IR T gkl 7115
[¥) SEM &A1 TEM [, RAFUEW] T hil % 1 y-PGA/SbQ/Ag #KKL T, J6M 1h
Ja R BRI /NER . B RT 0 B4R 158.4 nm HIZKRL T2 65Uk ds, B
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%% 100.2 nm.

(a)
175
\
4
E 150 4 \-
E Y
- \.\ /
= .
\.
100 4
6 4‘0 8‘0 lé[] lﬁl[] 200
(b) Trradiation time(min) (d) 400 nm

Mean Diameter = 100.4 nm

100 4

804

604

404
| 10 100

Itensity

20

1000 10000

Dismeterum)
Kl 2-8 (a) y-PGA/SbQ/Ag A4 KK~ RiA% Fifi 48 41 't HE I TR) AR 44, ith 25 & s
AR E Fy-PGA/SbQ/Ag 4K KL T, (b)KiAE 534, (¢)SEM K, (d)TEM K
Figure 2-8 (a) The variation of particle size of y-PGA/SbQ/Ag nanoparticles with UV illumination
time; Y -PGA/SbQ/Ag nanoparticles under optimal illumination conditions, (b) particle size
distribution, (¢)SEM, (d)TEM

2.3.2 CS/Gel AREAFLHERIFRAE

FC 5 () CS/Gel ¥ 03EAT pH WA S B AZ ik, o pH Jy 2.1, HIfIA 25.52
mV. ERMERMT, EERE LB, BT RS, i iE .
FIHE Y b gy 2 bR ez, FIRFBAER, KT 58 5 W AE LR 4E BIos),

(1) 7 B 0T 21 4E TS5 1) 5 i)

TERIIR I 25% (wiv) « S22 HJE 25 kV Y24 FE S 5 cm. 97223 % 0.0001
mm/s. £3kAS 20 # T, WA T AFERERKE (0.5-7% (whv) ) XTPIKE4E
TSI o K] 2-9 RANFSTIRIEKRE T CS/Gel IKLF4ERE ) SEM I FLT4E (1)
HAE A E . NEIRRTLLE 2, BEAE 5 IRMRENIN, 99K 4 4L EARSE n A
191 nm ¥4 002 410 nm; M52 RWERE R 7 %bt, ST EIHE HIEA T4,
X e Ry 7e AR B s, TR RR, Jr 2R I AR, AN AN R HR
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JREFHE . (EJR SRR T, EFETIRMEIRL 3 %.

© @

0 i N Do o Y o el A 1z
160 200 240 280 100 200 300 400 500 600 700 200 400 600 800 1000 1200 200 400 600 800 1000
Fiber Diameter(nm) Fiber Diameter(um) Fiber Diameter(nm) Fiber Diameter(nm)

1 29 FE RN IS0 2T 40 T35 1% P35 B AR IR B (2)0.5 %(wiv), (b)1 %6(wiv), (€)3 %(W/v),
(D)5 Y%(w/v), (e) 7 Y%(w/v)
Figure 2-9 chitosan concentration on the fiber morphology and the influence of average diameter
(a) 0.5% (w/v), 1% (w/v), (b) (c) 3% (W/v), (d) 5% (W/v), (e) 7% (W/v)
(2) 522 /3 55 A 4E T30 1 5210
TEAI IR BE 25%(wiv)~ T2 IR M FE 3 Yo(wiv)~ Ji24FR ES 5 em. 972238 FE 0.0001

mm/s. FFRAS 20 # F, BRI T ANEYI 2 B E(10-25 kV) SR EFYETE I 5
Wi o 75 22 W e T Sk 2R R SC i (] FELZ B, DT 22 s MR g (R K0S, a7 i
FEXT SRR AR s S8R, 2R et — D h i EAR N . 8 2-10 AR Y]
22 B JE R CS/Gel £F4E5E ) SEM EIML 4E Bt il . MBI AT LR B, itz
JEAE 15 -25 kV 3X — G P9 13 2 10 £F 4252 0 2 i IR ZE R . 10 kV F+ & 25 kV
IR, 2R AR P2 (A B e B 3 KT &), 7E RN 10KV I, HLE
/NFECRIRRIE RN, Yi R IRTCIE TR B B AR TR SR s f 4 3K HE
AR L R, T RV AR BB 1R ), SE SR B I K
2hYE. 5% 25 kV AE N RIEYT LIRS HL
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(a) (b) (c) (d)
ST 1 g (1 e N e
) $;£ns%

W, A

0“4 -

.
» = ! Bty 7 v‘,’l
L P SRR S
DA P ( \ y P W SN <X '»,\ ‘ Q
”“tgw P AN T S

4

N .
= =) d%‘\ = ,b/l‘f

100 50 - 30
Mean Diameter = 30 AN Mean Diameter = Mean Diameter = 4 Mean Diameter =
80 3421.4+4052mm | o5 " | e 77 35538 +11.9 im 7] 295+4.75mm
B S N
4 520 0
£ Ny "
e ssp ny
20 W v
N /RN WAl A~ N VNV WD) D) e
0 1000 2000 3000 4000 5000 200 400 600 800 1000 1200 800 0 300 400 500 600 700

Fiber Diameter(nm) Fiber Diameter(nm) Fiber Diameter(nm) Fiber Diameter(nm)

Kl 2-10 & 22 B R G4 4E TR 30 1 T 32 BLAZR B2 (2) 10 KV, (b)15 kV, ()20 kV,
Fig. 2-10 Effects of spinning voltage on fiber morphology and average diameter (a)10 kV,
(b)15kV, (¢)20 kV,(d)25 kV

(3) i 22 BB 47 4k P S ) e

FEBA TR IR P 25%(wiv)~ 52 ERE S 5 3 Yo(wiv)~ G722 HLTE 20 KV 45 2238 0.0001
mm/s. £SkH5 20 #5AFF, AT AFGILEER (5-20 cm) KPR LFHEES
HISEI o 18 2-11 AR G5 2200 3 RIS TREF LT 22 CS/Gel 2145 /15 (A 471 41 Fie 5 I AN
AEm A, HETR, ISR, FHBERTFIESRN G,
YL BEES 10 em I, S EIMGPURTAESERAT, HATFIIME N 287 nm.

WETEILT, 44 B BUE S 3G I, 912 BHASRN, X &E
SHALTE B3 R T DA FE A B . 4G5 22 BE BN S ORI N 7.5 KA, F4EE
P P AR AT A R s (H SRR B 3 N 2 10 BRI, ZF4ER-F 3 EAR
bt 7.5 KIS T . K (o) T LB, i [AAEREN S, HIT
V2 x Mly R ZTJBAS . RPN IR 77 A8 5L DR RT e 47 42 O R R AN 7847
FERELTYE 2 ARG, By R E AR K R B AR,
HLZ BB 2N o 2 B R EE AR /N, BERHRAN RE AR difk, SEURIR A RA R
o, SEUEEEAAA .
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3 ,“":‘?‘ ?4"7'?”6?‘8\‘
4 “;35@;@:3
NS S8 "‘éafé
W) “&’4'*\‘5”.'@" ‘
DG AC ISNA VIR

Mean Diameter =
313+ 10.1 nm

609 + 68.8 nm

A
1000 1200 1400 0

LT
600 800

0 1 0
200 400 600 1000 1200 200 400 600 800
Fiber Diam

Fiber Diameter(nm) Fiber Diameter(nm) etel ) Fiber Diameter(nm)
Bl 2-11 AN [R95 22 85 BSR4 T 50 173 ELAR 520 (2)5 em, (b)10 cm, (¢)12.5 cm, (d)15 cm,
()20 cm

Fig. 2-11 Effects of different spinning distances on fiber morphology and average diameter
(a)5 cm, (b)10 cm, (¢)12.5 cm, (d)15 cm, (¢)20 cm

(4) i 23 B A7 4 FE S ) e

TEMARIREE 25% Fe RS 8 3 % i HE 25kV. i EE 10 cm. 4
KIS 20 #554FF, RIT T ANEYT 238 (0.0001- 0.01 mm/s) RGKLF4ETE SR
HISEI o &l 2-12 AR G5 2238 B VTR HL YT 22 CS/Gel 2T 4EE Y] SEM K ATZR
WERNAE, BEEYLIEER K, GRS YEEARL RN N, Y722
4°0.003 mm/s It , 13 BV ANKEF4E H AT A /)N )9 285 nm.

Y7 vL R PRI R AR E , BRI SR T . 97 LT RN, 944
TR I 5 5 B 4 BAC B BUR B BRE SR B, 91 22 PR 7 B R 7 42
WO ARG N, F T P N S LI AR R I TRk, 25 5 B R Bk

TR, ARG 223 A F T TR OB & 25 51 R BN BEAR I 2R 4E . B ()
- () Pk ATCAUE H, g7 22 BEEEIAE 0.0001 mm/s-0.003 mm/s B 73 21 (1) 2
2L LR B R TR JLJR IR AT BEAE T2 22 B Tk /N, A v vk P B VA VR Y
TARZERE P A T — SE RGN, AT T 2 4R TSR .
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0 - Mean Diameter = 30 . Mean Diameter = 30 7 I:;;irié)sia::;tmf
<°\4(] 353 +6.8 nm @25 % %@ 345+ 7.6nm ;\325 //// % %
g = A O | |
. o .y
: 2wy N
S AN | B
100 200 300 400 500 600 700 800 200 300 400 500 600 700
(d) Fiber Diameter(nm) (e) Fiber Diameter(nm) (

&
=
=
2
B
Sl b
=
E
a2
z

Mean Diameter =
74325+ 5.8 nm

PZ7N\285+ 3.6 nm

(7]
=l

Frequency(%)
=)
=

Frequency(%)

P77
/r//l///f/

72
0

1 250 300 350 400 450 500 150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500 550
er Diameter(nm) Fiber Diameter(nm) Fiber Diameter(nm)

B 2-12 A [E) 475 223 T 4R YE T30 BT 350 AR (5201 (2)0.000 1 mm/s,
(5)0.0005 mm/s, (¢)0.001 mmy/s, (d)0.003 mm/s, (¢)0.007 mm/s, (f) 0.01 mm/s
Fig.2-12 Effect of different spinning speed on morphology and average diameter of fibers

(a)0.0001 mm/s,(b)0.0005 mm/s, (¢)0.001 mm/s, (d)0.003 mm/s, (¢)0.007 mmy/s, (f) 0.01 mm/s
2.3.3 CS/Gel/GA R E UKL

(1) R AT BT A1 4 T S 5

2-13 (b) RWIRIKIE 25%. FEIRMEE & 3 % Jite ik 25kV. Ji42ih

B 10 em. AR 20 #R1Y5 22538 0.003 mm/s 264 T 1) CS/Gel 4K 4T 42
R BERCER 8 h IS, FWLLEH, SR BRI EAR N, YT
— R SFHE, R, RN L.
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(a) (b

% “; 5 - e o
ﬁaj‘lﬁﬁ%!-si A

s T SN (e
] 2-13 [ AT IR 214 T 3D 5200 (a) ST BRI 1 CS/Gel 9K £T4E /5 SEM 8], (b) 221k 8 h Ji5
(¥] CS/Gel/GA 9K £F 4% SEM [

Fig. 2-13 Effect of glutaraldehyde cross-linking on fiber morphology (a) SEM of CS/Gel
nanofiber membrane before cross-linking, (b) SEM of CS/Gel/GA nanofiber membrane after
cross-linking for 8 h

(2) YK BG4 RAE
B CS/Gel/GA £HYEREAE DN AKRL T H o B A RIS 6], 15 BI90K 2 & 214,
AL IINIE 2-14 P, BRI, B E I TG, 2480 IR B 49 Kok 1
b2 . RN PIKRL 77 i A 4E I 2 TR, P s F . S5
SMEAEHA G, M SEM WRE SL4ERREIEN, 7 LG 20k 1t
HAE CS/Gel/ GA 14k L, IEBI R G444 . 1LHEE 25 h 9K E &4F
YR NEAESH, W% S G A 4Rt AT PR Re il at.

Kl 2-14 AN[EEER A CS/Gel/GA 9K E & 214k SEM K, B I [A]: (a)0 h, (b)5 h, (¢)10 h,

(d)15h, ()20 h, (25 h

Fig. 2-14 SEM images of CS/Gel/GA nanocomposite fibers with different resting time, resting

time: ()0 h, (b)5 h, (c)10 h, (d)15 h, (€)20 h, ()25 h
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234 MAREESAHLENZEHRIH

A 46 FRL IHE AR e 2T SRR USOG HEAX. (FTIR) 3 M7 2 A5 4 99 K 27 4 1 AN Bk
oy R HA 2 25, WA 2-15 B, B ERFAE R AU 3 22 4E 3430/1661/1530/1232
cm’!, 7E CS/Gel I 28, 3290~3350 em &b 1R IS & T N-H 1 45 R 501 2800
e Kb P AT e 2 PR L PR AR 455 TR B0 0 1650 ! (149 TR A U6 A Bt R 17 1e0 455 P S0
1550 cm! AL AR US UG MR Jie T0 5 AR 4 R 30, 1250 ome! A PRI IR AL U Ay I G T
T R ARIR B, LA_E 3k S I i 82 B JR AN 7 SR B IR RFIE I . 1020em! AL 1
SCUE 2 52 SR ME 73 T C-O-C W RRAA KR 4E S 801 o PORLFYERETE 1700 cm!
WoRH T —AMRSRI ST, FTRE RN e RN 2 (I A R A T AR TR
BERR AL S ) CS/Gel HIEE 2 I eI FRFESb . CS/Gel 9K LT Y- IR AW I
L SROBHRT BA FR A E R A 0e Féy o7 8 R AR — 8, 0 WA i LT 42 )5 IR AR LR )
[ﬁ[lﬂ]o

LR WEAIRACHES , 2880 em! A U AR A R B g K A2 AR AL . 1720 cm!
LT R C=0 MgEiRaNEE, RN e rh e P NS IE , SCIEIN R A B N 4
BRI G, R gt R — NS IR, B2 50N 55— AN B i,
P, @I LA ERE T LLEIE Gel/CS 5k &5 ok A S BEA
R Gel/CS 5 [ 2 [MAFAE AT IR R o

X e , .
5]
[>] \ /
: - { 4
£ VTN
g CS/Gel - \ ™\
£ \ o ' V' N\
= 56 v
/Gel/GA
CS/Gel/GA Nanocomposite fiber \
4000 3000 2000 1000

Wavenumber(cm™)
Bl 2-15 K EF4E R RO ALANRAE, BN 25 h
Fig. 2-15 Relevant infrared characterization of each component of nanofibers with a standing

time of 25 h
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23.5 MREAFHENAREMS

K] 2-16(a) 7n T AR LU 21 S BAHT J5 A S & 4P 4l il 2k . 45 R un ]
BN AL o A 2 B0y D . TEEIRZE 100°C B A — AN H & 1 KIEE T %,
FEHP KSR RE R 220-400°C B —ANKIE T B2 b T 27 4 b 1 7
MR 0, £ 400°C LA RIRIE, FTLAE 2] CS/Gel 41 4E 1R R H M
WSS I JE R R BE AR AN K, SR I ST R AN K, VB0 e AR 4 4 1 1 o 11220,

£ B 2-18(b)DTG i £ v] LLE 2, B A 9K EHCA AL R e . 7E
210-390°C I HBL 7 B BIRISIE, 5 TGA Bor 1 HIFIRISE R .

(a) (b)

100

—— CS/Gel

—— CS/Gel/GA

80 —— CS/Gel

—— CS/Gel/GA

2

Weight (%)

D
Deriv.Weight(%/°C)
I I |

1
=
T

=

L L L L 5 1 L L 1
200 400 600 800 200 400 600 300
Temperature(®°C) Temperature(°C)

K 2-16 9K E L4 152K AL () TGA, (b)DTG
Fig. 2-16 Thermodynamic characterization of nanocomposite fibers (a)TGA, (b)DTG

2.3.6 PKEEAHEMFLEN

PR YERIFLAR AT a1 2-17 B, ATRLA (@) BIE 2, A48H 253 GA
AWK, AFAERAL, ALK AL o A, (D) EIZT4EL: GA ZZBK G, SR 200 Ai v
1-5 nm 1 42 -60 nm, MAMPLKKTEE)E, U0 RAE 2 nm. JE KA fER LT
YEZIRIT BLAR AR, AL, FULARRRIR. (o) B R LT 4EIR ALK TR,
PYE TR TJ5, LFUER AR, SEET 4RI FLIH R, RA LT
FEo LB T I B AC R AN G KL 5~ IR B0 £ 4 A LAR AR S BOR B2
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(a) (b) (e
0.020 —=— CS/Gel e CS/GelUGA 0.0010 —=— CS/Gel/GA Nanocomposite fiber
B 0.005 &
3 5 g
& £ 0.0008
st Pt Pt
: 3 0,015 z :
5 =2 -]
] ° S 0.0006
- 3 >
zoowor A <
& £ £ 0.0004
z N g
%n 005 | % %
2 2 2 0.0002
s 2 g
= £ 0.000 z
0.000 - 0.0000
0 20 40 60 80 100 0 20 40 60 80 100 2 3 4 5 6

Pore Width (nm) Pore Width (um) Pore Width (nm)

2-17 RREIYGKET4E [ FL1% 50 A1 Bl (a) CS/Gel, (b) CS/Gel/ GA, (c) CS/Gel/ GA 9K 5 & 4174k
Fig.2-17 Pore size distribution of different nanofibers (a) CS/Gel, (b) CS/Gel/ GA, (c) CS/Gel/ GA
nanocomposite fibers

237 WMKREESAUATIEERED

2-18 /R T 91223 4 mL BHAT LT 245 B AR LT 4E & SRS
[ 21 24 I AN 52 R A B 1 e 00 Bk RO B 0% o S DB MO AR 1 L 47 22459 3 I oK 2F
YN EAR DN 0.3um RIURL ) I g B AT R . #E & 32 L/min I, CS/Gel
A CS/Gel/GA FHALT YR I YRR 7373 8 96.2 %1 97.2 %, CS/Gel/GA 4K
EEAUEMIEIEERE 57.2 % SRR, YRR L1485 B BAR
AR, TR B I AL T (1 B A 2R 4R ) B ) e B BT, I IR SRR
B o Ui LA RO AE GARRL TR D, AR 4Rt BEVA I, S 4F s i FLES 28,
BUEIbE ETE, FERCREAR.

(a) (b)
700 100
s Y
600 | —=—CS/Gel —=— CS/Gel
+—CS/Gel/GA 30 o— CS/GelGA

_ 500 | —4— CS/Gel/GA Nangcomposite fiber S —4— CS/Gel/GA Nanocomposite fiber
= / =
= / g
= / Z 60
@ 400 / - A
s A £ -
s / g -
= 300 / g st
z 4 S S} P
E f”/ e £ ,,g/

200 e = A

p M [ S
P 20
100 ) e M
0 L L L L 0 L L L L L
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Flow velocity(L/min) Flow velocity(L/min)

P 2-18 4mL 25 2200 L 8RR K R SR () 5 70F%, (b) LR
Fig. 2-18 Effects of 4mL spinning solution on filtration efficiency and pressure drop (a) pressure

drop, (b) filtration efficiency
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2.3.8 SEREF

BE AR BRI, [REIEEE LRk, @il (1-3) At
B, FEIE TR QF. &5 RunE 2-19 s, BEE S AR ESG N, R
FHeNBEG EFE. @R T BORMATE 8 Limin &b, 24 0.002 Pal. EALF4ER) QF
{8 5 I8 (i 34 S5 PR 2 24 L/min A1 32 L/min (8 J7B&AHIE, 32 L/min ff3d &
R 24 L/min (75, BT LA 5T R 7389

00020

00018 -

00016

00014

Quality factor (Pa!)

00012

00010

0.0008
5

10 15 20 25 30 35
Flow velocity(L/min)

[ 2-19 7R [125 22 ) 1] 49K 52 45 274 (1) 5 5% R 7
Fig. 2-19 Quality factors of nanocomposite fibers at different spinning times

2.4 KB

AEEHJHy-PGA, SbQ Hl AgNOs fEFHL, S SMHE/ER T HARE
IR T, AN IR AT IR 5 153 2)y-PGA/SOQ/Ag YKKL T ARG A # Y22
BRI & (GA) TEEH) CS/Gel/GA A KLF- 4, W Bt 9h Kokl 5 15 2409 K
SEYE. BT RERNZREGRE G L4E, T TARE A4 gexd = [
JEVERE . HARTRFE AT

(1) REH AR T T y-PGA. SbQ 1 AgNOs [ 43 (e 45 1F, 13 %y-PGA
WP 1 mg/mL, SbQ KE A 3 mg/mL, AgNO;KFE A 3 mg/mL I, 53|44k
Rk ME, FiAe 9 158.4 nm, HYAKRFRINHALN-27.5 mV. £S5
8 1 h J5 9Kkl 1kt i /N9 100.2 nm.

(2) AF L Gel/CS MELFHEIEIR, RGIRT T 70 MK EEGR LT 4E R 1 T 50
SN, GEIRRM, BEASTIRMERIREER N, AHEBEEH K. RESEO T REK
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B 3 %(W/v)o

(3) WIFL Y72 )E . YL2BEE . YILLE LS Gel/CS GNK LT YENR I T35
Wi, REFRNRAES LS YittHEE 25KV, Fi4EEE 10 cm, Zi22EE 0.003
mm/s.

(4) TRIC T KL W BN ()0 2F e R R SR A R o W T, R B A (]
B, AU EGPRR TR Z . B Al 25 h ARy d A3 B N T]

(5) RIC T A FGKEF I IERCR B R 220 o I e i P re 2 1 1 g
ORI U T, RIS UK 4RI BOR R B, oI e
RUFRAE 32 Limin BN 57.2 %, K715 623 Pa. & Id W MR T 5 9K 2 & 41 4
BRI IERCR TR, EIIRE TR, AN R L I R R
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HB=F £T CS/Gel/TA NAKRE S AHIRAIHIF K REM
3.1 5|18

TEER — % PR AT I R SC BRGOR AT 4, NG R TR B 28 1R A kI 2
R HARVRCORE R R, RS msR, SR 4Ek, L
BREFEAK. T4k, GOKE ALY & e AT 4 RV E ORI h kAT 11,
BRI G AFUETESVRIR, AT HE— 2B 5 I8 . ST LA BJR IR, AFR
T RRACER . TR (TA) R MEMAFAED PRI RAZ M EY), £
A HAG ZAHBRED, BRI E, TR, 4T
FURIALBR R I E N, AR TR AR . AR TGRS A 2141 4 K gk
R e B 22 0 77 S FE LT 4RI 3R T, TEAR KRR RS R4kl T 4R 4E 7K
] RE SR MK E & L4 = < M BE

A BRI AU R o y-PGA/SbQ/Ag H HHEEYN KL I il 6 7 [FI 58— %
FTIR (TA) ZHEH) CS/Gel/TA 4K A4 — E B 1) TA IIAZ] CS/Gel 4 %
Wik, 15330 IR A ROEATE B YT 2515 CS/Gel/TA 9K eF4E, HI& ez, £
WK gE L, DR HBEG2ER, DR NBSN, &
v-PGA/SbQ/Ag #4NKKi ¥ HLZT#E CS/Gel/TA 214k b, AEFIR TR BRI ZL T
BEYVRE G ard, WisEsce s O Ik Re . HARTI A 7 9T LiUREE, JidE.
PR BB AT RIS IR s I Comsol B0 Xt i a4 22 3 A v i 37 3 /)
o AHAT I, B JSWEFL T )45 10 2 ThRE QK 52 & AR 4R 2 U BB PR RE . B 9T
B 3-1 frox.
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/. v-PGA
a\, v

® eg o SbQ

+~~ ° +’f{,,

K¢ % € AgNoO,
self-assembly -~

X
o) YT

® 1-PGA/SbQ/Ag NPs

===

S

Air Filtration
K 3-1 CS/Gel/TA gHAKE 1 21 4k i fill 167 A
Fig. 3-1 Schematic diagram of CS/Gel/TA nanocomposite fiber film preparation
3.2 L ER Y
3.2.1 SEEG R R 7
% 3-1 EREA

Table3-1 Laboratory reagents

W4 H5 FA A=K
V-EBEMR (y-PGA) AR JURHEfL 5
A OIHMEE R (ShQD AR gy
TR AR AR I 24 B Ak 2R A PR A 7
Tt 2 AR K[z T ) e R A #
1K AR By T A A PR A
FLRME (BEEE>95 %) AR By T ) b PR A )
LT IR AR Bl iz 1 AT AT PR A F

3.2.2 SLIG R R &
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*® 3-2 TR

Table 3-2 Experimental instrument

NG S RS )X
TR FA2204B R SR R A E]
AN KN/ Zetat L AV 43 T A 90Plus Particle size analyzer o [ A TS A T
B L G722 0 DP30-S ZIRHL
R DF-1017 ﬂ@&%ﬁﬁ%ﬁﬁ)ﬁ@ﬁ
AR kA 84-1A i E] R AR AT BR 2 7
SISO Uv2700 SRR CRED AIRA
R 3 a
x-S R AT D8 Advance e o 7 5 9¢ e Tk
AT R AL AT ASAP-2460 AR (L B
H 3 AL DDSI-3 IR CR B A B A
SR ohED HRA
F7 AR ISAT AGS-X =
Ry SN YS-706YY U TIPS 35 1 25 A PR ]
UVIEHALEE UVCURINGS.0 B s G
EEE R ) Hitachi S-4800 H A H A

3.2.3 y-PGA/SbQ/Ag Kk FrIHI &
7] 2.2.3,
3.2.4 CS/Gel/TA 9524 H0HI%
(1) CS/Gel i 21 2%
7] 2.2.4.
(2) CS/Gel/TA 5227 I 4%
7£ 5 mL CS/Gel T INAAF IR TA, MIHIKEHN 1% 2% 3 %.
5%(wW/v)T3E] TA ZZELH CS/Gel 1AW, 40°C FHEHEIEI&H
3.2.5 CS/Gel/TA KR E & AHRRIFIZ
(1) CS/Gel/TA £F4EJE i 4%
¥ CS/Gel/TA i 225 N\ SmL S 35, VER 285 207 — M~ Skt S AHIE
W S 2 b 0 A SRS, B SR o P A TR R 5 K S L AR R
ERHE, AR LS BBUREIEE SN 5-20 cm, W E Y74 HEREE N
0.0001-0.01 mm/s, ZiZ2HJEA 10-25kV, HE 60°C, YiLBUSAFIN 4 mL. ¥
224G, K3 RIH CS/Gel/TA £F4EIFE T 40°C T8 F T A FH
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(2) CS/Gel/TA 4K & 21 AE I 1 i) 4%

7t 4 mLy-PGA/SbQ/Ag #KKi T+ N 0.1-0.4 g I BRIAE N B 37,
PP ST JE 2N S mL VES AR, FEGTER S 228 — VT Sk BT SkARTE, KR A
A SR, Sk i PR 2 TE R v o K1 CS/Gel/TA £F 4 [ e 7E 3K
R b, VRIS . KR R BT R AR L, R, RSk SRR
FAIRIEE B A 20 cm, 97 243AHEREEEE A 0.0001 mm/s, ZiZ2HE A 25kV, RN
40°C, 1ELA 2 R RLT HYi1E CS/Gel/TA 414k L, 15 24N [F] £ 22 ) [H] 1)
CS/Gel/TA YK BG4 4EE, BT TR as b R R AE.
3.2.6 BIRTAHAE

KB 5T N ERAE 5 SR P AN 7 TN 5 L 97 22 WL B AT T 4R, COMSOL
Multiphysics £ FR 76 T H A O )72 N T HL 47 22 2 B 37 0 A 10T 20 A
TR FEA R SR AR FE4H . 7E Comsol Z4F7rh, i e EHRIA [F
k7> 772, T LA E A B 2 W B A G o0, BT DR St Eor . H
H 1 SCENVAR SR 7 R o 1% 77 V0 AR SR A0 3 43 s 00y A 4y
T PR B A ATV, TR —ME MR ME, F RS RN
A 77 T R A 5% . R BIMEA R — MNERZ R, T Z I8 I A W10 % il
gy, P B ME RO HER R S0 HSLE . B A SR F ML IhfE, FRE
LA MR I A AR AR B RE 1T BRILZ AN, B £ R A ThRE, B
IR 4 5 B 75 AR % OB . Bk B, Shimi 44, @3d Comsol
AT AR SE bR s gad AR e 2, SR T i S e 4
(1) H Y722 i i T
O FL Y7 2L R Ak,

AR RIR TR AR G0 75 200t L 4 2 35 B T AR I AT A BR o0 o B S A8,
St SR It 22 [ LG 22 B B T . A S AT BB T,

FERSRLA AT, SERAT DU ok = 4. 4R i EL, 7 R
T ARG L, (R 2 I 0 A RIS R BRI 26 1F R, T LU T
THERER, FE TR B, BESI R, A g 2 A S W] DL
(¥, (H4HIFRRE BT, HAMBSREAE, U LU EE#HEST .

i HL 27 22 FL A IR T e S AR A 1 3-2 o
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| SR H |
I
—  mnAERoER ]

| ﬁ@ﬁ@ |
EEETEET

I

| exmeEs ]

[ wengnzr |

| W% 14 |

|mmﬁ%?%%%ﬁ|

| i |
l

| IR RS Ab B

| mwsgr |
&) 3-2 e e 4 24 A5 BT A T R

Fig.3-2 Flow chart of electrospinning finite element analysis
@FF YT 22 AR

X L 27 22 T A 7 L 7 223 B EAT B L, T SRR SE R AR g 22
YR LE 5 E FRL 7 TP I8 B 4 B, E B E BRI I AN AT A RN S B
T 56 4 — B L AT

X4 2.5 B X SE PR A R BEAT RS TR, AL — AR S Se PR L
RIS, PRI A b0 128 R 2y 2.6 B EAT fe 3 20 o),
(2) B2 BB E
OEEZHI BE

TEASEH I Hh st 22 5 RO S8 [RD T RGBT B FUN R o i L 77 22 58
TR A < SR B2« SO SR AR B I o A xof 5 FEL 275 22 1 RS ML/
Yoy HEAT PRI 20 o DS v IR B el O S 22 5 R P AR B D E BN &R, T
S EA R, B DL AR I B S (R RR PR . D T A A R s
LT, FE BN SR 22 L SRR BRI (1 RS BEAT e 1T, A B



8 W YN R R TATS'S

WEARFKE 58 0.062cm A1 2.5 em; P B VAR A 5 32043 S0 o 58 A i
739 0.032 cm A1 2.5 emo SRR EEAN 32 cm, JEEEHL 0.5 cm; 472250 BT
BN 5 em; BRI K BE RN 58 BE 43 i 60cm Al 55cm. 1521 #5 B4 2235 B 1 )L
] fa] AR P 3-3 o :

cm

P o= NN W W e U o
| Iol L"I oI u‘l C’I U1I oI U‘I oI u"I oI

o w

cm
T T T T
0 20 40 60

3-3 ALY 22 B T AR Y ]

Fig.3-3 Simplified model diagram of electrostatic spinning device

@M kHEE

S T A BEAT I RHBE S8 5 22 8 AN SRR ARECR B 304 SWAARL, Bl A 72
WS el
O TN

O B HIFERPER N 0.5 % 1% 3 % 5 %M 7 %(w/v)I Gel/CS ¥,
Sl SRR T, B, BRI E R, 4RI 3-3 PR,

% 3-3 R[S MR FE 53 L W TE 15T 2 5

Table3-3 Properties parameters of spinning solution with different chitosan concentration

AN TE SR GRS R PN Fi)i-3
JEYi YW (ms/cm) (mpa-s) (kg/m?3)

0.5% 1.182 335 37.2 1079

1% 1.27 604 42.4 1080

3% 1.814 878 47.2 1085

5% 2.2 1945 47.7 1090

7% 2.21 5552 48.5 1090

@ i E B E

] B B 1] e FLAE A FEUH B, IR 1. FORATE LA T B A R AT H
MRMK R M BEL, TEHNE. SHLET, YIPRoetEns
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i
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o
Hy

T
S5
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>
=
Bl
&
N

< » BERNA B O ST, 3R 3-4 & 3-6
iz TIESHRE, SRSHEEEMYLRSEHEE.
*3-4 Wiz GRS HORE

Table3-4 Setting parameters of spinneret and negative plate

Bl TE =] Bafy ErHE
b gamma 1 1 A
SEFAEL nu 0.29 1 E=>:N
SHEH k iso; kii =... |12.2e-6 W/(m-K) E= N
Be sigma iso;... 1.12e7[MS/m]  S/m HA
EBpE=C res_iso; resi... 0 Qm E-%:
BERE Cp 440 J/(kg-K) Ex
ZE rho 7870 kg/m? HE
BEERNT b iso; bii=... 1 1 AR
eI e Y epsilonr iso... 8 1 HA
HES E 200e9 Pa %Y

R 3-5 FRSHUE
Table3-5 Air parameter setting

B s = By ErE
AR TR epsilonr_iso... |1 il =k
AR E alpha iso; a... alpha p(pAT) | 1/K HA
HOERRE Mn 0.02897[kg/mol] kg/mol =2
AFE muB muB(T) Pas E-v.
XS mur_iso; m... 1 1 HA
R mu eta(T) Pas HA
bhinge gamma 14 1l HAE
BE= sigma iso;... 0[S/m] S/m HA
BEERE Cp Cp(T) J/(kg-K) =K
R rho rho(pA,T) kg/m? HAR
SIS K iso; ki =... |k(T) W/(mK) =
iR c cs(T) m/s E-v. N
HrEdER, LEB niso; nii =... |1 1 regER
R, B ki iso ; kiii =... 0 1 biiEE
IEEMBH BA (defgamma+1... 1 E|357a 1)
HESARERL Rs R_const/Mn J/(kgK) EESK
BERE Cp Cp(M J/(kg:K) EESK
R gamma 14 1 ERSHK
THEERRE Mn 0.02897 kg/mol RS
#3-6 WS HRE

Table3-6 Spinning fluid parameter setting
B =8 & Ay Ea
JEXI N EBER epsilonr _iso... | 47.2 1 =R
EBSE sigma _iso ;... 0.1814 S/m E=¥.N
TENESE mur_iso; m... 1 1 R
B rho 1301.2 kg/m? X
A muB 0.878 Pa-s Fhtam

(3) WHFME

HEM T B R K A W U LA KB RN i -
+10000V-+25000V. OV A1 OV HLJE, ez hsl,
(4) MAERI5)

{8 Comsol Multiphysics 7 FR 7t H & K1) 73 Dhfe, o) 15 4k 1) i L 4 22 A5O3
BEAT RO o AR T DL SRR (R . BRI, BT R/ SRR AL,
FESTUERI AR AL, IXAE— e R F S SR e R . R o a5 RN 3-4 R

[119]
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T T T 5
0 20 40 60

Kl 3-4 Mk K7
Fig3-4 Mesh partition

3.2.7 EAAHENRIES MM
(1) EE4F4E SEM RAE
A 2.2.6 1 (1) .
(2) BG4 FTIR RAE
[ 2.2.6 1 (2) .
(3) S ALFHYERE XRD RAE
K X SHRATHHORE AT OC I X SR ATHHIIAR, FERE 5° ~90° .
(4) BG4 BET RAE
[F2.2.6 1 (3) .
(5) HAEAYEE TGA/DTG FAE
[F]2.2.6 1 (4) .
(6) A g
[F]2.2.6 1 (5) .
33GERE5TIR
3.3.1 CS/Gel/TA KT HHIFRAE
(1) BT PRI B o 4T 4 F 550 1) R
£ E—TIRAN G 250 b GRREIREE 3 % BIRIKEE 25%. ¥i%
HUE 25 kV. 22005 5 em. 22381 0.003 mm/s. £1kAS 204) , HRATLH
TR Y% 2 %~ 3 % 5 %o W)ITAPRRALETE S . K] 3-5 AT
BT RRIRE N IR T E YT 22 CS/Gel 2148 5 1413 v R AR 4 B AR 0 A7 P
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(PR, B R, SORSFAE B G, o S R
WU AR UL B, 36 5 W RIS BB Z IR SR e e, 7
NG, OB, T RIKIEAR, 15 R

MECUTE A e 288, 97 2 ANRER 2 bl i 22, TEamtRE5 1 .
(a)

5 50
Mean Diameter = Mean Diameter = 30 oy Mean Diameter =
m 7 460 +15 nm 20 7 723+28um 2 7 % 754 £29 nm 0 2661+127 nm
—_ 7 - = b/ I
9 9 Q 1 S
730 z15 z % % Z.30
£20 ‘ g1 % S0f
= = P 7 =
v = =
10 5 T % 10
| i - . 1 |
0 1.1/, Oz o A VAV o A o o 27, o A ;2 R /)]
0 200 400 600 800 100012001400 400 600 800 1000 1200 1400 0 400 800 1200 1600 0 1000 2000 3000
Fiber Diameter(nm) Fiber Diameter(nm) Fiber Diameter(nm)

Fiber Diameter(nm)
Bl 3-5 AN[R] 87 BRI SN £ 4RI B ST E AR IR (2) 1 % (wiv), (B)2 % (W/V), (€)3 % (W/V),
(d)5 % (W/v)
Fig. 3-5 different concentration of tannic acid on the fiber morphology and the influence of
average diameter (a) 1% (wW/v), 2% (w/v), (b) (c) 3% (w/v), (d) to 5% (wW/v)
(2) BhGiFHR B X 41 4 3R i 52
g3 A E DU 4y 4 mL (1)y-PGA/SbQ/Ag ¥ 43 Al 0.05 g+ 0.1 g 0.2 g
0.3g BAREAE NBhSI7), {EHE 25 kV, BEE 20 cm, 252231 0.001 mm/s (451
FRATYI 22, WA BRI B AR 4ETE SR S, B 3-6 AT LLE L, FEHIAI
YERS, BEEHRAEREM, YUKRRFRIERRE TR, ANEEEREEN. H
BB, Fi22R0 R, REEFRHKHE 0.3 ¢ 1T /E SRR
(a) (b)

----- oo

o [l o005 01 75 g oo SR R

Pl 3-6 BhaiFik Bt 41 4E TSR 52 (2)0.05 g, (b)0.1 g, (¢)0.2 g, (d)0.3 g
Fig. 3-6 Effect of spinning aid concentration on fiber morphology (a) 0.05g, (b) 0.1g, (c) 0.2g, (d)
0.3¢g
3.3.2 comsol #RHAE R 37

QDR ECRZEEE VRSP S
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RN R, B YT B B BRI SR A B N N R R AR 327
(a) HATLAE R, Wize o H R G, A HITE LS 8-10 kV: FEYSTHRU [
EORIRIE B, BBIERZ 0-0.2 kV. HAHIGERE RO, BRI
EH BT 22 DAL, W22 BRI I B Z DT 17, BEE PR EIA %, M3 B

/N,

(a) (b)

i 1B (V) WES: 55 (V)

[
A 1x10° A 9.75x10° T B (V) o
x10*

9.25 [ . 1
8.25 d
7.25
6.25
5.25
4.25
3.25
2.25
1.25 z

0.25 (L‘),

15 20 25 30 35 a0 o ¥O ¥ 250

B 3-7 A B A R 1B (a) B L 277 22 B SRS, (b) A B 977 22 i B v P A 1

Fig. 3-7 Potential simulation results (a) electrospinning potential equipotential surface, (b)

x1g'v 0.5

electrospinning potential height distribution diagram
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SREER/N, 5 T RORERA TR . H ] 3-8(b) R K L3 Btk R A Bl S 4 1)
BRSO AR, MEEFATE AT DA Y, B Sk Ab i) re 3 B i o DUR DR B 55, 7R 5%
AT HR SRR ¥ A B R 7 i FE LR L i3 20 AT b s 29 031,
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Fig. 3-8 Simulation results (a) Height distribution of electrospinning electric field, (b) field

line distribution of electrospinning potential
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(2) G522 L R i 37 9 ) 2

AR 5 S v A P R AR, 3K B PR R 2 AR ) A R T, oAt SR A
HEFF AR, [JEI G S R RN 3-9 Pron, HIERH, s
AR H S (RISE AR TG K, XA FL IS 5 I B LUK SR R o RVE S s AL HY
FEAESE KR (R I 2x ZeEB 0, {5 S BrRse it o o i K IF AN BE S ] ) ELAR LA R 21
Uko K, B ML D ERERNT LN E. SR RIERN, e
MZEFRIGAWLE, AR A2, oS 2L 4E 1 BAR LB 50
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Fig. 3-9 Simulation result curve of voltage influence on electric field strength
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FEORAL s A A S SRR b e ) PR, DAL, RS ST B 8 0 4 [ e e 47 5
JE IR

gy L FREE M A JE T OB M BB K R —, %A T, 5D
2R WEE B B IN, IS 9 2 AT 4 EARIZET AL /N, (B[R] BEAE U B B 1S
RN, AN, r3RBE IR AR N, I AT B AR A . IAF
FE— AN YT 2 R BT,
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Fig. 3-10 Simulation result curve of distance influence on electric field strength
(4) N[5 L2 B0t v 5 P PR 52
FRAIL T AN [ 5 SRR L R 7 22300 Fa D2, BEEEE Y 10 em, 722 HLE
25kV, fEAHRIMIERES RG22 IR R 26 A 1, FRLp 9 B A AR AL i 2 1T 3-11 B
ZERRW], WON F I R EE RS, VAU T BRI DN 0.5 %l HL 37 5
Ko TR T RPEUR LRGN A8 Fa I 9 B P AIG, 5 EPId, w9 22 AR v e 37y 5
J& B R 3R 2 4 22 WL R K 9 22 8 g 1),

7.98
\ L = a

795 F

5K H.3 38 B (x100%v/m)

7.92 1 1 ] L 1

0 1 2 3 4 5 6 7 8
SRR 2 (%)

PRl 311 A2 22 e FE T v 38 S A S 2

Fig. 3-11 Simulation result curve of influence of different spinning solution concentration on

electric field strength
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3.3.3 YRESAHENZEH DI
(a) B - (b) | (©)

K 3-12 m%*&%%@@‘iﬁﬁa‘lﬂ SEM K(a)l h, (b)2 h, (c)3 h, (d)4 h, (e)5 h
Figure 3-12 SEM images of nanoparticles with different spinning times (a)1 h, (b)2 h, (c)3 h, (d)4
h, (¢)5 h

£ CS/Gel/TA KL 4 EFF YT LYK b 1=, AR E) SEM K an K 3-12
Fizs, HERE, BEE ST RGN, BE AR 4EaeRn 7Rk £, Sh
RRL TR 2 1 K B AR S 2D SRRSO HE A (FTIR) 43 M ai K 40 4 i 1
HAA IR, W 3-13 Fios, BT SN SRS e E A YR SRR
fiE, £ CS/Gel #1Z&H1, 3290~3350 cm™! AL [T L4 & T N-H (1 4 H 201 2800
! A I AT A PR R PR A 4 HR 311068 - 1650 om! 19 IR SOV Bk Az 1+ e i B 310
1550 em! A ARSI Ay e i 11 s B AR IR S04, 1250 cm! A AR IR T e Dy gt g T
AR, 1020 et 4B BIWRSCIE 2 58 580K 73 5~ C-O-C XS FRAAS Bk
G5 TR . GUKRAFYEREAE 1700 e Bon T —AMRERAIIETT, 7T AE 2 R AI5%
RWE 2 A SR AR E VAR EAER] . BEIRAL TS ) CS/Gel HI5E 2 1B RE ] 3 2
FEA o SLE PRI UST UG A 52 SR T B JRC A LU IR ST Ve P o7 B e A — 35, i I i vl
e J5 IR A o A2,

Z00d B R S IR S AL B )T A4 B B T T A B i SRR ST, AT
E2A, TA 5 CS/Gel ZZHKZ 5, WIRAE 3307cm™ AL FHFAEIE HEF2 2 3298 cm'!
FJ %1 CS/Gel ) N-H 25 7 WY, Wil A Wi 2 IGEER WA TRYS
IR TP AR R, HR S st fE a0, SR FH AR, BIIRAE 2945¢m!
Ak RSOV 5 B TR A R S9N, TR AT RE & CS/Gel HR B BE 5 5 7 R H 1
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YA I 2 A BB R A ROV, #E 165 1em ! Ab RIS LT 2 1660 cm! A
1530 em™! AL ARSI % 22 1527 eme! SR BH T VB AE FH RAFAE , WS g s B 1 K
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321 em™! AT REZ BN R IR C-H 85 Gel/CS RIBLFT 51T, £ 1244 cm™ ALY
WSR2 22 1192 em!, UEBH CS/Gel FIBERZIAS C-H 4Rz 2 5 2Bk & B
Hal201, 75 1076 em! AR ARSI 2T F% 25 1083 cm! S A CS/Gel H i) C-N A i
5B TR A RS AR o B ZEAR OGS B R BLEIE CS/Gel 58T IR & 45
) ERAESEIER, R CS/Gel 557 FR 2 M 7715 AZ Bk & W23,

7E 2360 A1 2340 cm! 4b CS/Gel £ Gel/Ag #B I 1 W Wit I, 38 BHAFAE X4t
2360 cm! A& FREE P RFAE SIS, INAGNAKRL T /5 2360 cm! AT 2340 cm™ H I 2
WRSCUEE , ot R A B RE A 2 R BN 51 R 0, Ui B B RO FIE A 4R T, %
ALY b o HABRAE R0 5 BInRE 1 A 2T 4R RS I 2 2200, %
A AR T o

Gel
_ . CS
X
T
= CS/Gel
=<
=
gz Gel/Ag
=
s 'Vﬂf;llq;w o
= \\CS/Gel/TA Mwwgf N )
R‘ fwf "1‘; %. 3‘? AX«
%% ~ \ AN f}f; AV
\ f”fﬂ Vi NvY
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1 1 1 N vV, ,
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Bl 3-13 JEORE R AR EF 4R FTIR RAE, BT RS 3 %, BIYifIE 0.3 g, Ji22mf[A] 2
h
Fig.3-13 FTIR characterization of raw materials and nanofibers, tannic acid content 3%,
spinning aid dosage 0.3g, spinning time 2 h
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QUKL Y1 ST BRHT JE R A AP e E i 225 R 3-14 () FiR. £F
YRR AR E B0 RS IR E 100°C WA — D E RN KIEZ TR, 358 H
P57 3 SIE . 240-380°C I AT — AN KR N 62 H T 2R 458 v 1 52 SR 10
Grfif, £ 400°C PA_ERIEEE, 7T LAE B E & 25 4RI F 42 F 8 L4 B0 T R AC S 1
FRER 2, SX RN TR R I 5 A 2 4 LU SR AT 4 (S ME RIS R 3
S,

DTG HiZk e LAE B, BT 9K RS A AR R e . £ 3-14 (b) #£
210-390°C i HiBL 1 BH BRI, 5 TGA Eon THIFIZE R . CS /Gell TA B4
AN ZT A PR AR R R v T I IR J2 I 21 4, 3 B R A 5 e (R P KOk 1 21 4
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Fig. 3-14 Thermodynamic characterization of nanocomposite fibers (a)TGA, (b)DTG, (¢)XRD

M XRD &R LR B, =25 M2 IREE AR — 3y, K 3-14 (o) WA
PR AR . AT R SR AR X, (H RSB, WSS ST, TR
M ZE R B . B tHINAE 65°/cAn, WA B T MR AC IR AR RL T BN, 7
B WA, URIGRE4E S B T RS RN KR 1 52 i R A ORI,
B T HIERLE . SR BT, 15 B IANK R S AT Yk BRSO B AR A v A A HL
T HABP oA
3.3.5 MREESAHENFLESH

YR A AER LR AT I 3-15 P, ZP4EL SRk, DURRGNKR 7255,
AR A BAK, FLARAE 20-60 nm 46 7304, Ui B 5 T BRSSO 41 4R JE S0
WA K SRR T E &G 4E I 1 18 nm A A HIALAE, JR AT RE /2 49Kk
TAEME L 4ER T R RS, AL BARIS A PR
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Fig. 3-15 Pore size distribution of different nanofibers (a)CS/ Gel, (b)CS/ Gel/TA, (c)CS/Gel/
TA nanocomposite fibers
3.3.6 KRE SAHERTIEERED
G5 22 RARRA RN G L2 I} 18] 23 B 2T YE 00 JE N BE , T 52 M 21 248 1) 3 91 3
Ko KTTWETI T Y5 L ARFARN G5 22 15 8] %) 25 S0 JE M e 52
(1) CS/Gel/ TA i 22 BARFAXS GAK L4 it g1 B R 52 e
K] 3-16 o 7 AFEHEFR CS/Gel/ TA W47 22 03T i HL 97 2243 B I 9K 21 4E
JEXT B4R 0.3 pum AL AR R ) BN IR AR . S5 IRAR I, PR YR 7 [ il
B ARG MR N, o RERCRBEE IR E RN K, 2 mL e 4E
JE T R AR AN, FEOL SRR, AR AEEEE AR, |
(a) FIAN 2 mL A4 mL KRS BEZ RN, (b) B E S| 6 mL 522715 2 i)
AL IERCRAT 2 mL A1 4 mL 97 2245 BIR A 4EE, H2 R DR, A
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Fig.3-16 Influence of different volumes of spinning solution on filtration efficiency and pressure

drop (a) pressure drop, (b) filtration efficiency
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(2)y-PGA/SbQ/Ag PN TS5 22 If (R0 9K R G 41 2 JE ot 8 1 g 1 52 i
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Fig.3-17 Effects of different spinning time on filtration efficiency and pressure drop of composite
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R R LI Ry 4 h i), EE YRR ROK QF {8 0.14 Pa!,  fh it A1 fix
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Fig. 3-18 Quality factors of composite fibers at different spinning times
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KREEEHY-PGA, SbQ 1 AgNOs fEF L, SS9 A T~ B4 3%
RN T, AN IR AT R 15 B)y-PGA/SbQ/Ag 9KKL T SRIGFIFEr LY 22
BRI & B THR (TA) BRI CS/Gel/TA 9K 74 . 2 &4 (g K 21 4 I,
BE— BRI E I 250K, LRSS, ¥y-PGA/SbQ/Ag 9K KL T HIYIFE
CS/GelTA 474 |, mAAFRIE TR 2 AR G404, W7 79k e
E YR S S IEERE . AR RN ATR

(1) ARFLL Gel/CS LT HERLIR, RIT T H T BRI FEXT 9K AT 4R R 1) T 305
i, S5RERW, HEERTERIRERM, F4EEAHK. RESHOVRTRIRE
3 %( W/V)o

(2) I T BN Gel/CS PR EFLE 197 22 AR O6T 1 28038 B e 22 IR G«
WAL, BRRE—ERRN TN, mREE, ECREE, EERK. &
LI B Y L ARTR 4 mL VE N E AR R ST AR

(4) I T HEAEB g s R, AT 4 mL 9ORR 7 F i+
&1 0.3 g PG 22 3 R Bl

(5) FRIE T GPRNL T 1R G5 22 10k ()56t Sk P8 00 I 22 (sl o Rt 375
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SBPUE CNF/Gel/TA IR E & FHRIHI T R REM R
415|8

TR = F il Ko7 B A HR S & 5 g7 2 BRI 4% 1 & AR PR IR 44
KE G 2, 1ERTIEME, MURZEAR L IEERE, E 7 A
TFRONUREREE , DA AL SRR R H 1 75 22

AREEAE S = B IHEAL b, DO BRI BRI K 21 4 CNF AU 72 5Bk CS,
BRI T AT CNF/Gel/TA AR RS LF4EE . CNF FIIMAALEE & 4 45
HA THEIFR e, mEBR T BEREMm ke, 4RL0,
CNF/Gel/TA FK B & 27 4EE 1) JE I RE TR = T CS/Gel/TA YKL 4E . R,
ARFEH 4 1 ET CNF/Gel/TA 99K G 4P 4RI R — Pt a8 1y, EREIL R <l
JEA R Hol gl AR 4-1 FrR.

7 (Y
@ » stir dispersion <>
CNF = P 2
1h

Gel solution

Air
Filtration
LY ®

v-PGA/SbQ/Ag NPs

] 4-1 CNF/Gel/TA 290K &5 & 47 4 IR il & I 2

Fig. 4-1 Preparation process of CNF/Gel/TA based nanocomposite fiber film
4.2 SERERSY
4.2.1 LR R R R K7
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% 4-1 SRHF
Table4-1 Laboratory reagents
IR IEA S B e K
V-EBEAM (y-PGA) AR JURHEAL 2
K IFMEREE: (SbQ) AR i
TR AR ] 25 52 AR FR A 7
R AR Bz T A PR A A
ENii AR BTz TR A PR A
BRAIKEF 4 (CNF) AR ViR R (R /5
AR
BT AR By TG A R A T
422 XHURREE
[ 2.2.2
4.2.3y-PGA/SbQ/Ag ZHKHIL F R =
[[]2.2.3

4.2.4 CNF/Gel/TA 4 2250 &
(1) CNF/Gel &5 2231 %

IrHIFE HAC B8N 20 % (wiv) ) HAc /KT I — 52 B B R BC 19k
TN 5% (W) 10% (W/v)s 15% (WIv)s 20% (W/v)~ 25% (W/v)FT 30% (w/v)I]
PHIRIH, 40 °C THEHE 4 h, 13356 AR AR BRI, 43 I FREUAS [ )5 &2 1 e
YKL UERCHIIR 5 51N 0.2% (Wiv)s 0.6% (w/v)FT 1% (w/v)If] CNF/Gel 45223 .

(2) CNF/Gel/TA 9522 K %

DL T RROAASER, W — & E R TR AR 4 mL CNF/Gel 52234, 13
FRIE 1 % (WV)~ 3% (WV) 5 % (W/V)FL 7 % (wiv)I) CNF/Gel/TA 4542, 40°C
NHEFE 4 h RS
4.2.5 CNF/Gel/TA 4K E &4 RIHI&

(1) CNF/Gel/TA £F4EJE I %

¥ CNF/Gel/TA 7223 N SmL it aeH, a5 22#— k-S4t kAl
B, RES A RS, B SRR A TR i K A B E A
Rk, ERERE, AR L SEICRRIEERN 5 om-20 cm, B Y2 EREE
&4 0.0001 mm/s-0.001 mm/s, BB L2 HERN 5kV-30kV. il BRAFF=IR,
Giee AR 4mL, Fiedilid 5, W8 CNF/Gel/TA £ 4EMET8ON 40 °C 5L
T H 2 TR F
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(2) J:F CNF/Gel/TA B & 4F4EfE 1 %

CLB I A BT, 1E 4 mL y-PGA/SbQ/Ag 40K T A — 2 B,
PSRN S mL FEGT AR, VRS 22— RSP SR SR ME, KR A
s S HE, AT Sk TR E TR o K ONF/Gel/TA £ 4 i ] i 72 20
fa b, VERHEENES . K B B R A A b, R, RSk SR
HIERES Y 20 em, BB YT 22HEREEE DY 0.0001 mmy/s, WE TN 25KV,
Uy FAREE 40 °C, Yi224KF | mL-4 mL, 252255 R 5 < i, WsE gk
ARG BN 40 °C (R8T A .

4.2.6 comsol H&11

(1) EEZHIE
7] 3.2.6,

(2) ML E

] 3.2.6,

(3) RSN E

BE I BRI 15 % (w/v), BRANKEFYEF & 0.3 g, BT RRIKE 3 %97 227],
Yi L ARSI S R 4-2.

F4-2 G SHRE

Table4-2 Parameters of spinning solution

“«

B s & BAfY EiE
[ BN BER epsilonr_iso... | 15.8 1 5N
BEE sigma iso ;...  0.00024 S/m E-%iN
TEXIRSE mur_iso;m... | 1 1 HK
BE rho 1301.2 kg/m? HA
EHFE muB 0.102 Pas Fhimtan

(4 NrHHEHRE
7 3.2.6 1 (2) @.
(5) BFFABE
[/ 3.2.6 41 (3) .
(6) WAL
[/ 3.2.6 41 (4) .
427 E B AHERNRIES HaeNR
(1) ZEYERE SEM FAE
A 2.2.6 1 (1) .
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(2) BELTYEE FTIR (AL
[/ 2.2.6 41 (2) .
(3) BG4 YL XRD #AE
[/ 3.2.7 9 (3) .
(4) BE4YEE BET &ALk
[/ 2.2.6 41 (3) .
(5) HELYEE TGA/DTG FRAE
[/ 2.2.6 41 (4) .
(6) EELYLNE S MERERAE

I 3 B IR I L AR K 2F AR RS 1 77 A MR REBEAT VEA o KA i Bk K

5cm, TEN 1.5 cm BEATIEAN,
(7) S5 e
[F]2.2.6 1 (5) .
43 FR5TE
4.3.1 CNF/Gel/TA 4K LT 4 B RAE

(1) CNF ¥R BEXF A1 4TS5 R 52 1)

FEWIRIKRIE 25% J722 1)K 25KV J722805 5 cm. 9122385 0.0001 mmy/s.
Bk AYS 22 #264F FIRFT T 0.2 % (Wiv)s 0.6 % (W/v) 1 % (w/v)=A> CNF ¥ &
PR AFYETE SR . 1] 4-2 /R [E] CNF i B L2 22 CNF/Gel £F4EIR I
B ERMAgEE R E . HE@RT A, B CNF ISR, 99KRF4EME
FRIZHIGIN, 2 CNF IREEMIIREEN 1% (wivI, Fi220RA %, AER Bl
JEK, HEAE I LA B RE, WRFEN 0.6 % (wiv)ISEBRYT 2230 72 43 LY
2251 L FEAN BRI T IE W ST 21015 . 28 TR, IRFEAN 0.2% (w/iv)i 2R 4511
BAREN, BN, FLBREERN, SRR, HOERRIIREE .
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Fig. 4-2 Effects of CNF concentration on fiber morphology and average diameter (a) 0.2%, (b)
0.6%, (c) 1%
(2) BRI B o 2 4 T2 3 ) R i
7£ CNF WK 0.2 %(W/v)s JiZ2 R 25 kV. Ji2285 5 5 cm. 27438 ¥ 0.0001

mm/s. B kIG 22 #55AE T, IRIT T WKL (5-30 Yo(w/v)) R KL 4ETE S5
Wi o ] 4-3 D9 AN [ B Jls ok B2 T VAV L 97 22 CINF/Geel £ 445 JI8E (1) 41 PR L R 41 4
BRI BT A, B EE 15 %(w/v)IF, 2748 % E AR /N, ¥ 101.2 nm.
HA MR FE Ik /INBF S AN R T R 40350 5 IR 27 4, IR BETE BRI HEFAE —i2 .
X2 TG T AR AR, FEERUR, T U4, WA by
223 AR AT RE L AN R ANAE DUE BORe 8 SHARAA 0% . B TR EE G N, 24 E
BN, MRS K T B LI, SRARRE, XLFYEEIIE .
R FE A 15 Yo(w/v)I £ 403 B AR /DN, WOE PR LIR
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Kl 4-3 BRI FE T A 4R T 3 T35 AR MRS TR ()5 % (W/V), (B)10 %(W/V), ()15 %(W/V),
(d)20 %(W/V), (€)25 % (W/V), ()30 %(W/V)
Fig.4-3 gelatin concentration on the fiber morphology and the influence of average diameter
(a) 5% (w/v), 10% (w/v), (b) (¢) 15% (w/v), (d)20 %(W/v), (€)25 % (W/v), (£)30 Y%(w/v)
(3) Y22 B R AT 4ETE SR R
7E CNF 3K E 0.2 Y%o(w/v). WIRRIRIE 15 Y%(wW/v). Ji4BiE 5 em. 972238 %
0.0001 mm/s £F3kA5 22 #564F F, RF T 97 22 UK (5-30 k)X 9K A 4E T30
fiszmi . B 4-4 A HE R ISR YT 42 CNF/Gel 214k IS (1414 i B R &1
AEE R HEATH, G2 ROR, ZRA4E T3 EATER/)N, 10 B N 1
L X AR AR 22 [ BAR A 520 . B RIS, HLI7 AR AU, XN R T 5K
JIFIRG R JIR AP AE EAR st 2 F 2R 3R, Ui i RIgR, Wl i il
JE RIS WG, Tk /ARG S AFAE A RE G, (Bl ) b B R . 214k
TR BEATEAAT A, 7 15kV BREATHMERN, N 91.6 cm.
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K 4-4 G122 s S LT 4ETE 30 0T B BLAR F5E R (2)5 KV, (b) 10KV, (¢) 15 kV, (d) 20 kV, (e)25
kv, (f) 30 kv
Fig.4-4 Effects of spinning voltage on fiber morphology and average diameter (a)5 kV, (b) 10 kV,
(¢) 15 kV, (d) 20 kV, (¢)25 kV, (f) 30 kV
(4) Gj22 R B0 A 4E TS0 I 50
FE CNF WK JZ 0.2 % WK 15 %9722 )E 15 KV Ji 228 [E 0.0001 mm/s.
EI SRS 22 #2610 R, IR UG L4 85 55(5-20 ecm) X K AR e TSR o . 1] 4-5 /&
i 2 ORI R ST 2249 31 CNF/Gel 21455 (1) A [0 2 SEM B K 41 4 B
PR oA B o R 97 L2 S L AN 95 22 i R 45 551, I DR/ N T 22 R Y
ARAFECIR I F 7 9 B 1) [R] N B R 95 22 SRR G O, MR T2 BR B d /)N, G 22y
BRI R, AR T RMESIE . JAt, Bl B i FEAC kG
“HES)T o AFEE XA/, THES) I R R G L R R AR o BT RN AT 4E ELAS
MR, Bk, BBl R4 7= LT 4E 95 By T, A 4Epi s T % A
AL BREYIZEEEN 10 ecm, FRILF4EF A ERRDN.
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Fig.4-5 Influence of spinning distance on fiber morphology and average diameter (a)5 cm, (b)10
cm, ()15 em, (d)20 cm
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Fig.4-6 Effects of spinning speed on fiber morphology and average diameter (a)0.0001 mm/s,
(6)0.0005 mm/s, (c) 0.001 mm/s, (d)0.005 mm/s, (¢) 0.01 mm/s
(6) FRLT* BRI 50T 414 T 35 1 5 1)
CNF K JE 0.2 % (w/v)s BBGIRIE 15 % (wiv). Jie ik 15kV. 524855 10

cm. FiZZEIE 0.0001 mm/s. £ 3kAS 22 #554FT, WAL TRRIRE (1% (w/iv)
7% (W) D ST TESREIRE . B 4-7 NER Y122 Gel/ICNF/TA 9K £F- 4 )
SEM EIFIGUKRA g B ME, SR TRRIREEN 1 %0, F4EEAH 223 nm,
PFIRIRE N 3 %I, LF4EEARN 289 nm, FATRRIKIE N 5 %, L4EERN 344
nm, FFERIKEN T %N, EARA 2146 nm. B BT RRIKEE IR I, gk 4E
M E AR IRBE I e BR T RRVR B 3 % iU SR AL .
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P 4-7 B Bk BE X AR 4ETE 30 P BAR B2 (@) T Yo(W/v), (D)3 Y%(W/v), (€)5 Ye(W/v),

(d)7 Y%(w/v)
Fig.4-7 tannin acid concentration on the fiber morphology and the influence of average diameter
(a) 1% (W/V), 3% (w/v), (b) (c) 5% (W/v), (d) 7% (W/v)
4.3.2 comsol HRINGER 5717
(1) Y52emB[E xR 3758 B RS2

12 FH A 5O S v B 9 B A I B PR R 22 AR R E L, LAt 5%
AR, JiZefE BB E N 5 cm. A3 RAE 5 iR Kk R WA 4-8 PR,
H AT 281, 37 R AR H R G DR T R R, el SRR & B R 5 H I B U o6
Fo KPR RAEY L B IE 15 kV NS BB ALT4E AT, 36 R ) ) i PR 2 s
BRoieL e, 2 SR XS 97 L2 TS S
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Fig.4-8 Simulation result curve of influence of spinning voltage on electric field strength
(2) Zhe4RE BT IA5RE RS0
18 F A e AR SR A s 22 4 BIFESONR R B, bt B R DR 15 kv, HiAh gk
A, G50, PEBGR 7 s BN, TESERRg 2 fEh, g2 e
& 10 cm, FUILSERRY) L FRAFE — N RS 2 U 2

32 F

K HL3% 58 B (v/m)

g
=]
T

1.6 L - - - -
Y ¢ P58 (em)
K] 4-9 4 22 0 B oF HLI R B 1 R A0 425 SR ot 2
Fig. 4-9 Simulation result curve of influence of spinning distance on electric field strength
433 PRE G AHENR IR FIEE 4T
YUK E G A YETESWE 4-10 B, HERT L, 75 CNF/Gel/TA 49K 414 |
I T RIE R LT X2 BN Bh i B IR , 9K L1 78 B h R AR T 1 25 2R
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(d)

N
- T
S b e

Kl 4-10 544 SEM % (WIV), BRAVCKEFHERIE 0.6 % (W/iv), BTIRIKE
3% (w/v)) (a)0.5h, (b)1 h, (¢)2.5 h, (d)4 h
Fig.4-10 SEM image of composite fiber (gelatin concentration 15% (w/v), carbon nanofiber
concentration 0.6% (w/v), tannic acid concentration 3% (w/v)) (a) 0.5h, (b) 1h, (c) 2.5h, (d) 4h

UK A B LT YRR AR SR A LT AME A B 4-11 fis e MBI ATDAR H, 7R3
H1, 3400 em! H I AR SCUEE 2 Y IS F (R B2 B A 4R B, 1644 em! A9 W IR IR AZT
HARFAERL, 1556 cm ko B B e A AL ST U, 1240 em! 72 47 A I 2
WA B R R LI R AE R U 0 o 53 4k, 30N TA J&» TA F1 Gel FEAESSEVE, 7E 1000
cm™ A1 815 cm! A& HFAFAER U AL BRI/ CNF/Ge L/ TA B & 91K 2 4k
e iERS, IEHH AgNPs 5 CNF/Gel/TA £F4EfEAFE S BEE R 71, A 72 A AR
g, 2 BT AR AR A 5T 123

CNF/Gel/TA

Gel/Ag

Transmittance(%)

CNF/(I}el/TA I\llanocomlposite ﬁper . . .
4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

Bl 4-11 JEORL R GK A 4ER FTIR RAE CR TR E & 3 % (W/v), BRATKE4E 0.6 % (w/iv),
WKL 15 % (wiv), Y44RIT] 2 h)
Fig. 4-11 FTIR characterization of raw materials and nanofibers (tannic acid content 3%
(w/v), carbon nanofibers 0.6% (w/v), gelatin concentration 15% (w/v), spinning time 2 h)
4.3.4 MREEAHENAIRESE T
B TGA Rl DTG RALM FLAPK A UL R AR 1, Wi 4-12 Fos. (a)
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Fe A YRR R IR ERAL, MRl UG B E TR AW T, R 4ERAT A
IR BRI B, KRALE 100 °C e IR — DN EERIL, W RERIIKL YR
KRR B RS, iR E RS2 TE 2 240 °C, HhZk S IRGE N FERES, 44
KEF AL TA SZHMPPKRL T B 5 )5, 9PKE S L YRR AR AR, A8
BB S TA BRI A AR 71, AR IEH] 1 LT 4RI B,
IEPPR R SR N A e TR 2] T 0, X5 0)EEYIET.

(c)¥ XRD # E R, W2k B =20 R0, e H B K ME HINAE 207 45 ©
A, SHRKTEGE, WAL RRME R, RUSCH T REdR, L%
A7 A AL Z, W B A5, RIAGK R G AT YRR A i A
YR M A B0, & REFHd i k.

(a) () ()

100 ——CNF/Gel
—— CNF/GelTA
—— CNF/GelTA Nanocomposite fiber
ol CNF/Gel
o
4 3
g s ¢ £
b= ﬂ _‘5.
3 2 Z | cNFGaTA
] el
Z u £ 2
£ E | e
]
=
—— CNF/Gel . )
CNFIOUTA hCNF/GelTA Ns.nmmplmae fiber l
8 —— CNF/Gel/TA Nanocompoasite fiber ] ) ] .
100 500 300 200 400 600 20 40 60 80
Temperature(°C) 20

Bl 4-12 9K E AT 4RI 1% RIE()TGA 4R, (b)DTG HiZk, (c)XRD 1 &
Fig. 4-12 Thermodynamic characterization of nanocomposite fibers (a)TGA, (b)DTG, (c)XRD
43.5 PREEAULENFLEDH

NEISEGUR AT W TR A WK 4-13 Fon. BRI, (a) EBA S
Gel/CNF #9KF4E, 1£ 8-60 nm ¥JH 0 Aii, FAAEHE LS KL, NMAFAERZ,
b)EREE H, e BT RRACEE, LR REEA R, FTUUERIHIL T 2 nm
AR, B TRE SR IR G, T 2B L, 95227
IYRPL LA HEEARIG N, TER T AR/ RIAL. (o) BT LER], &5
KK T BB Ja IR T B2 HIFLIEIN, 90K0 T 2 I fE LT 4P B fLAR 2
55 SEM Bl — 3. AL LB RS AR Ry, et
TERCR
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Fig. 4-13 Pore size distribution of nanocomposite fibers (a)CNF/Gel, (b)CNF/Gel/TA,
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S
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(c)CNF/Gel/TA nanocomposite fibers
4.3.6 PRE EAHENIIFERED T
LEUENEA PP E e SR S PR, B 3-14 SR 9KKE 1 5 AN RN TH) 15
) R R - AR 2R
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Fig. 4-14 Stress-strain curves of nanoparticles at different recombination times
HH &l 4-14 7] %1, 0.5 hy 1 h\ 2.5 h. 4 h BJRAHERE 5> 74 1.13 MPa. 2.38 MPa.
2.78MPa Fl1 3.85 MPa. Bfi#& 4N Kk F 45 22 5 TR N, A9 K 25 4 1) oz ek ot i 320 184
T, WM REAS B T o, MIRRE R4 FHFEREK, 2.5h g KEE
N 179.8 MPa iX 52 A YK KL FAE R FE gk AT 52 70, 32T+ T 9K 4 4 i 1)
e . AR 4-2 WAL, 4 h I FRPERRE Y 131.3 MPa, W] REH T2 2215 [A] i
A, WA HERA TR, FRARFEE—E, PR REE K, L
LT, PRPERIE R,
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R 42 YUK T AR G5 2215 18] A S KU

Table 4-2 The correlation values of different spinning time of nanoparticles

I 1] AT IS PAYEREMPa REfTSREMPa
0.5 0.02 188.9 1.13

1 0.2 151.1 2.38
2.5 0.24 179.8 2.78

4 0.44 131.3 3.85

4.3.7 PR E S FHERTIRMEE ST
(1) ANFEAFL CNF/Gel/ TA &5 227 I3 8 550 e 2

K 4-15 TR 7 AFATL CNF/Gel/TA 95 22003 AT i LG5 2249 B 9K 21 4
BN BELAR A 0.3 pm FURL I i T BRI IR R e . AR IREH, AR EFERE 1 R T B
b5 95 2 AR ARG I 8GR RCR B 2 SR B G AN T K M(a) Bl R]
1 mL FILFERE B T E AR A, SECLIEMCERR, MR T Hihyi 4
TR FRAS BN 00 I PERCR A E . 2 mL i HLG 2 (10 2T i M5 1) T 30 0 R B < 48
MG, RS (0) B AL IE R, B RZRAE 89 L/min ik F 90.2 Y%of KIH. i
3mL W IERCR R ATE S 8P B, isifE 24 L/min iIA2 T 98.9 %, fEVE
89 L/min B i JERZ T FEZ 90.7 %, K10 493 Pa. 4 mL 9522945 2243 B £F
YEMSTE IR 24 Limin RSN, JEERMIdIERCE R TS . 3 mL 9i2H
B L 215 22 IO MR AT 4B LR B 1 90 %t e AR, LT Rbi T, 2
IR BER MR A K, BT 2 AR 2 mL 45 2 GRS 4E NS 220t 7L .

(a) (2

2
H

80 |

é P w.w"" E o e
Syof " lmb e g e}
=T - g —s—lmL
= ’ 2mL L ‘2::': -1 mL R
e —4—3 mL Vs : 2m
H 4mL g op——3ml
@ e =
& /7 el = 4mL
A 200 f o =
p o 20 F memw
— W—a
BT
ok L 1 L 0 L 1 L L
] 60 80 100 0 20 40 60 80 100
Flow velocity(L/min) Flow velocity(L/min)

W 4-15 AN[RIRAR G5 22 3008 T 8 2036 s g ek B 52 T () s 0 2, (b)idd g %
Fig. 4-15 Influence of different volumes of spinning fluid on filtration efficiency and pressure

drop (a) pressure drop, (b) filtration efficiency
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AN FEHRANKK TG, PIKEEAAMNITIERCRHAR TR, Jiz4h
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&R T A IG INER 2 L SRR BE T N [, &3l 7 Tk 2 & 41 4E 1K QF {H
kiYL K.

HEZSFHEEMCRM L, FRE 89 Lmin i, B4 1hgkk1)2)GE
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& 1h JaRdIERCE T 94.1 %. EW] T CNF/Gel/TA 44K 5 & 214 IR i)l JE AL
THFHET
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Bl 4-16 N [F) 97 22105 [0} 52 A5 27 4 (1 1 98 250 2 g B TR B R (a) R 70 B, (0)id JE 80 (IR
WRE 15 % (WiV), FRTRRIKEE 3 % (Wiv), FRGIKLTY4ERIE 0.6 %)

Fig. 4-16 Effects of spinning time on filtration efficiency and pressure drop of composite fibers (a)
pressure drop, (b) filtration efficiency (gelatin concentration 15% (w/v), tannic acid concentration
3% (w/v), carbon nanofiber concentration 0.6%)

4.3.8 mREF
RIEA 1-3, THEARGT LI [ R KGR G L YEAE A RS E T B
B, W 4-17 fis. BRI, BEAE SRR, B DURE & 0 5 5T R
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Fig.4-17 Effect of air flow on quality factors of nanocomposite fiber films
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Figure 4-18 Quality factors of nanofiber films
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(1) RGEWTC T IRIPIKEF LRI EE . BRI EE . 0T BRI FE K A1 4 T S AN 4 4
BAR A0 IR o I FUER BB A DR OK LT R B, BRI, B R VR B2 (1 3 o,
GOK LY BEAAR N . RABRRAGLRSE: WRIKE 15 % (wiv), HTR
WIE 3 % (Wiv), TRAVKEFLEKREE 0.6 % (W/V)o

(2) I T Jite Ik Y 22 B0 B RN 25 223 S N K £ 4 TSR AN 41 4 B 42 03 A 1Y)
SO, fe KAR B IR YT 24 S50 Y4 H R 15 KV YTLFE B 10 em. 952258 % 0.0001
mm/s.

(3) #F T CNF/Gel/ TA K74 )95 L2 R R 1 P8R BB Z I . BT
R, WAREERFMT, BREE, RS, EAMEER. m&ik
PeYi LR 2 mL AR N YT AR R

(4) BRI T GARNL T4 22 ) 0] o 88038 I R 22 s, Rl I TH 3045 21, i
KFo WEREN, 9KR TSI 1 h (RBUR BT SRR S B4 5N
99.7 %A1 20.7 Pa. 5t K TiA %] 0.25 Pal, Ui 24K E & 474k B A 010
i3
(5) 5= RME, 7€ 32 L/min i, CS/Gel/TA 44K & & £F 4 X} PMos
(I SERCE N 86 %, CNF/Gel/TA HILJERE N 97.9 %. W IEHCEIE R .
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(aYay
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FRE DEMEE

RILEEE KT AR ARME BT 2 R G5 T Z IR KE A 4748, 1%
HMNH TS0 . EELE R N R LA
(1) 5T CS/Gel/GA YK G & A AR Il 4%

I idy-PGA 1 SbQ- AgNO; H 413 1E 5K /M I ST BE /5 15 2ly-PGA/SbQ/AgNO;3
Gkt HE AR KM Ay-PGA WA 1 mg/mL, SbQ #JEN 3 mg/mL,
AgNOs IR FE AN 3 mg/mL I, B3GR T RAA R/ ME, kifeN 158.4 nm, KT
T AL A-28 mv. KANEH 1 h, 18 EIF2Ey-PGA/SbQ/Ag 4Kk, KA
100.2 nm. P CS/Gel 5 227 2 K LT 4E, 45 R KW CSIKIEAN 3 % (W/v),
Gel WA 25 % (wiv)F BB AR B S MR erde. Sk B =iRARR
Bk 8 hJG, 733 CS/Gel/GA YKL 4t KA KA 4EIZ I EGUKRRL I+, 53]
HTF CS/Gel/GA MY R E A LF4ER . = IERCRMBUE, 2 4 mL,
32 L/min <R E T, TAOLIERR LR ZE RN 57.2 % 622.7 Pa, QF {H7E 8
L/min £ X4 0.002 Pa’'.

(2) 2T CS/Gel/TA K A 27 24 B 1)l %

FESE— 050 B FU R A EoR I B T IR, TLAH CS/Gel/TA 97 22 1l 4%
YKL Y, 25 RFLH CS IKE N 3% (wiv), Gel WREH 25 %(wiv), TAKREN 3 %
(Wiv), 133 BERBAESIMPRETYE. S IEMERERT L2 R, YLtk
4 mL, GOKKE T =97 2215 8] 4 h I, 23 O 8RR SR 22 03 70 8 95.3 %Al 154.7
Pa. QF 1H 4 0.14Pa!, FMET CS/Gel/TA HIE & 4 4EfH HA R IF L et .

(3) T CNF/Gel/TA YK E A LR 4ERE ] %

FESE AR W SR LAt b, FH CNF AREB 7 B0, il % CNF/Gel/TA 4K 4F
Yk 45 BL W, CNF IR N 0.2 %(w/v), Gel e 15 Yo(w/v), BT BRIK N 3 Yo(w/v)
1 LTS s 2SO IR MR RE S AR, iR 2 mL, 4Kb T
H4& th iy, SR EZE 5 5N 99.4 %K1 20.7 Pa, QF {4 0.25 Pa'ls 45
KIPELT CNF/Gel/TA 4K E & A4 H A i uErERe, FF& BAR 2 <d 8
AR RF A

5.2 BlFET S
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