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2. °o]&34 =7+

2.1. Zg|&Eold

Zg] Aeto]d (polystyrene) T ZAEE (polystyrol) = <

2}
7t EERAE S SR WAk}l iE]rO] @A (styrene) S T §she] Tt
v A Y Aveld e FFG vHAo] Wi & FAR &
gy T 7P wol AR Ee IREA T 3}437‘1 B, W44,
wGad, e, A, FEA o e

a8 WEsAs g, &

&
7, ARk, J=9, 17 | o2 &850 1 AT

Y
re
_&

T U FAQ storaxE FTHAIA U =4S styrol olgt 9]
oA AHg Y. o]F w2 AgAEel &AM styrol o F
o A7 AEEAD, 19319 Fd2o stsk 3JAkQ1 10 G. Farben o £

Zel Aol e Aol A5 o] FolX A H A o] % 1941
o Dow Chemicalell &3 AE|2% FAo] /MEEEA Ze AEte]d
A4715 sHA A

free radical
: o H H
HX F vinyl polymerization |
c=¢ - —[—-:ll—-:Hﬁ
H H
styrene polystyrene

Figure 1. Styrene and polystyrene.
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AR e VIAE AEE FAZE. B ZYoladEyEHY

(polyacrylonitrile) ©]u Zzolu}lo]= 6 (polyamide 6) &5 Z & AE}O]

Aot Zealste] =gt EEAEtoldl o] wls) 3w o]Ae] Q1A

TE Ad A7AE 1= Est A7 A EAT[13,16].
Aol A2 EYAgeldA HETAayHS AE3s,

dEN7=, SHRIE T8 % I HYDAE AAH AL

X AEro]dE B (styrene monomer) 22 3}stEAZ 34514

o

AL S dok[24]. Sl E wid 309 B9 #H ZgAE
1

oldllo] Y a1 Uﬂ ojeldl ¥ ZelABloldE F2 QYA Alx,
B ZAYE Ax, HAHA Ax o= ALEH I AFEE0
60~80% o ol&tt. EY2Eoldl A&EEm2S HEA o ¢ F2 #4
= 95 7 3doH, AgES Tl dAS M= AFS Asv dae
ool olels FEd g 9laL, ARSA SWelM Ed 24 W7 s
ZY ol wiHH A4S olE 4 o] ZElAEldY QqEEe
A A= Sle 019101 WUH[25]. olA§ EElAEoldl HE &
kg T 7P dEego] o ThASdHAE AAgol ol g
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2.2. EgolutolE 6

Zgoputo| B A7FAA FXolw UdE v Egoulo|t®
H# Sty Egotutol= A f-& oputo]l= A3 (~CONH-)el 23
FA7E A" FFAZA, EotutolE FFAE olF= dEFAY ©
24z Foll wet FR7F vhetel 1w AA; ol wep Eefotuto]
= 6,7, 9 11, 12 &2 66, 610, 612 5o %78 F=2 Zgo}
ol = 63 667F 7Hd wWol & vk EEolulolEE 276 FE
Aggoz Wol AFgE oY, 19509 o] F Zeprdggoz sty
YAy T3 dEo] oo dAYR EefAEo®R I FQ7F F
7vetal Qi Eotutol 28] Fad AL shvbe & HEE AWoH
e AT FodA 7 22 dntRAdd =4S ARl Aotk
T Zolulol= 69 HE7F 4.8 ~ 6.4 gf/d, ZEolnlol= 669 #
T7F 5.0 ~ 6.5 gf/d ot} ESt Eofutol = w3 HEo] Wl F
oF 8%2 AN  100%2] 3 HES Holy 53 HAZAAE AY
=& W34S 7Hs v 26].

Zgoluto]l= 6 (polyamide 6), Y4 &= 6 (Nylon 6) =2 Zg7}
2% (polycaprolactam) = Th& Ejotrtolt F/REY 2 3

o+ B8l sEekA & A3 3t (rmg opening polymerization)

e

2

e
Hﬂ

(&
o

o

ZT
=)

=X

Figure 2. Caprolactam and polyamide 6.
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(caprolactam) W& #HEFO|= A3t (peptide bond) 7} 7oA A
778 FFor 2o st dRAE o dEAs MEE Ads
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Figure 3. Heat transfer from skin to environment through fabric.
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2.4. A7]BAL

‘A71%AF  (electrospinning)’  ol#te &oj= AVAE wAF
(electrostatic spinning)’ oA U &= {9 A=z
= WAF (spinning) ¢ A#FE IASA ME==dH AREH= A7
(electrostatic force)s AIAIZ §ojolth[41]. =, Fhks] s}
7IAbE ARTE BT 7 e AE3A 9oy o] Y
skl A5 FAsHA sk Zlwoleta & 4 lth

A7 AR= Figure 49 ZA 3ol B 5 glol, A7 wxghdAy
ZA (high voltage power supply), "WANE =7 (nozzle), ZA
(collector) & TAH Ut AHFol| LFEA & W FHo] i A
Fol WgF 100xm @ =& T3 veA duh oju nRA g

deke dofFA =™ A S WaS Eddd sk e

N

AR g EE 92 A A 439 Ay Bgow dF
2ebg oA Hr) ojue] 95 ®ope] W& ‘Taylor cone’ oleh
woak, o714 o B AgS dolFol QA A7 A W

] FHAYLD WL Ar]ge] gl EWFYS FEahA HWA

V |
1\ Grounded

collection drum

Polymer Solution

Syringe -
Pump =~ To— |==|“

Metal
Electrode

High voltage
power supply

Figure 4. Schematic diagram of set up of electrospinning apparatus.

_12_



]

obxl

ad.- =
=13
=

| .

oAA A = AEE

-

% (stretching) ¥ 17
=

i o 7t

]

-

S

A

E

o

A g9 jetrh wArE] AeEe] wob A Hrt.

A AP R BAEE 2
(whipping) &

2 #3

Z o)
4l

Hmﬂﬂﬂﬂﬂ%ﬂﬂfawt%wﬁ@%%ﬂﬂ ﬂﬂqﬂhqmwm ;
_vl = ‘W o aﬁl _H_ erd — 0 iy E i [ 1
R R =Nl S i
JJ ol ﬁ_ﬁgﬁur%ﬂo%u%;ﬁo = o ?
m_il Gy ﬂAI o) H 4 o 3 1A Ju T oo = B Fo)u ‘ﬂ, S w X
S R S L I N o
o WO D v = . ﬂ ol oy S W F ome .
ST Es e R BT ks ke g oy
k WOy 5 B 4 < Tio WW ¥T AN gy %R %o o o5
Noge Moo ™ T o o— N R o o T om
& ol Q =~ N T — 70 3 ™ = Ak
N o ol 0y T oo 2 — N < s T S
T X o B X o 800 o Mool o X
ofpy ~ = KH '~ o z- iR gt o X =) 0| o} oj
Ho O W bo = T ooy W v " ol o
X W ok O g o & TR N X )
CRE T 1 nX wT T o Ho N
O H = o7 i ~ T K ol il
= . F 9T YW o ® it EOoom oA " W o ok
o N do T A R S S GG < st _
" do o zm N ° _ X T o W m < woX
o N Mooy o N . T CRNONINC] = - B a0
S L — N o= K % o= 0 ~ o) 1:1_
7RO ° O o Wom P Wy o MMO ¥ o 2o B W L _
of AW M R o P of ok B g H X Nm o o ° W
T oo B i wm oo T S I . R
e T B = o oF Mo s ojo = il i NS o
e SO o e ) ol & 7 2
BT e T e o R S x g M T T
o T - I Aoy P e T X T T W
H ey V Nfo P o W ~ o T o~ mo Xy N K — =~
a 7o & JJL wm B I A A SR of o D z;/o =
I TR S S - TR T R
X X oo X OB Mmoo _ BT W R X oo X
Hloﬂﬂ@ﬂg@%wﬂ%ﬂ@%@Tﬂﬁ% e X N
N3 > Th N =
ﬁmﬁﬂ,%%ﬂﬂj %E_Eﬂxzw.ﬂo].ﬁﬂxﬁr
H ke Mo x o B o B U oo oF T N oo M
N T BB TERHE TR XTI o gl



Z_jq_
=

H

o] Zth[43].

e

AUE Atolo] Az st Hol

A5 7HA =

L
T

A7

i

o

i

J)

<z

i

—

K

ﬂ
T
oF
TR
0

M
il

HAUAA w2 vAT FHES o

=
=

AEAF Gofo] AR ] el gv

~
file)

i

{|m

1
o)
v
Jvmo
N

)

il

=01

7} 7}

o
T

A
o

-

AA Hr[28].

(vapor—induced

phase separation) 4z el 23}

)

e

th[45].

i

53] Al W7k Bk 1008 ©)

T
B

)

ol

%

ol
i

N s ojul ERA o6t

9

HH

ol ]

A
o

_14_



O
g

| A7

= =
t—_TO

Bopel = @ol A gH i Qrh[42].

[l
S,

E2ol1 49

=
.

Mo

601—

%3} A

] A ) A

s

354 (breathability), U Alo]=9] F=of ]

Kl

2] 2 A

o
o -

] o
L

g

=
[e)

A2 T}

G oobdA AdE oz A 9] 1

Kol
o=

2]

o
NO

= Feo}

o XU &=t} Sabetzadeh 2] (2012)

=
| .

F9131[38], Kim 9(2011) ¢ AF-oA]

H kA 7]17] $]

A7k Ee -7

A7 AL o] B2 A=A

9

=
=

1 TiO,

9|

R

#

FARE ob=7kA) A7) AL

5]

th [49].

s

B

o
Sk A}

b 7 At o

H & =]
T=o

A7t

7}

3

E

H2Ad&

A7 AL e o

)A
o
)

o)
)

R e A7ARH o] 7k o

i

O % EA

TR
afal

—

0

o=
T

i

VS

A

3]

1% gk e AMEst BE Suw

A7)gate] 747) o

=0
=

N zA A

ol o
1o -

o] ATH[50].

+ sk,

o1z
=

o
Ho”ﬂ’é‘ 5&1]

iy

bol Zhae] ool 2

o] g5

T o
==

B

oA d AVWAbE V=

_15_



Filtration

Wound

Biomedical healing

Scaffoldsin
tissue
engineering Electrospun

Fibers

Affinity
membrane

Protective

Drug delivery clothing

Enzyme Energy
immobilization generation

Figure 5. Applications of electrospun fibers in different

sectors. [31]
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1. A&

1.1. 3324 8l Al ek

& ATeA s ZElaEeldld Egolutol= 6 o] AVALE 919
polystyrene pellet (PS pellet, My=350,000g/mol,Aldrich) 2} Nylon
6 pellet (My=g/mol,Aldrich) = 4|3}t 2 1729 24 AE=
Sigma—Aldrichel A ¥Wekom Table 1 o veblT).

a8 AZPEAE e AlFe el oA @A &R s Al xSk
ZelaetolAS 55 A%k 39 NN-dimethylformamide (DMF,
HCON(CH3)2=73.10, DAEJUNG) ¢} tetrahydrofuran (THF,
C,Hg0=72.11, DAEJUNG) & &vl=Z AME-38t31 L, Eejotrol= 6+ 5
" Al 59 formic acid (CH20,=46.03, DAEJUNG) ¢} acetic
acid (CH;COOH=60.05, DAEJUNG) & £wlZ A&-3t3ith.

Table 1. Specifications of polymers

polymer M, My Th Ty (Eterésg‘%f)

PS 170.000 | 350.000 240°7C 95C 1.04g/mL

PA 6 228.57T 62.5TC 1.084g/mL
_ 17 _
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1.2. A71AF 9] Az

1.2.1. AZ|BAF 210 A3

7} Zeloetoldl, Eelotrtol= 6 A/ 99 HH 2AL 3]
e AAAT[21, 28]F wEOR ¥, AL, $49 EEDo
Mg Agstark. A W9 veld ¥E A, A9 £
2] ged F WAk A4S $SANES 9 A 9E (beads)
glo] AR ARE A=A AAetdn, AR AR A

ZEAetoldl AVPEAL &AS Axete=d ARESE SWiEE
F2 DMF%E AM43AY DMFet THFES 4lojd A&
Ee~etoldle] gujl2 DMF o} THF & 3/1& AH&atlon 1
T 10, 12, 14, 16, 18, 20 wt%®E 3} £9& w5
wsto] HA sEE A3

Zotuol= 6 FML formic acid ¢} acetic acidgs Fvl=
A3 T Formic acid 2F acetic acid®) B &S 4:12 ZA3}HY
ARESEA T EElotutol= 69 FE+ 18, 20, 22, 24 wth=E

wsol 44 ¥ 2AS By

(2) A<+
Z g AEgloldl, Zgolnjolt 6 £He FEEHZ 15 ~ 20 kV
o] Mt o R wWAtsle] A7 dds A A= HE Y-S
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Yolan 4 e Fo A wopth

[¢] 1

(3) &N EEH

ZyAetold, Zolulol= 6 A7|HMALY HE FE 18wt}
#HA A 20kvE APgsgor, A} FTE= 18wtnst AY
20kVeolx g9l E&=S 0.1, 0.2, 0.5, 1.0 ml/h & oz =
datids A7 et FEHe A EEHS Adesith

1.2.2. £ A7|HAF 49 +A4

Zelagtoldly  EYojmpol= 69 EF AVPEAL
multi—electrospinning 7] 7] (eS—robot® Electrospinning/spray
system, Nano NC, Korea)& ©¢|&3sto] WAlsII T A7WAL 7]7] 9
eFAQl - x2+  Figure 60 YeERUSIt O ATrolA  AREE
A71gA7 ol A AFREEE = Sl AP 8 F AR FE 7 A
TA] B (syringe pump)ell 117} ‘:‘o“}%‘ T A AAE A
G ARl Qe FAP] FEZE FEoE FZo ZYH
(collector) ol wdstAl WAL 4 AT ST AMEE FAM]E]
E AV 22G8lew FAPIEE €% 10ml o A7 15.29mm<l
TAZIE  AFESEITE EFvlE SYE Ao 4
100m/min  &£E2 3| d3ste] oA AR AHfEol At
ol AlH stom o R gk AFe M-S Rtk ozl
A71AE 42 F5 A B7EE Slste e 2

T dFuE SdolA woulth
oAl vekst vEe] EEAvoldly Eolulol= 6 &

A71gAE s A e FA] WlEE ME EEsiith

e,
flo

9 Aees
=y

o

N
ol
Tl
N
do
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4708 FAEZ el A E Aol Eolnfol = 69 FAM] H[ &S
4/0, 3/1, 2/1, 2/2, 1/2, 1/3, 0/4 = F 77}A ¥]&=2 A3
w3 EEagtoldll Yiegle] A9 wig s JAFAER A FATL
60m PR wl= AFuE TdoA EEA7= A Rolx]7Y]
A9 60m olFozE Ao ArHAL 1] VFE, JAGFAE

L, 3719 E, 4 AR A s v Aol FAA 9=
1

10 e FAE 548t Aeskloh A wE
Zyaeroldll/Eeotutol = 6 EF AVIUAR ] AAE 542 Table

o VER 1T,

@)
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aluminum
foil

syringe

collector

Figure 6. Schematic diagram of multi - jet electrospinning.

Table 2. Specifications of electrospun webs

Syringe . .
i Thickness Weight
Sample proportion ( ) (a/m2)
m m
( PS : PA6 ) g ¢
S4 4 :0 60 £ 4 8.067 £ 0.381
S3A1 3:1 60 £ 3 8.674 £ 0.476
S2A1 2 1 60 £ 2 9.161 = 0.519
S2A2 202 60 £ 4 9.458 = 0.445
S1A2 1:2 60 £ 1 9.950 £ 0.731
S1A3 1:3 60 £ 2 10.135 £ 0.537
A4 0:4 60 £ 1 12.713 £ 0.499

_21_
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2. A719AF 99 7234 4 AF EA HI}
2.1. A7HA} g9 ¥ EA B

Uhekst FAM] BlE R AR =9 AVPAE o] A AF 4
FHE Bt FAP] vl g e ZAEo|dy Ejoluo]= 69
=4 A=E /Ao Flstyl s dANE FAREA dnA
(AURIGA, Carl Zeiss, Germany) o= AHRST WAL A {9
AR = Axrrst7l A8l FAPAA dAvnjF oz P onXE ARE-3ho]
ojn|A] Al AZES Y] (Image J2x, USA)Z S sI3ith

lj‘:_\__
B, H5T 5’440 Ecﬂfr/‘r% ﬁ'o It agstel HAE AR

(\]
w
fo
3_,1
2
N
z
X
e
1o
-
X,
R
fitlo
i)\
o

FAR] Bl Eel wE EE Aol EEotutolE 6] & VA
o] =g njg BAS g 23] A BAS AAFAT. L3 A

o
gaetd shetd A" 24 71Eed KS K ISO 1833%& 7IEo®
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shATH &8l Aol kA Eotrtol= 6= DMFOl FaliH A =
ZgAEfo]dl formic acidell =A| =X FQlstr] s 2z amE=A
pellets 4% formic acid®t DMFe] &3|AlA RSk}, %FA o}ufo] &
6] FAH] HlEo] B =2 Y AVIEAF f19] B¢ E2lobrtol= 69
T &S ¢7] 98 Formic acidel §3iAZch Edt E Aol
FAZ] vl w2 T AVIAE g9 B9 EYAEoldle] &uiel
DMFel &3zt &g & &, Eﬂ% w, AN, AR =
cox AT F Xt FAE SHs A FA MEks A (D=
o] g3t AyE ALt

(1

ol WE ZYAroldld ZEjotulolt 62 &3 Fro)

2 uES o9 WHAGe vE2 FA5] feiA el Aekeldlld
Zdjotutol= 6 Gool] 7] thE Aol FFMAE UM § AR
28 FAF dvld (LSM 700, Carl Zeiss, Germany)< E3A]
HAsHE T @33 MA (fluorescent dyes) 2+ ZZAEo]# Sl +=
Rhodamin B (=95% HPLC, Aldrich)E 5rg/mL= 7}k,
I

Zgolulol= 6 fAMo= Fluerescein isothiocyanate isomer
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(FITC, ~98% HPLC, Aldrich)E 5pg/mLZ FH71st & WAlstloh
T2 duAde Fdl FA 60melA 1m A= ZYs A7 4
olu] x| & oju]x] ¥47] (Adobe Photoshop CS4)E o] &3te] A
O 4 ol dig Z EgAaseld (B Eobrtol= 6

(22) F4 (pixed & Aol B AUk,

AZ19AE o] 7y AV|E F5743%17] $8lA Capillary pressure
tester (CF—1500 Porometer, PMI, USA)E A}g3to] 7]F9 =7
4 FxE ST AE 23 Ho 4y 200 psi, HA FF
25,000 cc/minC®= AAsIlom dry test 9 wet testE: AHO=E
AAEltE Wet testis ®WEHol 2= &9 (gal wick, 15.9
dynes/cm)& Abg3ste]l ¢ 7¥& A ¥ &A95 o= VA9
a5 Vlear]e] AAdAE Gl Ade
A A 83T

TSk AVAE FE] F T
AEES  olgst 7|FE =A< Automatic  porosimeter
(Micromeritics ~ Autopore  VI9500, PRO—-TECH, Korea)&
o] Fattt. 22 A U= AARAM QFEHFEH bHol Tl A ofrt
FAF7F dojum w8 A7 AeFE 52 $Eol R

o

[
3 AW AFF AR FAYs

AR J3NA He AR 5 %
Gehde 1 A3 9 (5 1F o)l met ARHE £0) A

739 g5 vebd 5 9
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3. A71GAF A9 5 573

3.1. 9148 A+

Z AEloldly ZEotupo]lt 62 FAFY] HlEe] wWE A7]HAL
o] WaE F7retr]l f18iA ASTM D 5035 AEHWe| o] A s}o]
W5 A A1 8 7] (Universal testing machine, Instron—5543, Instron,
USA) &2 JIFANEE SA8aith A718AF 92 2ol 40 mm x YH]
10mm x 7 60 m A7IZ  FHEEY. AT AF2ofA
s EA A e ARE AlE7F A H Bojd w9 stress—strain
curve®s T8k ol QA% £%i= 10mm/mino® AASTE RE

A 77] GE REoR 53 W Sstel BRatglc

Ol

3.2.1. A71%A 4o 37 59 A&

A71AE 1] F71RHEE 71354 543l Capillary flow
porometer (CFP—1200, PMI, USA)E Atg3ste] S43k3vh(6]. 71 ¥
4718 ol ¥IFAEE 249 A dY7A shgo] =obd o
Pz ggedA Alm 7Es Fdste 371%F (co/sec)s &3
Ehdich A¥ 2H2 Hody 200psi, Hd FHFHF 25,000

cc/min©. 2 ATt AP 53] {HE AASHGI

|

N

o

ol
.
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A5 7cme o=

o wel ol

A A Fo AR ZHsel 1A B BA Wl
sgstrh. BA MaFe olgslel e H(@)% ol§s
24X7F Bk w9 WAY TH%on fasdt AP 53 v

WVT : rate of water vapor transmission (g/m“24hrs)

G : Weight change (g)
t : time during which G occurred (hr)

A : area of measuring unit (m?)
3.3. X9 A

ZYaEoldly} EFejotutol= 69 FAEY] HlEo| wE 74V

A7 90 W A5 AES Pk A% PHoE HE7
1

o

(Theta Lite, Attension, KSV Instrument, Finland)=®

8

O

J

[
My X

&

(2)

v
o i

e

2L

[ N



Elo] % wolwm A¥ guld szt 23E wE F FHF 35 +
0.5 wE dAs Fo] folA f Fd 9= "ojrmd T 1x9 10x%
BE 60279 olnAE Atk T F 7 olmA9 base lined
Aol Bwge XN A% HIAL Yol 1 FIUL
AAbstela 7k 0, 10, 20, 30, 40, 50, 60 %=¢ H=72ts vlwsto]
Azbel e AE7 W AEE BAdA. 154 49e 47 e
R9= Auste] 10M W 4 sheith

A7AE 18 =SS Jhehubel At 2 (KES-F7, Kato
Tech co., Japan) & A%, A5 & A3 20C, 656 RHBO =
ZA5E F2FgHAdA AAsH, 20T water box?t 30C2 BT
box Atolel §1& Fil 7 boxe =& AAsHA FAA7I=H ZQst
A ST o] w W2 24413 FF Ay A 2
RH%NA 2l AdMds AR = Ads AAsqlen, 53] ®iE

A st 245 d=o obg A (3)2 ALLste] AAbsith,

(3)

K : thermal conductivity (W/cmT)
Qs : heatloss (watt)
AT : temperature difference

(between water and BT box, 10T)
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d : sample thickness

A @ area of the measuring unit (55 cm?)

Eoodgod dAFYLE ISO 11092(2009) 5 71+o2 &t
FeFgs AW Yo du 2= 3/5CE dPsigion 9 dut 99
TFAZIAL A W 2FE7F st @ Fol d¥e REE 35TE
TAAZI7] S8 anlE s dgEs S8 23S A Y
HEE ZFAHE (20C, 65 RH%, 71F 1lm/s)E st g3be
35 Cx AAsdrh. A7IEAF 2 30X30 cmE  FH[Se] Aol
WHA A skl APS AT AY A d9d REE

35CE AR e aEEE AFL A (DS Agd]
o

(1, —T,)<A

RC[: H— A}[L _Rcto (4)

R.. : thermalresistance (m*K/W)
R0 : bareplateresistanceforthemeasurementofthermal
resistance (m?K/W)

Tm @ temperatureofthemeasuringunit (C)

T, : airtemperatureinthetestenclosure (C)

A : area of the measuring unit (m?)

H : heating power supplied for measuring unit (W)
rH¢ @ correctiontermforheatingpowerforthe

measurement of thermal resistance R (W)
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X

4, TAZA &

Aol )

=
=
ok % el T2

a3t

Al S
= v

o

S|
4l

54

] SPSS 21& A&

9

5ol

3

v

£40]

SFA
- 1

3}

= 4jo]u}

bk tegle) 3

A

of FueA 4=

—_
fIle)

oF

78 =,

718 A7,

shi e,

(correlation coefficient) & =%

A=

2
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m. 23 9 mz

1. A71HALY) H3A =7

Zolrtol= 65 Wl$ £ FH1E&S AY formic acidel| =
g HoA 1A s FAdste] Wi g AA Y ARE WUE
9o Qv AR 82 formic acid Rbe AREETE B4 ] H 7L
= @Ho] Stk 97]e acetic acidE
formic acid¥r AFE-F & wir ok &9
He] A =g fAdsioh[62]. Acetic
= S o R QlE] wmFo] e WAL

il
X
ok
S
>,
st
A
';9,

i
o
XN H

¢

o1 ]

acide] H]Eo] o™ Y
R k=t o5 EYRE B Ao formic acid 9 acetic acide]
&S 4112 Z4-sto] AFE-sF3iT
ZgolufolE 6 &R FEe EFolupolt 65 AV|WALSH
AdgAT=[21, 32, 51l &3ste] 10~30wtezE AAste] A
gdalstel Bt 15wt%  F%  °olstelA &= 16kVHE WAL
sHoY e HAETE UHF stobA jeto] AZ|Ael 9@l Taylor
cones FASHA Eotal vAMEE SIHETH[43]. 16wth & olA =
19kV, 18, 20, 22, 24 wt% o4 77} 20, 21, 22, 23kVelA WAL
Alzte o], ool vl FobdaE WAL AlFE= zSsto]l g

Jsth SR 25w ol FEME WAL HA ik

. T
Hir

fljo
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o= o] ol FreM= HETF AUAA mobd WAL HA k=
AoE HRIth g9 EEFE 0.1~1.0 ml/h & Gelste] WAl
a3, 0.2 mi/held WAE AEES gdlskleh SR 1 o]
EEFolME &9 EEFC] U wol =F el &) oA H=
A BT F vk A2 EEd & 39 dsh =& g5AE
gAstel 714 wbdE g0 TuAH wiEs ¥ HAYAA
A9ge] 7t 1 ARE WEA do ARE BEEF] wWolA A

W EEH §9 mddo] A HH] FAPEE Ayt Adddgom
skl gefe] FHAHS ol7|A Xa  &dqo] FHl o3
FedieAl Aok43]. BE2[47] o Aol oskd A AstelA
YARstol . WAL gl EETko] WolAd EEE  §o] B
AHds olFA Zsta AYEeA FEAHOE dojyr HEE
ERd e an sl ofefl & el 0.2ml/hE A & Eedow

o
oX,
o
o
S
4 K

7y sxeh AgelA AR A7HAL 98] A el FE-SEM
olm|x & & F<ladrt (Figure 7). FE-SEMS& 10,0004,
20,0000 gfste] st Ay, vlEE FASHA] gown TewHA R
743ty 44t AF7F vEhdeE 22 v 18wth, A
20kV, &9 EE% 0.2ml/h’ & HH 2oz A9

ZgaEtoldll A7 ENE A xSk ARESE &
DMFWS ARE8t7v DMF9F THES 4lolA ARg3t} 8
dEor ARt DMFe] v el g sdd 7oA

i

Ox

THFS} AolA AHE3S ARt AE e jtolx= Afeo A7}
ok Xetry. Egt THF H]&¢] DMF HERT =& F5ql
THFS =2 3idel o& =& o] wa WAzl HAx g4
#ArH[8, 20]. ¥k DMFel A9t <] THFE AloA AHSE A+

=

[e]
S g ow Q& BHu A ARE de F Aok ool F

o Zglagtoldl VWAL §] A= g5 uegbd DMF9 THF
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Bl -S eralAl sho] Algsta 9k,

ZEAEoldll g9 Fr= EEAEe]W HA7|RAL AYATE (8,
9, 20]& HEOo=E 10~20 wt% WH=E AU} ZF sEHEH=E
Aets dyaliy WA AJFEE AGS FdtE 10 wte oA E

13kV dow, o]F 12, 14, 16, 18, 20 wt% o4 Z+7] 15, 16, 18,
19, 20kV = APE AFEdEs @1k A9 multi-
electrospinning 7|4 AA A Zgojnjol= 69 TE HAYo=w
AAslopstr g EYaetold M7MAF AT 20kVE AT
WA 7hseh A ol delA = AR H7I7F skebAlv AA ZEkAA
gorz FAZF gles FASAh I WA EEFFHES 0.1~2ml/h
WA AL EAIGle]l Thsdhe ERlstgioy, EFotutol= 69 F
N WAlFs FdstAEly] flste]l 0.2ml/h 2 AAsAT 2 WA
ZHoA ] H=E sk 2 2AE AFs] YeiA FetEn A S
3l A 3 1] AR FEHE ERlesitt (Figure 8). 33 n
#HEs T v FAHA e R 7] 16, 18 withE
Aeetglil, o] FE-SEM< &3t & ¢ 7h=il st A JHE
et = 2418 oyt (Figure 9). 7 A3 ‘F% 16wt%, A
20kV, &4 EEF 0.2ml/h & FHF Fxoxr At HF
A" A7HAL 24 Table 3¢ 7)< 3%t}

- U

Table 3. Conditions of electrospinning

Tip - to - collector
Voltage Feed rate ) Needle gauge
distance
20 kV 0.2 ml/h 20 cm 22 G
Collector ) ..
. Syringe speed Temperature Humidity

velocity
100 m/min 7 m/min 25 £ 5 C 40 = 5 RH%
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24wt/ 23kV

22wt/ 22kV

20wt/ 21KV

18wtde/ 20kV

16wtde/ 19KV

¥ 000°01

_33_

Figure 7. FE—=SEM images of polvamide 6 electrospun web at various concentrations

and voltages. (flow rate 0.2ml/h)
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2. A7} W9 724 2 9B 54
2.1. ¥d EA
A7¥ A= S gEA (biopolymers), A3} FIA

(biodegradable polymers), 7] I.¥%#F (organic polymers) %
gkt 1R At Es AREele] e AT 5 Ao ouwst uEAE
AR =t 2 ofm s Fufjo] olife] wEbA Ao FHEiel 9
TZX7F @A fu [52]

Figure 10+ &% 18wt%, AS¢t 20kV, &9 EZ% 0.2ml/h 9
oA WAkt EaEold /[ EFotuto]E 6 AV S
FE-SEMOo2 &g Abxlolth. Image J& 533 Zg|xeto|dlly
Zotulol = -9 A Table 4] e TH Z2 A€ol
AHY HAHL> M9 0.683 ~ 1.313 gm, ¥+ 0903 gm =
et o Egjoprtol= 6 A+ #HA 63 nm oA FHo 170 nm,
Fat 104 nm=E Y RS AAE Ad AGE ZelAEtolde] vla)
1/10 A% 7Fe ARE Ads &g 83t ol Egotrtol= 65
g A 7] =0 AFE3EF formic acid & & AVAEES FHAE&E <l
WALE jet AAS] Astdrt wobx Hial 7= ARE 25 F WA

7] wWEeltt [51].

oft

Table 4. Fiber diameter of fibers

il Min Max Average SD
olymer
(¢m) (¢m) (¢am) (¢m)
PS 0.683 1.313 0.903 0.194
PA 6 0.063 0.170 0.104 0.026
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=3
doz e 7g Fr¥ e (vapor—induced
phase separation, VIPS) %} &uj= A3t DMF THFE 34 9
ztolz Arge o Qi

H. Fashandi ¢} M. Karimi [19]2] <15 |39
FE7F & 4 (40 RH% ©1%) oA W
non—solvent(F%=7F &  #AAEY &), solvent (DMF2}
THF) ¢ non—solvent 7} A& Alo]A] = AHIE g7l dojui
Aot st oy e 73 FE AEdE
Ae 4= vt} (Figure 11). EAF £990] non—solventd! F&3}
A HE A A BEE AR 4o

o
homogeneous 3% HF#o=z AFIE A H
A] &

MRS e ngow

el fujrE kA "k sHA W R s XA HW
folo] AR = binodal curve®dE: AYA H oju= F WA
AHE-2 2l metastable $F AEj7}F ®o) o] AEjol A+ nucleation and

growth #IAYSFOZ A7l He=d Gz o] Foxl do] ofz] 7
A= Eds UEtdth Al WAz s3] 27 7 A dEEn
o ZojAA W JF2l& spinodal curve®: X]Urﬂ] % o] unstablest
El7F Elo] spinodal decomposition WIAYUFOE A E 85
At o] WAYSELS F WHA nucleation and growth WHAUYZFE &o]
AR AXEA QA% AZ7e AE AdE FdeE WA doh
Ze]agoldlal &l DMF= &3 A= 4lolA dx &FA
=dol7] W] FE7F =& @AM vl EhEE e P
UEllo] spinodal decompositon WIAUES &
2 o]Fojz Z fujr} FH3S A (solvent—rich phase) S 343}
¥tk DMF& THFe #&] % £57F oy Af ZHoE e

10
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ot g sto] A Wil & Vles ISk He R &
Zlgo® Qg #HF A (buckling)o] Aoy A Fwo FFo
Uelt Aoz Azbdnt. skA ¢ THEE: DMEe Bl&] Jolgoz A
AAS AY A8l Al metastabledt A2 nucleation and growth
HAYFS e dojur =2 A 224 AR xHo] F&
7NFES A He= Ao E HAY (Figure 12).

e
=

o
Ay
<
it
)
[
o
o
L

Ao taAdel™ FFol g X
A719AF 12§12 xWd 3 52 Ty

4 AAs Ad w8 AAEA ufe Eokel

oX)

-

[J
oo ™ N
Ll A TR
rO
ol
2
S
)
[
o
o
=)

2

Zelagoldy Zejopufol= 6 o] ERWAL $1S Figure 9&
s A7 g2 FAPD vEed mel EeAaveldl Aot
ZYotrtol= A7t Ads] EHH Sles & & 5 Utk
S3AL1°lA4  S1A3% Egolvio]l =9 FARY] Hlgo] sopdel uwhet
FE-SEM oln|#] 7ol uetys= vlg- 7k Egobrlo]l= A2
HlZFo] F7Fskith. o] & &3l multi—electrospinnings ©]-83%t theFsh
o EZelAgholdlyl Zejopmlol= FoAL o] Alx e Ade
glstolty. w3t HA xrxow AT VAL 23 o ddskaL

-

= =
VPP Felsetoldst Eolrlols HRE AL F AUST FAY
9t
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A Al S A A Pt

o5 ALANA HFE7F E=& oA HALE Zg Agtoldl o]
AR AR TS UERE o] FE ZAgeldl Adf EwHelA
APE 78 GEE AEg (VIPS) 9 £u|2 AFE3d DMFY =&
WNAEERE FFE £ Juh. ZgAgtoldl 98 HFEUF B
St AZIA P ] dojys AREEER 2 AHH UFdds
AFA7E FHE A (polymer—rich phase)# &vj7t FHst A

(solvent—rich phase) &% W oA A o} ojw &uj7} FH A2
2] DMF #24=2 o]FolA QA dv. DMF&= A7 =4 &
(electric dipole moment) 7} 3.82 debye o] #A7]AE=%7} 10.90
ps/cm = U Euisel Hla] mof Ak W FA Al FHUtbst
Asida 22 9gE & 5 A "ok ole]l AR gl A4
DMF7} ¥ B AFER st RS AREd A77 wbd

O 7A wh=o] 1o AA 2] gj¥s AAdA R whEo] Frh EE
olzfgh ¥

AT =

-z
<
O:-

PS 18wt%

RH10 = 2% RH20 = 2% RH 40 = 2%

Figure 13. External appearance of polystyrene electrospun webs.

_44_



A71AL Q9 74 0

S}
H

=

2.3.

il

(blended spinning)

H}
(blend)

=

Fol ol &Afel A=

°

(spinning) 3}

shof 3

S

<3
H

L

=

Jﬁmo
Ho
X

Mo

ol

)
oy
e
Wiy

o

TR

)

el

Mo
Mo

How o4

=

Multi—jet electrospinning

)

—

—

o

o

=
K
AL

S W 1

o] 4o]9)

]

—_
o

A Hugs F

A
ol [57].

(Thermo

7]

T

A

o
Nfo
B

O

==

H

o]

=

Gravimetric Analyzer, TGA)

i

0

\a

)
roy
ool

a Al
- 45 -

S

&

[e)

LI

o] U

Qe



Table 5% & AFelA AREE Ze|Avoldly Egofrjol=

Table 60 7 &% Ywqel FAZ] ulgd o Fu], A
Zg s GEUQd. 4 F9EE Table 59 7 miEAe]
3 Axelglon AA FHut g AL

el A oL "ol = e FAE FeAM Aats greloh

OoAs g Fwle A FH Aol 1~3%9 Aolzt
EAFG e FAsGE oldF Aok dEhbe olft 2] tE

7 T3 WAFAS uw gl Axel AVAEE
g o

oo 9 gl s b &9 B wiE el
o) 7k ERUAl Eek [57]. T3 o) SEH| el AA FEFH| o] Aol
i EelaEreldl e Blgo] oY FRulel vlE o H=A el
A7l Aol2 yelgth Ad eAE Aeksidelis Zglolnjo] =9
T vEo] d¥d A ARG A v Aor Kot
ZgxEtoldlol] nlE] s Ee EEotvfolt HArrb s W
Aoz AgETh £99 =& M-l HAV|WAF Al = oo P
W= Aol oA wrEm TRl Ak el Hls| oFs|
getels WeEol AZIA "dh ofdl E:EE 0.2mL/he §
EZxFoltgts Eejotrtolt vl o] Ao HojAA He Aow
Helt}
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Table 5. Properties of PS and PA solution [8, 28]
Density of ) . ..
Viscosity Conductivity
Sample polymer
(cP) (mS/m)
(g/mL)
PS 1.04 210 0.06
PAG6 1.084 1920 210

Table 6. Speculated and real weight ratio of electrospun webs

i ) Calculated Measured
No. ratio of jets . ) ) )
Sample (PS/PAG) weilght ratio weilght ratio

(PS/PAG) (PS/PAG6)
S4 4/0 100/0 100/0
S3A1 3/1 74/26 76/24
S2A1 2/1 65/35 67/33
S2A2 2/2 49/51 51/49
S1AZ 1/2 32/68 33/67
S1A3 1/3 23/77 24/76
A4 0/4 0/100 0/100
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2.3.2 ¥4 dn)A olm|x BA

w ArolM AxTE EYiEolRl/Eeolrtol= 6 £ AVUAL

Qe G omAZT FaA Zeiutoldy Eejopulol= 6o Ei
HEE ThA Ao Falshgint,

=
T 60mel A 1m G2 ZYst FxH FAF dAn]A o] A oA
4 o gk ZF FFAe] A F2 o] Aibd &
st k& Table 60 YERUSAT Figure 14+ Z}7] o8 FAH
2 PARSE EE AVPEAL o] 2 FAF dAnjder ] B elA
m]#] ot
=3 WAtR Qe ZPotmtol= & FALY] B]Eo] S
ofufol= 6 A9 HES 2884 ~ 80.24%= F7)st
AEpoldll A+ 71.16 ~ 19.76% = HAashs He B
g ZEAEoldl AiRe 22 Egotutolm FAP] FE O AEE
9 v go] AthF o A ebt w3k
A AR Zejavteld Awe S vERT AA yehds
= = T Utk
olglst zpol= EEArtold EHotmutol= Aol #H7] ol gt
Zeagoldl, EFotutol= A 2 Aol wiEoldta & 4 Slth
Zejotrbol = U F£F9 v Ve ARE AW wel WA ol
WolA w9l WA & AFe BlEo] FolAA dv EFE Egotutol =
e Al Aol XdetA FAEe] Qo) ARsE7ld A
ot 7] wo®  HAXY, olgt HigE  EgAgtoldl AHAAE
oA 2 FFEoR Egotutol= Al Bl 10W) Zhrke] FA 9
ZHAol Adow A7 wife] @9wHd & EAEhold A
Hgo] AA yeld Aoz molth T ZAgtold HA{E AR
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Table 7. Pixel ratio of polystrene and polyamide 6 in confocal

laser scanning microscope images

S4 S3A1 S2A1 S2A2 S1AZ2 S1A3 A4
PS
Rho B) 100% 74.16% | 63.96% | 47.98% | 33.90% | 21.76% 0%
(0]
PAG6
FITO) 0% 25.84% | 37.04% | 53.02% | 67.10% | 79.24% 100%
— 49 -
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Average pore size (#n)
w

D I 1 I 1 1 I 1
S4 S3A1 S2A1 S2A2 S1A2 S1A3 A4

Figure 15. Average pore size of electrospun webs.

Table 8. The range of pore diameter distribution of electrospun

webs
Sample Pore diameter range (ym)
S4 0.473 ~ 10.199
S3A1 0.110 ~ 9.951
SZ2A1 0.050 ~ 9.910
SZ2A2 0.030 ~ 7.232
S1A2 0.010 ~ 4.160
S1A3 0.010 ~ 5.184
A4 0.010 ~ 3.751
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Figure 17. Total pore volume and porosity of electrospun web.

Table 9. Total pore volume and porosity

Sample Sample density | Total pore volume Porosity
(g/cm?) (mL/g) (%)

S4 0.123 6.473 79.62
S3A1 0.153 4.878 74.63
SZ2A1 0.170 4.214 71.63
S2A2 0.217 3.198 69.39
S1A2 0.221 3.001 66.33
S1A3 0.257 2.398 61.62
A4 0.321 1.898 60.92

* porosity = sample density X total pore volume X 100
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Figure 18. Stress—strain curve of electrospun webs.

Table 10. Tensile stress and tensile strain of electrospun webs

Sample Tensile stress (MPa) Tensile strain (%)

S4 0.400 68.611
S3A1 0.446 71.162
S2A1 0.476 71.827
S2A2 0.712 111.721
S1AZ 0.782 54.118
S1A3 1.571 47.656

A4 2.054 31.671
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Figure 19. Tensile properties of electrospun web.
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Figure 20. Air permeability of electrospun webs.

350

Table 11. Air permeability variations of electrospun webs at 100 psi.

Sample S4 S3A1 | S2A1 | S2A2 | S1A2 | S1A3 A4
Air
. 2526.3
permeability 1972.3 | 1882.6 | 1560.4 | 1426.7 | 1071.1 773.4
(cc/sec)
Variation
" 100% | 78.1% | 74.5% | 61.8% | 56.5% | 42.4% | 30.6%
ratio
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Figure 21. Water vapor permeability of electrospun webs.
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Figure 22. Contact angle of electrospun webs.
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Figure 23. Contact angle variation with time.
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Figure 24. Thermal conductivity of electrospun webs.
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Table 12. Correlation coefficient of structural properties and air

permeability ("P<.01)

Correlation
Factors Mean S.D o
coefficient
Air permeability
1511.7 476.5 1
(cc/sec)
Pore size .
2.706 1.956 .955™
(1m)
Porosity .
69.163 6.810 .956™
(%)
Fiber diameter .
0.495 0.269 972"
(¢m)
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Table 13. Correlation

coefficient

structural properties,

surface hydrophile property and water vapor permeability
("P<.05)
Correlation
Factors Mean S.D o
coefficient
Water vapor permeability
5 7665.1 867.3 1
(g/m* - 24)
Pore size .
2.706 1.956 67
(¢m)
Porosity
69.163 6.810 734
(%)
Water contact angle
¢ 138.829 8.590 D27
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Table 14. Correlation coefficient of structural property and
thermal insulating ("P<.05, "P<.01)
Correlation
Factors Mean S.D o
coefficient
Thermal conductivity
0.0446 0.0127 1
(W/m - K)
Pore size .
2.706 1.956 -.812°
()
Porosity
69.163 6.810 -.9297
(%)
Fiber diameter
0.495 0.269 —.958
(fm)
Thermal resistance
5 0.103 0.026 —-.965"
(m? - K/W)
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Abstract

Characterization of polystyrene
electrospun nanoweb

depending on polyamide 6 ratio

Jae Won Yoon
Department of Clothing and Textiles
The Graduate School

Seoul National University

The application of polystyrene (PS) material, with its
extremely low thermal conductivity similar to air and the low
cost, has been limited due to its poor mechanical strength. In
this  study, mechanically enhanced electrospun web was
fabricated by multi—jet electrospinning technique using PS and
polyamide 6 (PAG6), in an attempt to overcome this lack of poor
mechanical property of PS. The ratio of PS/PA6 was controlled
by varying the proportion of the number of the spinning
syringes, which were 4:0, 3:1, 2:1, 2:2, 1:2, 1:3 and 0:4. From

the results of field emission scanning electron microscopy
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(FE-SEM), we could verify well=dispersed PS and PA6 of
micro and nano scale electrospun web, respectively. The
mechanical property of PS/PA6 web was enhanced when the
ratio of PA6 increased, thanks to the high strength of PA6. At
the same time, increase of thermal conductivity and decrease of
thermal resistance were obtained as the proportion of PA6 was
increased. Water vapor permeability and air permeability were
further evaluated to determine the applicability of the web to the
comfortable clothing fabrics characteristics. Water contact angle
of PS/PA6 electrospun web was investigated to verify
hydrophobicity aspect of web. As for the final outcome, we could
ascertain the possibility of using PS for clothing applications by
overcoming its relatively weak mechanical strength via multi—jet

electrospinning, yet maintaining its thermal insulation.

Keywords : electrospinning, polystyrene, polyamide 6, thermal
conductivity, thermal resistance,
Student Number : 2012—21509
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