NanINaaadtia M lavisaaulanduwalgwloinnunuada 0.075d IEELPSRT

fumauinnunaada d, 0.75d, 0.50d lagiduas lAaNurmLbwUadwlod1s g nuLaadly

;sﬂ"?i 452 — 4.54 NSAL

2.5e+5
Y o particle size = d
I .
2.0e+5 A ! ——=e—— fiber density =0.2
|| P e Q-+ fiber density =0.3
:.2 ! ——-y——- fiberdensity =0.4
g. ! — =ty —. fiber density =0.5
©1.5e+5 f
5 ! 5
o) 1 :
5 ] ! :
o 1.0e+5 A ] O
£ ! 3
S |
= I
5.0e+4 - v
j}'
00 =+

0.00 .05 10 15 .20 .25 .30
Number density of particles in 2D pores

U7 4.52 uaaInNUNNIUTIZLANaRNNATUIG d aﬂﬂlugwguaaaﬁﬁ

2e+5 o —e—— fiberdensity =0.2
€ Particle size =0.75d - O rene fiber density = 0.3
——-y——- fiber density =0.4
—-.=f.—- fiber density =0.5
* — -& — fiber density =0.6
| 2e+5 - ﬁ —.—O—:— fiber density =0.7
1] | — —4— — fiber density =0.8
[] !
L :
© |
..6 .
C 1e+5 | '
]
o
£
=
=
S5et+4 -
0 J

0.0 A 2 3 4 5 6
Number density of particles in 2D pores

;Sﬂﬁ 4.53 LL&@G@’J'\&JWUﬂﬂﬁNﬁﬁ]ZLaNﬂ%ﬂﬁﬂﬂJuﬁﬂ 0.75d aﬂﬂugw;uaaoﬁa

83



2e+5 | ——— fiberdensity=02 . .
cQeeeee fiber density =0.3 Particle size = 0.5d
———vy——- fiberdensity =0.4
— - =f—.  fiber density =0.5
@ — & — fiberdensity =06
o 2e+5 { —.—O—-— fiberdensity=07
g — —e— — fiberdensity =0.8 14
= v o
.g o T i :
O 1e+5 - i % i é
GJ . » B
£ | roo
=1 I ‘g :
= | ; :
5e+4 - i &ﬁf& ©
_ . 4
0 d o dL? 1

0.0 2 4 .6 .8 1.0
Number density of particles in 2D pores

Eﬂﬁ 4.54 LL&@G@’J’]NWEI’]EJ’]&Jﬁ?UZLa&IF’J‘Id)ﬂWﬂ"lIu"I(ﬂ 0.50d aﬂﬂugwguaaaﬁ@

A A ~ ~ o & & A Aa L A
WeRsanIsufisuiuiisugl  awiuihwinidueymeniawalnag ngalu
AXa A v A \ v A ., & A A
Nda d %L@maa"l,ﬂsluimoaﬁmmﬁwmLLuugaq@vlmwm 0.5 LY lummzmuaagmﬂ
L\&NaILdw 0.75d waz 0.50d '«ammmLﬁuaovlﬂlugwgumam%”uﬁlummﬂmuuuvlﬁﬁa 0.8 118
A { @ = ) { ' o & ')
wmimﬂugﬂm NUUIABIBUMALYNI azmmﬁﬁmmﬁmuumauaﬂmgwu nuAa
o = ~ X A A 2 a \ W o
Fwwsasgngurmaianazdundulwrnenyngusmelngiidasss aduaynadalulala
A P = ° A a = ~ £ o v & =
uwaziiloaunmadvmaianasiiwinvesaumanazduasidlugnguiezdnndudis  aanuis

mmsmﬂ%‘wLﬁﬂuﬁuﬁﬂﬂﬂqmadagmﬂsl,ugwguvl,ﬁ@”agﬂﬁ 4.55

.25
—&— particle size =d
20 1 O particle size = 0.75d
: —w— particle size =0.50d
b
S
® 15 1
[=%
—
o
&
& .10 -
@
>
3 "\
.05 A o T
-
et
S
.
o A4
0.00 -Q

Fiber density

Eﬂﬁ 4.55 ﬁ%ﬁﬂﬂﬂ@'&]“ﬂadﬂHuﬂ’]ﬂGi’]xﬂl%’]@]l%EW‘Euﬁl’mIﬂ‘ida‘g/’NL&%SLEJ%’]I%

84



~ v 1 L= d‘ ] ] U &/ dq’ dl

mu"l@asm"ml,ﬁmmﬂgﬂw 455 wnanunwutiusesduloanniu AunUnagu
“uaaa‘y‘l,mﬂsl,ugwgu%amaamﬁuguﬂuﬁq@ﬁfuﬁaiﬂﬁgwguﬁﬁmm@Lﬁﬂwaﬁﬁ]waﬂﬁagmﬂ
ARV NI A TR L 16 mwmmaaagmwé’omnﬁfuﬁa:ﬁﬂﬁﬁﬁag;ﬁ'méfulm”mm
AIRURINNENTILVIAVBIBUNATNAZN IO 27199 ENNNININNDINITANNUYDIL AW L)

<V o AN ' Y o ) ° = a %
aumzmvlcﬂmwwmLLuu‘ﬂVLummstaaa‘lmgmﬂ%@mmvlﬂvl,@ waztydSuuisuny
NMINARBIATIT1 WA LA URIILUL AL LTI A wI L D aszduniuvinla wIavinle
a o = g 4 ' A e ’~ = o A A '
fSiminvasasudiuuiunlszanonrinle  (nesasinUSunasvasudsvadanlanisannin
solid volume fraction #3a SVF) uazlugfl 17 aziuiminaauuwiavesayniaag nmaz
wwEylUn19dwaININT % LLa:aszﬂlﬂaﬂulqu@

UM 4.55 mmmﬁ,’mﬂ%‘lumiﬂsxmmmwuqmaagwgu"l,ﬁ PINWANIILIWIAV D
agl,mﬂﬁﬂﬂml"ﬁ" HANINREI LNARDILALFBLNHVUIALYINANNAITNA U LBULAN G IN
gaddnfe 0.2 uaz 0.3 wdaymalunisanlugwiuilawaudsildowluniaidu polydisperse
Tagl#in13N Iz LIRS LARINUNNINIZINLIWIATaILEW e TuInaw fa 0.55d-1.45d,

0.65d-1.35d, 0.75d-1.25d, uaz 0.85d-1.15d lasvanuavzdumaiadslnalfssny d siued

HanInanaddanglugui 4.56 uaz 4.57

2.5e+5
—e—— 0.55d-1.45d Fiber density = 0.20
,,,,,, O 0.65d-1.35d v
2.0e+5 { ————- 075d-125 !
" —r=eo—.  0.85d-1.15d o |
5 f ‘
S 1.5+5 " ull
5e+5 A '
5 I 4
5 ! !
o I
8 1.0e+5 - .' !
S
; o
Z i A
5.0e+4 - f“‘*ﬁﬂp )
0.0 ' '
3 4 5

Number density of particles in 2D pores

37 4.56 LLammmwmmuﬁlumﬂauagmﬂ@mmm@lugwgmmLﬁulguqu

NAMNAUILUR 0.20

85



2.5e+5
——e—— 0.55d-1.45d fiber density = 0.30
Qe 0.650-1.35d
20e+5 4 ———v—— 075125 o
o ——A.—. 085d-1.15d
a
g : A
2 1.5e+5 4 {;v,_,..v._#’ A
° / ,__&./x
8 1.0e+5 - ! /
g , /=
= ]I .
£
5.0e+4 - v J
[ “
_.0"' Q .4
0.0 _ngﬂ‘ﬁ«w” : . .

000 02 04 06 .08 .10 .12 .14 .16 .18 .20
Number density of particles in 2D pores

U7 4.57 LLammmwmmuluﬂmﬁwagl,mﬂ@hwm@slugwgmmLé“ulzluﬂu

NAMNAWILI 0.30

.35

—— fiber density = 0.20

30 --O-- fiber density = 0.30

.25 A

.20 A

15 4 O

Coverage of particles

.10 A

0.00 - - T ' . . .
2 3 4 .5 6 7 .8 9 1.0
Range of paricle size

(2

A A A ' '
E‘]_I‘Y] 4.58 LLa(ﬂﬂW%‘ﬂﬂﬂﬂQﬂJmaﬂa%ﬂ’lﬂ@nﬂmu’]@lugv\q% I@]Uﬂ?qN@]’]\?T%’]@Qﬂuﬁ@ﬂlugﬂmaﬂ

a e & A

= ' A =
‘W&U‘Ii\‘lﬂﬂaﬂ’ﬂﬂJLL@Iﬂ@]"I\ﬂJa\ﬂmﬂ(ﬂﬂ%ﬂ?ﬂl%@ﬁﬁ;@&ﬂﬂ@ﬂﬁ@@

930 4.56 waz 4.57 usaswnldufiadonufeminaymaininszansrmauuy
v A ° o oo oA ' A A P
waulnatAes d fﬂ:ml%mmm@maﬂﬂlugw;uﬂmmUmm'ﬁmLLuuwmﬂm’msmmgmw

NN il“ll%’]@]LLUUﬂ’SﬁOLWi’]zsL%ﬂ’]‘iﬁi&lﬁ%?luﬂ@ﬂl E'Nakkﬂ’]ﬂnﬂ?l%’]@]ﬁﬂ??&lﬂ’]"ﬂzl,ﬂ%l,ﬁ’]ﬁ,%

86



YIRNA Naeﬁﬂ&muauﬁu"tﬁ%’mammngﬂﬁ 458 NNIRAIAMURWILUUWYDILRULY WL
& A \ AA . Ao o P \ AA L Ao =2

wunUnaguuesaypmiadvsmanddwssiasaslaiunnitagpmaniidiigoann in
mivanduisi winaymadianudwswanuan wdswawdslndidesny) luminsas

ﬁ]zti’]%Lfﬂﬂl%gWEuvLﬁmﬂﬂ’j’] ANz Mz fanRvadduly ldunnin

Namswmmmmﬂmaaakl,mﬂsl,ugw?;ummLfé?ulzluﬂusl,umuﬁﬁ'ﬂﬁfmmmlﬁﬁmﬁ
a v v Q?: AI l&/ ]
ANMUNENENY  (Attempts) Iumsmum}mﬂmvlﬂsluimaaﬁogwguum:mmﬂmuamamﬂ
¥ { v § > v o QI ‘&’ g
mnﬁﬁuﬁmaagw;ua@uamm FITUHAINIIINNITANNLVAILFW LU TIWIBIINEIUN HANINT
S L@ D ENITALAWIN mnagm@ﬂ'&mﬁwayﬂugwgu mnawa%mﬂLﬁﬁiﬂﬁﬂi@ﬂi&iﬂ”ﬂfﬁau
@ A PN A o % & A A A ' A @ -
mJagl,mﬂmmsl,uaaamum:mm”l,@mﬂmﬂmumam6] WanItdnsatiainu i rui Gade
= é =3 ° 1 a 1 v A o v &]: a a
m’gwmm:mlﬁlwmmmmwagmma‘lﬂ"l,@aﬂ maml%mmaauum@miq@@uI@sJ
GERTRARITGE WONAINHLUNITAN LI [EWLANT mna@mm@maaagmﬂﬁlﬁulugwguﬁﬂ
v A&, o . & - . Y & oa X e
AN AU I 9T muumsmuagmﬂLmﬁvlﬂiugwgumaoIﬂiaaiwouuﬁamunumuﬁ@
é’ww"’wﬁmaagwgmm:agmﬂ
mnﬁmim’mmﬁuagmﬂéﬁu,snLﬂTﬁVLﬂluImaa%ﬁagwgumau&ulamiuﬁﬁﬂaaﬂu
RINGH  zwueanugngluvmaalda Tz uwndieasuanivnudn
dl ci 1 Qs u?: U A v = Qs uq: o u?: dl
Lﬂaawnmaamql,mﬂmqmumﬂiaaumﬁuvlﬂvlmnﬂmauaULWU&I@ AT IWINATIN LT 194
rm'lﬁuagl,mmumzﬁ'aakmmvlﬂmﬂlugw;uvlﬁéﬁﬁaﬁfu (Number of attempts) 39tJwn1suan

=3 1 A v A 1 s 091' 2K a 1 v 2!’
mmmmauﬂumzmaami,n'm"l,’i”lmmavl,u AanuAsneNaNnazLdwlaaad

anuaziduvesnInagnaLAfani = 1/ Number of attempts (4.1)
NEANUAINTDY

La
anuazidusainIniasaymalild = 1 - 1/Number of attempts 4.2)

Namiﬁﬂmﬁua@ﬂugﬂﬁ 4.59

87



.05

=

b:ﬂ diameter of the particles

£ X e

on 04 - \ — 0 —  075d

\ .

= \ ——w—— 03504

2 \

<

& 03 (K v

5 \

S \

2 \ AN

= v

§ 02 E) \\

> \ I

=01 - \ AN

S “ ~

=) o ¥ -

S < -

%~ 0.00 : P oD S S—
0.0 2 4 6 8 1.0

Fiber number density
317 4.59 mmu’muﬂumaamsﬁagmﬂaammwﬁaﬂugwgumaﬂmaa%fwmﬁulamh"lﬁ

& ' ~ ' o o o A
NNz mmmﬁmﬂu‘nmql,mmzmﬂmomwvlﬂ"lmzawaam $IAY
\ o o v A A X A aa o & \ = A
mauﬂﬂummmumg,mﬂvlfi"l,mzwmﬂmmumauﬂimmmulﬂmﬂmu a9 lyAauN
ﬂ’%mml,f,%’uslyﬁayﬁq@ﬁmmaauﬁfuﬁaﬁ 02 Wuil  enumaziwluniwaea luad
aumanianigaiaasey (lafiiafiviiy 0.5d) fdnios 0.045 wihiu nialudwau
auN1A 1000 8RR ﬁ]:ﬁaktmﬂﬁﬁq@aa@"lﬂvlﬁﬁ’]mu 45 aRa LLaszuauﬁLﬁaagmﬂﬁ

& . A . @ A &
T%ﬁ@Laﬂa\‘]ﬂ’n&lu’lﬁ]:Lﬁ%‘YmE]@N’]%VL@QZ:LWN;EO"IM

4.3.7 NMINIIHANITAaILTIUNYUNUHANITNARDIDII

wnAsonlaTIrEulaw luaasnad ianaanagasaNNaa e unaRaaLan
Imaﬂuﬁowu’jﬂﬁimaa%’m@”mamslugﬂﬁ 4.60, 4.62, WAz 4.64 tlatlasuanuutwuas

FNIRZANLAILG 25%, 30% WA 35% ANNA1AL

88



25 PVA 25%

L nNUARAN. 0, .

1] 50 100 150 200 250
Fiber diameter [nm]

E‘]_]ﬁ 4.60 NMWENY SEM Lazmsanziumasadldulaainansazany PVA 25%

Walianzdansmzvaadulondnnglunmn SEM azldwadsun 4.60 druan
A Qo U { 1 Q 4 o a
FaugaanmInnomvendulefidvinadiig fuw uaziliahnw SEM anieneigniulu
saaflifazldnansuanaluiln 4.61 (a) iunInszanuvesiui JUN 4.63 (b) uaz 4.63 (c)

Lﬂumsm:mwawm@gw?ﬂ@ﬂuamﬂum’mm’gLmewnfw ANRAU

@@
0 300 7
b i
i
o 200
. _
t 100 7
S —
o .
i i i i i
00027392  2.7725416  5.5448092
Area
(b) 200 7 (c)200 7
e} e}
b - b T
i i
@ 100 7 e 100
(o3 [of
t B t |
) | ) |
0 \II" i i i i 0 \I"'" ™ i i i
01483154  2.5367310 5.0586304 0 12354126 2.4708252
Size (lenath) Size (wid th)

31N 4.61 mﬁmﬁ:ﬁgmmaamw SEM (311 4.60) uavadianue luniie luasauuay

X o4
YUNAVBINWN LBRUILANTII b ATE

89



20 - PVA 30%

Counts

o HNNNANAN-ND ole

20 40 60 80 100 120 140 160 180 200 220
Fiber diameter [nm)

gllﬁ 4.62 MwWong SEM LLﬂtﬂ'ﬁ’?lLﬂT]iﬁ%%’]@“lladLﬁ%l&l%"lﬂﬁ'ﬁﬂﬁ:ﬂ’]EI PVA 30%

diodiemzkansmzpasyngwezlanadign 4.63 (a) dunInsznevesiun UM
463 (b) uaz 4.63 (o) dunminwnwvesmagwiulasuaniduanuenuazainuniig

o a
2PN 1N
(@
o 200 7]
b
i |
e
[ 100 7]
t
. _
0 | 1'%
T T T T T
.00027392 2.2838218 4.5673697
Area
(b) 160 (C)mof
o - o 120
b 120 7 b 7
i 1 i 100 7
@ 80 T b .
c ] c 60 7
t B t 1
_ 40
S | B ([
0 IFII.. ‘ ‘ ‘ ‘ 0l I‘Illl-l‘... ‘ ‘ ‘
.01489257 2.5573242 5.0997559 0 192908936 1.8581787
Size (lenath) Size (wid th)

UM 4.63 MIUATIZHINTUVEINN SEM (3UT 4.62) awiavasanusnluniieluasauuas
YUNAVDINWN LBRUILANTII b ATE

AWENy SEM 2a9LFwlaw LUANEITAZAY PVA AL NTw% 35% LLﬁ@]GI%gﬂﬁ 4.64

90



18 4
18 _ PVA 35%
14 I
%12~
810
UB_
6_
4~
2_
2] ol ,HHHHHm s

0 50 100 150 200 250 300 350
Fiber diameter [nm]

gllﬁ 4.64 MMWong SEM LLﬂtﬂWi’?LﬂiWZﬁ%%’]@"DadLﬁ%i&l%"lﬂﬁ'ﬁﬂtﬂ']&l PVA 35%

dioiamzkansmpasgngwezlanadign 4.65 (a) dunInszaevesiun UM
465 (b) uaz 4.65 (o) duninwanwvesmagwiulasuaniduanuenuazainuniig

o [
28EVI RN
(@ |
o 200
b 1
i
e 1
P 100
t 1
s
0 Il-
I I I I I
.00027392 2.2665645 4.5328551
Area
(b) () |
o o 200
b 200 b _
i B i
e e
100 7
¢ 100 o
t t
s T s I
0 II\Il.-- i i i i 0 I‘III-III‘I- - i i
.01483154 2.5586548 5.1024780 0 60233765 1.2046753
Size (lenath) Size (width)

31N 4.65 mﬁmﬁ:ﬁgwgumaagﬂ SEM (3U7 4.64) unavadanue luniie luasauuay

X o
YUNAVDINWN LBRUILANTII AT

< v @ A A Y P XA v o a X
"ﬂzLﬁ%vL@'J’]Lﬁulﬂmaﬁ PVA V]L@iﬂl&lvla@ ﬁ]zll“llu’]@]l%fym%l,waﬂaf]wLT&JT%LWN"U% 1N
=2 A ' A A A X o v o A a X o
NIIFNBWINNIW €) N’IWUQWQQWNV\U)@‘HLWN"UuauLﬂuNa%’]ﬂﬂj'—]&]L°1.|3J°l|u°nLWNT%Lﬁ%a’]L%@J'ﬂW

v v I&/ { v v v v {
Ihidulofvwalvgdn anfanuduiu 25% laduloswia 40 - 160 nm Jvwiaiads

91



U323n0 80 nm Aie Tt 30% leidulovuia 30 - 190 nm Juwaiadslszanns 100 nm
waziianudutn 35% leidulofiduwa 60 - 200 nm Fuwiaadslszanos 130 nm wazan
mymaiidvasgwusuiionnlasaaiioulu LLa:Lﬁaﬂmsmﬂmﬁmmzﬁmmmaogwguﬁ'
Aaduannlassasdaurivsaadulown Tuwuin ﬁgwwmmwLﬁﬂﬁanaal,fiammmaal,ﬁulm
1my'°’§u Lﬁia@mnmmm (A20877) W EINTRlIwIaLANaY HIRAARBINUNNTINRDY
aei9lAan TwnnTdaesiiissuiioufinnunswusim S durinne Jladseudeui
YT ka9 uaIudaLinn
wsasrhaularnazisoufiaunssaass=uuiuNanImMasedass sxmnwladn
SNEIENINTENTaEulg9390A AR EARINLNNTIEIT UL AN IR W LY 8 9 d
logefia 0.8 adlsfionn lumaTienzddasliuniu image analyzer 289HAMINARBIATY
s lddnninnmssaesszuniiasonduasmw  SEM  fseuvasanudnignan
Ao mwmfuﬁavl,@i”ﬂ@aaaﬂ%'ugﬂ equalization IcﬂuiﬂmniulﬁﬁlﬂﬁLﬁmn”uaﬁqm WaY
WINAERTINATII 9 alUSuufisuszning PVA fienuidudu 25% numsiisesszuuiil

MInENBIWIANINNFada 0.55d-1.450, é’aLLa@ﬂﬁLﬁuﬁﬂﬂfﬂugﬂﬁ 4.66

» o 0~ T D

0 Il-_
I I I I I
00027392 1.1072043 2.2141346

Area

B~ ol ol
=] =] o

N

» - oD — T 0O
> o

00108506 19509548 -38910590
Area

Eﬂﬁ 4.66 LLN@]Gﬂ’]SLﬂ%UULﬁﬁﬂgﬂiﬂidﬁ%’]dLgulf;lﬁ]’mﬂﬁ‘i“ﬂ@aﬂdLLﬂ:ﬂ’]‘iﬁi’]a ANRIAEM

92



mﬂgﬂ*ﬁ' 4.66 ﬁlztﬁummﬂﬁwﬂﬁwamaogﬂ wINGaINTRNIIaeITsuudn
FUNUTaINaNIINAR0a59 e sududasldnisanaszun amwannmasasdiduwle
PUIATEWIN 40 - 160 nm wazdvwatadelszanas 80 nm mugﬂﬁnnmiﬁ‘i’]aaa‘s:uuﬁl,ﬁulﬂ
8E/521779 82 - 218 nm wasHvwnaiadodszanm 150 nm sadiuindulafumedszanmaas
WiNUBIIUIAVBITI (LANTE (range) ﬁm’lmmn@i’magﬁwmaﬁmmawumimy') e
WITDNTWIADDITNI 'WmLé(”uslﬂﬁmmmﬂuaaaLﬁwgwgumﬁl:ﬁmm@ﬁfuﬁ scale LAuTwTn
4 v (2 46) ija'ﬁmimﬂmﬂmsmzmsmmwaagw;u afiuinnsinassfumiadugivii
209789959 F3%4 15183150 scale Tnallet InLENTLE 0.075d = 150 nm ALWLFNAD 75 nm
unuAazldmalndidsanuanuiiuessundstn agnelsianwmnldnsnsznsamavas

@ P a a o @ ° A A A X
Laulﬂ@nllﬂl.ﬂ%ﬁ]idwa@] uqﬁ]Zﬂqlﬂ%@ﬂqi'ﬂqaﬂﬁizu‘UﬂLﬂuauﬂ’]iqﬂ@]ﬂa\ﬁElxﬂlu

o o & @ = a a A
ﬁqﬁillﬂq?’llu;iﬂ Lﬁulﬂvluaauﬂ FIU1IN L']Jiﬂ']JL‘Y] HUNIINTIZIN UT%W@TQGEWE%V]

A3IRBUINNAIN SEM maaﬁﬂm%@ﬁ'umsﬁmadLﬁulﬂ@”oua@ﬂugﬂﬁ 4.67

Nylon 6 35% wiv

6 Average 154 nm

Count
=y

N ]

0 200 400 600 800 1000

Pore Size Diameter [nm]

0

) I‘|‘I‘|III|.. I‘ I, .
0

»n — o ®»® — =T D

I
22471313 67413940

Size (wid th)

U7 4.67 WSpunouaatnlassgnaswlow luvasluaen 6 nulatigianiiaad

I@ ElﬂﬂlJWA’JLGI’r]g WIDUNITINTZANLYUIAD QGEWE‘H

93



N3UN 4.67 L ANIITNANAINIINIZNLVWNAVBILEW LS LN TNARDIASIT IR N
agjatz‘mfﬁa 70 D9 225 wluluas wazdanafuawiardulolszanm 144 wlwdas asmuing
A lnaasInunInaesszunlnnuwidsilsluinaafsvasiduly d; = 0.075d wIaUszunme
150 WLl u@T LLﬂzﬁﬂ’]iﬂi‘:ﬁ]’m“Du’]@E}%lﬂ%"lhd 0.55df-1.45d,

g & A = A

#NINHVIIAVBIFWTHIINNINARBITITA AR YTz 154 wlwluas 1ia
P S U A UNURIANNR I LTI It oL dw el ateaTansaasNdaLaaua g
mumgwgﬂﬂﬁlﬁmﬁuwudﬁ ANMNRUILUBTALYINAY 0.3 LLawmmaﬁwaagwguﬁ
dntlazanms 163 wiluluas @”&ﬁfuﬁﬂﬁﬁwgﬂimdﬁwLéTuslstIuﬁmwwmLmul,"?ml,ém 0.3

a ~ @ a " oA @ ) = & o
YNUSHULNIUNUNANITNARDIITI LRZWUINHAITNARILARING N1TANBIRTGULT

o ‘3?: ¢§ { o v Qs a 4 v 1
ANFLSVTWATIN LIINTITINAAITLU LTI NUNANIINAR DI e lunI1uinluan1wnsot

a v lﬂl v Qq// = o [} tﬂl v
MINRaLFWlE lwNdaIn1Tb Arvazianzlunissiaasszuuiduitwls tNalwlalaseaing
ﬁlﬂé’Lﬁ'Wﬁ'ﬂNamsmamﬁomnﬁq@

LAZAINNANIINAAINITNTaIeatdwly luaauluiita 4.1 NHIBUILL WU
ImasﬁﬂwaoLé”ulﬂmiuﬁﬁmmwaaLz%”ulﬂmmaiﬂzyjazLﬁﬂgwgumuﬁﬂlﬁryﬁazl NNIAIIARAL
Tl3a9%8107170 7N 1@ a8 N13918 09T ULLTUNY LA1INABAINITHAATUNLIN L ATIFITILT
lowludianunu (porosity) lduandranuuiniin fsusfazdvwmavandulouandronu 49

= 1 g/ g 1 U v A = U a dl v A >
mnUmmmﬂmmuqum%uﬂmaaLLN%L&%MM”Iﬂ&LﬂMﬂ% \Wuleasd SVF Alnatfsanis
BuLad wnRasaauloNdamauananonis d, waz d, LEWleNIzaItazdulIananaIIny
f a & @ & o @ ' o o
PINAINNYIYINN G LAZNIANINUAVDILFW LU WA LI IULF WU WU BTAITUAIY BN

AAUANWNLHUIDITULINAK ZWUIN

d12/ d22 = nz/n1 (43)

nITaadlellSuusuLidaly SVF 10980952 UULYINNW Lag

Ad & A o a A o oA o @
lunstinritaflavwavaadwly d; = 100 wlwwas wWisuifsunuilaamevasaulowinny
50 WIlWlNAT TAWINTZULUINARINAMUAWILITITIUIU (FNANUTAL n,) = 0.6 ¥WIN
FLUUNFAITAM VAW UWLTITNWINLYINAD 2.4 ‘[mmﬁ”wﬁ'aaaaLﬂ‘%’ﬂmﬁﬂuﬁ'ﬂugﬂﬁ 4.68

' A A <& A o a = o A o
funyaingesny tWaamevasauly d, = 200 wlwwas wWisuifsunuilasmavasauly
WAL 100 WlNeT AXLAWINTEULLING DINAMNAWILBWLTITININ = 0.4 WINTLULNRD

FANNAWILUILTITNUINYINADY 1.6 Imda%“ﬂd‘ﬁ'aaauﬂ%‘mmﬁyuﬁ'ﬂugﬂﬁ 4.69

94



= e
: e N
(W, L

317 4.68 WSounaulategsend SVF winnuilaa udaiidudulavrwia 100 wilwueasn

AMARUILLYL 0.6 LLﬂZﬁ’]WD’J’]Lﬂ%L&%IU‘U%’]@] 50 u’]I%L&J@iﬁﬂ’)’]ﬁJ%u’]LLﬂ% 24

i |

AWy

L
-
-

i
(-

Eﬂﬁ 469 15punoulaTIgI9Ng SVF winnuiiadudiatduwdulauuia 200 wilwaasn
AMMNAWILIL 0.4 LA UUILTWLABLIUUIA 100 W LWAATNAMURIILLL 1.6

mﬂﬂ”\aaaagﬂauﬁﬂﬁa grataaninlatlSouneulasigsend  SVF WA
Imaa%”ﬁaﬁﬁlﬁulm‘lm@ndm:Lﬁ@gwgumm@lmyjndwﬁaal FAAARDINUNANIINARAINIINTAIN

ARTIENR

4.3.8 N13oaadtanlaln 3 N6

Namsmaaaqﬂﬁﬁmﬂumﬁ’mmﬁﬂﬂu 3 46 GfioLﬂumiﬁmmaaiagamau&u
lolu 2 46 TesRuduniivenduloudaziduluuny z 191 lde Tasdauudguinduloud
aué”mzagljﬁ@‘hl,mm Z UONENNH I@ﬂLﬁ%’Lﬂﬁ@mmﬁuﬁ%ﬁ'@ﬁ]:ag”lwﬁguﬁqaﬂ’h 9N
Tanummvastuduloiviuios g aadmnseaduly nanssaasszuvlu 3 96 uaas
"Li’lugﬂﬁ' 4.70 Touaafsn RN TwY8 9519w F Ul 1A UA N IR LW EIT I WA A AT DS

95



Aumneaadlu 2 96 iude anunwwiuiionlassrwinvesduludanunnanny (luls
1 a dla Y s o s aa L d' s 1 d‘yd 1
devSinasnnaniisaliiudmivszuy 3 46) Wulsndudredeidnianszasiwmeey
' { o £ ' XA
J2RIN9 0.55d-1.10d; lasf d; Aeawatauledefian 0.075d (las d luniildn 500 #wn
dasnmrwaidulowihny 150 wilwaas vuiunaniy 5x5 lulanaas) ngdazdiui
o @ 4 @ o o ' o @& =
Ta39a3190071 0 U590 oI NNITANNUVBILEW LN AL AW I ULARZIZAUT  G9luay
a [ =3 1 dQ/ v s v 1 1 v U
Wuassnasnunindwnziaule lasunaainussliuals analussvaslasiznadule
snwuzhazldanudugniu  (posrosity) vaslastaiimeandasiuszuulu 2 G@fanw
nnuiuaFulod g asnulunstlassase 2 461014 enaRsandudulaseadiainy

'
Aaa o

wiwan 9 Seanwduaug awdadulassasnelu 3 Tduuias

e

s ]

ANNUHRBLIEY =0.1

N R

R Pa——

ANMVURULIY =0.2

dl v aa v ni a s 1 a =}
Eﬂ‘ﬂ 4.70 LLBTGN]I@]NEI‘E’NI% 3 aJmJaoLauimwm@mmﬂ‘ﬂuummmmm [STINIIMFNI IR
ARUBUWAILG 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 Laz 0.8

96



ANNUKRB LY =0.3

AR LY =0.4

AMARUILUY =0.5
3U7 4.70 (da) uaealassainslu 3 SdvaadulofiionsaniLunuduIa sy 1Susauay
WL WAILE 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 uaz 0.8

97



ANUKRBILUY =0.6

ANMURBILUY =0.7

ANNUKRBILIY =0.8

3U7 4.70 (da) uaealassainslu 3 SdvaadulofiionsaniLuwudusasiy Susauay
WWLLWAILE 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 uaz 0.8

98



uUNn 5
ﬁj;ﬂwam‘s@i"\tﬁum%%ﬁ' )

A o aql/d (% % Ad Aana o & LR v
NWIERAnE LTI Ewlow lwnd e dudIIsnus  laglaansiigwlaw L
°uaa"luaauuazmswamwdwﬂuaauLLa:VLﬂI@lsmuLﬂ‘alﬁﬁm”a@ﬂumiﬂsaaagmmmxiﬂ‘sﬁu

g’ R U al a b‘d‘d a ] o A 1
Tuin  warlednwuswlow lurasnad MiawaanagasaNunsauKIiIaIwIaviaw luuad
& o A o v A & o P o ¥ dak A o \ >
ansuawan ldinavinluwnRLazttatdwlodn1 s TWWINaTr 1899 NdLRIITa98130
LAUNTZ UMD LATIRTIII TN U LLazmuq@ﬁﬂﬂﬁamsﬁﬂmmifﬁmaas:uuluaaaﬁauaz
suddidosdu Nafnmeaiiddneg Mfvidasiulanaie leud nanszanpvwiazesy

WIU TUIADITNTU LG 1 mioﬁﬂLﬁumuluﬁ'amwmuvlﬁwaagﬂ@”wiavl,ﬂﬁ
5.1 agﬂwamﬁa‘fﬂ

' =& A P v o
ﬁnﬂﬂ’mmaaﬂumul,wnmLﬁuLiadmimadagmmmﬂﬂmﬂ@sfl,mausl,ﬂmiu
U { v U J Qs
PpIIURAW 6 LAZIUAOW 6 W& LA LATI wwuimTazaenaNuniwgaiwlsznauny
= s a 1 v QI o Vo =\ a &/
mﬂwmimL@maﬂ'mvl,ﬂiwmulm"l,ﬁLwmzwﬂ%mmm%uwadmiazmsmmgwu Tatwa
A A & P ) o = v o A A 3
poIanunitangiiuazinaudsaudenunvawiavasdulodsazldidulonfawalngdu
X dAa o o A & oo, va A ' AL da
(WunAdudaaand) annidadenaliiamaznguilvng lusmennuidizesgniuazaaas
widnlunrmeaassulondnisnsylalaouuinid 2% vadsinnnlunaa 6 9ziANRHA
[ a 1 U =1 J ‘ll o v v { = 1
gaga winnmafenguidulovmnaidnduwignguisiildidulouszamaznguiiidnasni
Uné Mifanwaf lalunmsnagaunisnIasignesadtmaialulsnnass1sniad 5 Jadaas
n:ioz a 1 a = 1 tﬂ. o a = n:i
LazNaaINITne 8 hulasaasdaduif wuin mam"lﬂnsaaagmﬂwaaavlmu YUIAUT LN
A9 fa 410 wiluwas 200 wiluwas uaz90 wiluiwas Addsz@nTniwginenaz
FNTANTRIE TR LANIRNA LaIRsuAUN1INTaIMuRT luaawTRadII 9 LaznIzans
ngafinvad ldifBIuAu9EIL udnHaMINAsaszauna laieumanadalaiumluama
Lﬁﬂﬁg@ (90 w1luiNas) a:Lﬁ@ﬂ’lﬁumjmwﬁ‘uashwmuuu FevinlknaniInsasvesin
v 1 =) a &/ 4 Qs
TuaaunuLaznIza19¥nNIaIzrINIIONT0I laa 19l YTz ANTAIWNINT Y Ll atNgUAUNIINTAY
aumanadslasusmanlnanit adelsndluniansasldsn BSA sunannmudulala
1 c; a a wdn‘ &, dl = Q £
g1ad lazaunInTsndUsansawluninsadlaadedn watnaunurdulauwlulaan 6
wuun lalaidanlalaomn

99



' A =& A o A
ANNNINAFI L EIUNRITILT WIS N1TATINA LT WUUDIFNT Lo L lwIN A
LOANDTDA LAULAWIENAR RALAANETAANLANKNILINIGILAY oW U8 IAIT LAY WUIINNT
L5 A % 6 o [ a A 6 [ a A al o J Aa
wwmmawwmaﬁﬂmm@ﬂaﬂmzmmaumumimmemm:awmzmmmugﬂlmm
% a a 6= A ] 6 dld % > A
Qmmwnuiwa"lfmaLLaaﬂaaaaﬂﬂaﬂauﬂumiuaummiﬂsuﬂgamsmzmﬂm 13489217
lﬁwamaa@hmmﬁmmuﬁ@‘hLm:ﬁmmvlﬂumsgm"’uﬁﬁndﬁmwﬁLﬁuﬁu‘ju NILNGT B
] o Ad [ 1 6 d'l a s a a' &/ =1
LWNNEINTNNIINTZNLA) LAzVIaw I IuaTUaN LazldalfuaITaLAUINNIUDY 8% FINITDAS
AANAIUNIW NN T I FW LW L b ez WUIINTUSURAWAIENTE L ANz T8 IR AN
AW aaasauuw liNaasnsRNUSu e sanay laiduasned tatinlaseainely
7970 1038289 o L lWINALEAN AN ANNLTNTH 1-8 ppm  WUTY A1ANNATUNY
"wawaqLéfuslﬂmiunﬂmﬁ@LLam@hmm@TﬂumuﬁamﬁnmL%aLé”umuﬁammm”wﬁmaov[a
a X £ o o ' § ° o §
TLLRULA N smLﬁuqmaﬂwmmadmmsﬁafmwmvlasxmzl LANITNITULEW LN NN
1 a a 6 ] 6 aid s s J 094' =
iz%awalwavlauaLLaanaaaaLLa:ﬂauﬂumsuaummsﬂsuﬂgamsmzmummmugﬂuuu
ﬁmﬁ@iaui’mgaLﬁaamnﬁm"uawiauﬂuﬂﬁuauﬁfuﬁﬁmﬁLLwaﬁﬂﬁmmﬂsjmm:aﬂu
a a A U dl g ci o a a v é/d 1
Iumswamsluq@m%mimm FaLFwleNaazauninz N Inaalwinuidoiae Watsi
o nid a s d'l 2 mci U Qs U Ad g a 1
dndnsdsudyimInizaneds Luaamﬂlﬁqmawmmmﬂﬂmaulummsmmmﬁumm
Iuﬂﬁuauﬁﬁmsﬂ%’uﬂganﬁm:ﬁ]’mﬁ's waazlwdrnnudwnInvasdulanazauhlunng
[ dlal a a ni U 1 2 aid >3 a 1 6 dl 1 U o %
QmuwwﬂsmmmwmaUm%aﬂmwmimL(ﬂmflwnauﬂumiuauﬂvl,u"l,@mumiﬂsu

FANWRILENTIDY

ANWANINANBINIFBITIUITAUHAVBIRUAIITITWUS L szyndlgding g i

ldurt Tunnnsaseymanu snevesdulsvwadnndnnglunguresdulosmalngdous
v ~ =) &/ U, qq: =) 1 1

I%mimaaagmmmmaﬂﬁo 90 wilutuasinadulad annin1sianlalaousinadanin
LfluﬂizfgmnmamﬁuhlumwﬁLmuw‘iﬂﬁg@sﬁ'ﬂﬂsﬁuvmﬁﬂ'j’]Lﬁulyvluaau 6 LALNIDEN
LAEY NWAITITANUTOWLAAIINAITNENNIL NG INI o a w1 I 0IAISUARAUNAR 1Tl

6 2 ) v s a ydxg % [ a 094' I3 = xﬁ
waanagasudirildagniaasadunizaslddiudronsdsuaniwianu Aidudnnis

o

Qs 1 qqu' a = s o & dld&, a nﬂ' n:i o
dratzains liAuidaud@nisinlnvnnaas lasifian1sgenlosaseyniafish
Y Ll & X a & o £ o o [ ' ' A
T anInwaanazthan s luvasLguwley auﬂmaai’mLaulyuﬁiu@oﬂaﬂamﬁaLﬂ@gw;m
v = a L U 1 o [ g =) e & 1
mululassainduiinannisaniudauuuuguduniuuinia38970 Fawndniinng
nizgrwavasnInkand il tiasnnidulanairenldldanne (non-woven) uaneng
o £ a o ° o R v & A a {
nndInTad luaaudaiaannainna iz uiaves g uriniunInue aanuiuiafn
< 2 A A ' o = A & A aa o eda
paanadlunIntasinaniaindsdzngudiingnuandranuluiaadowduiui T swusng

L a J Q o L U v
ﬂﬂHm&ﬂ’]im@]EWE%%%ﬂUﬁ]’]%’J%ﬂ’TN}ﬂY}U% [l Lmﬂﬂ BRSTWIALLRSNIINIZINL YW IAVBILR W

ey

100



ludauq@ﬁwUﬁaLﬁumif{haaamﬁ?@mﬁ'waoLé“uluuﬂquuLLNuiaaﬁ'u LNANANTOAN
@ Aa &£ A a o = o a o o
aﬂ‘um:maogwg‘wnm@mumaumsﬂsmﬂaﬂumm@maaLau’LmLazﬂsmmmmﬂwwaoLaufl,sl
Tulasa3980906 3NNITIIRDITWULIT AINVWIAVAILFW LT NITNIZINLVWIALANGIIN
ADNILAVUAZAIN LANUVWIALRR LN ﬁ]:ﬁﬂﬁé’@muﬁuﬁ@ﬂﬁwaaagl,mﬂ‘lﬂé“l,ﬁmﬁ'u &9

A A A A = & ! wa a
NLLANANINABDNIINITSIN &I“]Ju’m“llBGEWEumﬂaauvLﬂﬂN“lluﬂﬂ LNUINUYY ]S Nﬂl%&lﬂ’]iLﬂ@gWﬁ;u

= =3

A a X o A ~ o o A ~
AdVWIALANAININEITWeN Mare waztdatlfuwn1snszanavwiavadtdwlalwiafawn b
o o = & A o A o N & o °
nauniawlorwaianuindu nialiiafawlunisaruwawalnauindu Iinaluinues

A R A d'l U =} |§ ) Lo ai ~ aa v a
LABIN ﬂamaLauslymm@lmymm:mlmwmugwgu‘ﬂmuluaawmawuaaaa LRZHUUI
P = ' = a ~ A v oA = A o ' AA a
PoIWIUIVUMALANAS 2819 I AeNNNISIUINEUN LTSI TS s A UG 8 N INHUS I T
o = e A oA o = X ° o ' a VY
gasaupaIudayinn Svazwuindaiuloduwialugdwazvildtosinefvwmalnadudas
) o o 4 o ° < '
FIRDAAFDINUNIINARNDY LA I UL UAWIAVAINITNARDINUNNTTIRDITZULILLH TN
NNIFRAIRINNTIDETLEW LU L LA aut g I naLA LN LA NLTWASIL T a NN T D ITWIAVD I
INTULAZNINTTLUUAVDITHIU nIsaasrzuululasiaine 3 46 09lirNu1InIRL WL
a [ 4 @ o a @ = .. . A ' o ' &
28993416 1lasnmIanrivgaiaaniawlouds (rigid fiver) T9azlifinnssaallundazou

> = 1 v & v ai [ 1 ci
229mMIANYIY adanaliiAulasiainllss (@nudugwiuinn) nimesandu

5.2 VDLEWDUBEEIRIUVIINIV L an1a6
) a a A & a aa o ¢
5.2.1 lugrmnisnaaauilszansannisnsas TulSasNwi1IIsNUS

Ai a 1 1 aa o fdl a &’ U
1. 1ih9andSunmvadlalamussnadannuduidswusniiadululaseaing
o o & = a a A & A &
Wulow e aatuatdnen1siaulalaanwlunlSuimnunds tWad@nEINaTaba Laawls
'y %] d' et v 1 = v AI ‘&’
mumsgmummmmmg@sﬁu"l,@ L LA TATaIaniadn
2. 919TNARAUNIINTDINILANANNLT VT WAIO UUDIRITNITAINLANGAIIN U
4 o ' v o & o | A & ' ' '
Lﬁ'aaaLﬂ@g’nmﬂﬁm’mmmum@mlumimaaﬁmwu%%aa@aw:mwaama"l,ma
Uz ANTNIWNIINTDY WaNINHD1LNAaaIlTULL RuuaurnwIvadtdwlaniun g lunig

nyadNaRINaDIUTEANT AW Aeiw 1)

[ H ‘s a aa > 4
5.2.2 1%5’1%ﬂ’1‘5ﬂﬂﬁﬂﬂﬂ’]i@li')ﬁ]']ﬂlﬂ‘i&'ﬁEl 1%38\‘]‘?‘1%3!')'3')57‘%5

° [ % o a a e A & A =S
1. ﬂ’)i‘ﬂ']l%ﬂ’]iﬂi:‘ﬂ’]El@]’]‘llﬂdﬂ’]‘i@l’]L@INI%WQGL&IQ‘E@UG%% LWBEN I

Usngnant percolation danisaadimsin wnaaguly

101



=2 ' v o L ' a a ‘3/ A [l
2. ?Iﬂ‘]:l”]gﬂiﬂd“llE]\‘]Lﬁulﬂﬁﬂx‘m’]ﬁ@@qiﬂvl,ﬂizl,% gItNaNIILIN mmuma"lu
%ﬁlﬂ"ﬂﬁﬂﬂﬁiﬂﬂeﬁhi@ Uﬁwvh.l'ﬂ@aauﬁ'unﬁaaﬁ;amiﬂﬁﬁlﬁﬂmauuuuﬁia\‘mﬁ@ Lﬁla"ﬂz@'ﬁ%ﬁ@

r=| A 1
NMILRYEAWRID L3
[ o U a 6
5.2.3 Tuaun1sdnansszuidanlalaanasunianas

=< A ~ o o @ A o A
1. ﬂﬂmmimaaumaaakl,mﬂluimmﬁuaulwﬂu AWLNANNLEW NG
mumLLazmiLm:ﬁmaaagmﬂlﬂmaa%ammlu I@ﬂﬁmsmﬁagmﬂﬁ@hwm@ﬁazl LN D
ﬁﬂmmsq@@l‘”maﬂmaa%“w
= g o o A o
2. dnuiainuaatauinialnlassasradulouile tWaiuiU eI
U3eANTAIWANTNTIaULALILHaINUNANTUAILAAN LWi’]zEWi;uﬁ@iaL‘ﬁa\‘iLLGiﬂ@Lﬁ&I’JLLﬂzﬁ

“Uu’]@]“llax‘iLﬁuﬂ'ﬁﬂ'ﬁv[,%ﬂﬁu@m@hdﬁ’u

102



UITRIRNIN
ﬂ'l‘isl"le‘YIEl

AT 19AAY UazAmhe. (2553). m‘sm%‘smLﬁﬂugﬂiwé’ﬂwmxua:qmauﬂﬁmﬂwm
szanadwlownluned hilaueanagaalGunitaing Lﬂlﬂjﬂﬁﬂﬁﬁﬂ’]iﬁ’llﬁﬂiz"ﬂ’lEla‘qu’]ﬂ 15}
rawrluansuon. InodnnwiUTyoramdmia,  URIANIRUTITNAEAT, A

SAINTINANRAS, NMAITIAINTINAL, &IV IUNALUIATNITIANITNAIINUULAZRILIAA D
AMBDING 1

Alargova, R.G., Petkov, J.T., Denkov, N.D., Petsev, D.N., Ivanov, |.B. Modification of
Ultrafiltration Membranes by Deposition of Colloid Particles. Colloids and Surfaces A
134 (1998) 331-342

Aussawasathien D., Teerawattananon C., Vongachariya. Separation of micron to sub-

micron particles from water: Electrospun nylon-6 nanofibrous membranes as pre-
filters, Journal of Membrane Science 315 (2008) 11-19

Barhate R.S., Loong C.K., Ramakrishna S., Preparation and characterization of nanofibrous
filtering media. Journal of Membrane Science 283, (2006) 209-218.

Barhate, R.S., Ramakrishna, S. Nanofibrius Filtering Media: Filtration Problems and
Solutions from Tiny Materials, Journal of Membrane Science 296 (2007) 1-8

Biswas P., Wu C.Y., Critical review: nanoparticles and the environment. Journal of the Air
and Waste Management Association 55 (2005) 708-746

Bower, C., Kleinhammes, A., Wu, Y., Zhou, O. Intercalation and partial exfoliation of single-
walled carbon nanotubes by nitric acid. Chem Phys Lett 288 (1998) 481-486

Chuangchote, S., Sirivat, A. and Supaphol, P. Mechanical and electrorheological properties
of electrospun poly(vinyl alcohol) nanofibore mats filled with carbon black
nanoparticles. Natotechnology (2007) 18

Ding, B. Wang, M., Yu, J., Sun, G. Gas Sensors Based on Electrospun Nanofibers.
Sensors 9 (2009) 1609-1624

Danwanichakul, P., Glandt, E.D. Percolation and jamming in structures built through
sequential deposition of particles. Journal of Colloid and Interface Science 283
(2005) 41-48

103



Danwanichakul P, Dechojarassri D, Werathirachot R. An Approximate Model Describing
Electrospinning of Nanofibers: Process Parameter Investigation. International
Journal of Electrospun Nanofibers and Applications; 2008; 2(2):103-114

Dong, W., Zhang, T., McDonald, M., Padilla, C., Epstein J., Tian, Z.R. Biocompatible
Nanofiber Scaffolds on Metal for Coltrolled Release and Cell Colonization,
Nanonedicine: Nanotechnology, Biology, and Medicine 2 (2006) 248-252

Desai, K., Kit, K., Li, J., Michael, D.P., Zivanovic, S., Meyer, H. Nanofibrous chitosan non-
wovens for filtration applications. Polymer 50 (2009) 3661-3669.

Eichhorn, S.J., Sampson, W.W. Statistical Geometry of Pores and Statistics of Porous
Nanofibrous Assmblies. Journal of the Royal Society Interface 2 (2005) 309-318

Gibson, P., Schreuder-Gibson, H., Rivin, D. Transport Properties of Porous Membranes
Based on Electrospun Nanofibers, Colloids and Surfaces A. 187-188 (2001) 469-
481

Hajra, M.G., Mehta, K., Chase, G.G. Effects of humidity, temperature and nanofibers on
drop coalescence in glass fiber media. Separation and Purification Technology 30
(2003) 79-88

Ham-Pichavant, F., Sebe, G., Pardon, P., Coma, V. Fat resistance properties of chitosan-
based paper packaging for food applications. Carbohydrate Polymer 61 (2005) 259-
265

Hsieh, C., Chen, W. Gaseous Adsorption of Carbon Tetrachloride onto Carbon Nanofiber
Arrays Prepared by Template-Assisted Synthesis. Diamond & Related Materials 16
(2007) 1945-1949

Huang, Z.M., Zhang, Y.Z., Kotaki, M., Ramakrishna, S. A review on polymer nanofibers by
electrospinning and their applications in nanocomposites. Composite Science and
Technology 63 (2003) 2223—-2253

Kim, S.K. Chitin, Chitosan, Oligosaccharides and Their Derivatives; Biological Activities and
Applications. USA. CRC Press (2011)

Li, D., Sun, G. Coloration of textiles with self-dispersible carbon black nanoparticles. Dyes
and Pigment 72 (2007) 144-149

Li, D., Xia, Y.N. Electrospinning of nanofibers: reinventing the wheel? Advanced Materials

16 (2004) 1151-1170

104



Luheng, W. Tianhuai, D. Peng, W. Influence of carbon black concentration on
piezoresistivity for carbon-black-filled silicone rubber composite Carbon 47 (2009)
3151-3157

Matsumoto, H., Yako, H., Minagawa, M., Tanioka, A. Characterization of Chitosan
Nanofiber Fabric by Electrospray Deposition: Electrokinetic and Adsorption
Behavior. Journal of Colloid and Interface Science 310 (2007) 678-681

Maze, B., Tafreshi, V., Wang, Q., Pourdeyhimi, B. A Simulation of Unsteady-State Filtration
via Nanofiber Media at Reduced Operating Pressures. Aerosol Science 38 (2007)
550-571

Ng, K.W., Khor, H.L., Hutmacher, D.W. In vitro characterization of natural and synthetic
dermal matrices cultured with human dermal fibroblasts. Biomaterials 25 (2004)
2807-2818

Park, H., Park, Y.O., Filtration Properties of Electrospun Ultrafine Fiber Webs, Korean J.
Chem. Eng. 22 (2005) 165-172

Poirier, N., Derenne, S., Rouzaud, J.N., Largeau, C., Mariotti, A., Balesdent, J., Maquet, J.
Chemical structure and sources of the macromolecular, resistant, organic fraction
isolated from a forest soil (Lacadee, south-west France). Org Geochem 31 (2000)
813-827

Ramakrishna, S., Fujihara, K., Teo, W.E., Lim, T.C., Ma, Z., An Introduction to
Electrospinning and Nanofibers. Singapore. World Scientific (2005)

Reisner, A.H. et al.,, The use of Coomassie Brilliant Blue G-250 perchloric acid solution for
staining in electrophoresis and isoelectric focusing on polyacrylamide gels. Anal
Biochem 64 (1975) 509-516

Rhazi, M., Desbrieres, J., Tolaimate, A., Rinaudo, M., Vottero, P., Alagui, A., Meray, M.E.
Influence of the nature of the metal ions on the complexation with chitosan.
European Polymer Journal 38 (2002) 1523-1530

Rutledge, G. C., Fridrikh, S. V. Formation of Fiber by Electrospinning. Advanced Drug
Delivery Review 59 (2007) 1384-1391

Sang, Y., Gu, Q., Sun, T., Li, F., Liang, C. Filtration by a Novel Nanofiber Membrane and
Alumina Adsorption to Remove Copper (Il) from Groundwater. Journal of Hazardous
Materials 153 (2008) 860-866

Sedmak, J.J., Grossberg, S.E. A rapid, sensitive and versatile assay for protein using

Coomassie Brilliant Blue G-250. Anal Biochem. 79 (1977) 544-552

105



Shin, C., Chase, G.G., Reneker, D.H. Recycled expanded polystyrene nanofibers applied in
filter media. Colloids and Surfaces A-Physicochemical and Engineering Aspects,
262 (2005) 211-215

Wang, J., Kim, S.C., Pui, D.Y.H. Investigation of the Figure of Merit for Filters with a Single
Nanofiber Layer on a Substrate. Aerosol Science 39 (2008) 323-334

Ye, P., Xu, Z., Wu, J., Innocent, C., Seta, P. Nanofibrous Poly(acrylonitrile-co-maleic acid)
Mmebranes Functionalized with Gelatin and Chitosan for Lipase Immobilization.
Biomaterials 27 (2006) 4169-4176

Yun, K.M., Hogan Jr. C. J., Matsubayashi, Y., Kawabe, M., Iskandar, F., Okuyama, K.,
Nanoparticle Filtration by Electrospun Polymer Fibers. Chemical Engineering
Science 62 (2007) 4751-4759

Zhang, H., Li, S., Christopher, J.B.W., Ning, X., Nie, H., Zhua, L., (2009). Studies on
electrospun nylon-6/chitosan complex nanofiber interactions. Electrochimica Acta
54 (2009) 5739-5745

Zhang, S., Shim, W.S., Kim, J. Design of ultra-fine nonwovens via electrospinning of Nylon
6: Spinning parameters and filtration efficiency. Materials and Design 30 (2009)

3659-3666

L'J‘iJI’li(ﬁi(

http://chemistry.about.com/od/factsstructures/ig/Chemical-Structures---P/Polycaprolactam---

Nylon-6.htm
www.koppers.com.au/images/UserUploadedimages/102/Carbon Black Morphology.jpg

http://jnm.snmjournals.org/cgi/content/full/48/7/1039/FIG1

106



% K‘:. U a o
NRANST LAsUINlATINITIVY
Reprint L8z Manuscript °11amanmsmd’lﬁaglumﬂmmﬂ

uﬂmwﬁ,’lLaua‘l%ﬁﬂsmguamn'ﬁﬁﬁﬁm'mmsﬂswqad

Panu Danwanichakul, Duangkamol Danwanichakul, “Computer Simulations of
Nanofibrous Structures: The Effect of Polydispersity of Fiber Sizes on the Pore
Sizes”, TIChE International Conference 2011, 10-11 November 2011, Hatyai,
Songkhla, THAILAND

Panu Danwanichakul, Duangkamol Danwanichakul, Natthapong Sueviriyapan,
Bumrungpol Sumruan, “Nylon 6/Chitosan Nanofibrous Structures for Filtration”,1st
Mae Fah Luang University International Conference 2012: Future Challenges
towards ASEAN Integration, 29 November — 1 December 2012, Mae Fah Luang
University, Chiang Rai, THAILAND

Panu Danwanichakul, Sillawan Aschakulporn, Totsapon Pattarapongdilok,
"Electrospun Carbon-filled Poly(vinyl Alcohol) Nanofibers for Gas Sensing", ICCET
2013: International Conference on Chemical Engineering and Technology 30-31

May 2013, Tokyo, JAPAN

A1 Aa A aa &
UNAIMNNAININITWIUNDANNN

1.

Panu Danwanichakul, Duangkamol Danwanichakul, Natthapong Sueviriyapan,
Bumrungpol Sumruan, “Nylon-6 and nylon-6/chitosan nanofibrous structures for
liquid phase filtration,” Separation and Purification Technolgy (manuscript under
review)

Panu Danwanichakul, Sillawan Aschakulporn, Totsapon Pattarapongdilok, “The
Reduction of Electrical Resistivity of Poly(vinyl alcohol) Nanofibers by Filling with
Acid-Treated-Carbon Fillers” ( To be submitted to Nanotechnology)

Panu Danwanichakul, Duangkamol Danwanichakul, “Two-Dimensional Simulation of
Electrospun Nanofibrous Structures: Connection of Experimental and Simulated

Results,” Journal of Chemistry (Manuscript under review)

107



ANANWIN

108



TIChE International Conference 2011
November 10— 11, 2011 at Hatyai, Songkhla THAILAND
Paper Code: pc020

Computer Simulations of Nanofibrous Structures: The Effect of
Polydispersity of Fiber sizes on the Pore Sizes
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Abstract — This research aims to simulate the deposition of nanofibers on a surface of a collector. The
production of the nanofibers is {rom electrospinning technique which is easy to operate and it is well-
studied by various research groups. Since the nanofibrous structures contain many tiny pores with size
ranging from nanoscale to microscale, it is of interest to utilize such structures for processes involving
surface activity. These include catalysis, drug release, sensing, and filtration. Among which, the filtration
has long been applied commercially. In the simulation methods, the 2- dimensional connected structures
of nanofibers will be constructed by assuming a nanofiber as an ellipse with an aspect ratio of 100 via
Monte Carlo algorithm. Importantly, the size of nanofiber is assumed polvdisperse during the deposition
process unlike other theoretical works. This was studied as a factor influencing the average size and size
distribution of pores. The configurations generated via the simulations resembled the real structures of
nanofibers with polydisperse diameters. The statistics showed that the variation of size polydisperse
around the same average value does not make any different to the coverage of fibers deposited on the
surface but show differences in porous areas for the systems at low fiber density. In addition, the pore
size distribution was found different for all samples of size variations. Interestingly, the one with smaller
particles could produce the nanostructures with smaller pore size which is basically important in
nanoscale properties.

Keyword: nanofiber, porous membrane, fiber diameter, polydispersity, pore size, simulation
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Electrospun Carbon-Filled Poly(vinyl alcohol)
Nanofibers for Gas Sensing

Panu Danwanichakul, Sillawan Aschakulporn, and Totsapon Pattarapongdilok

Abstract—A family of poly(vilnyl alcohol) (PVA) nanofibers
filled with carbon black particles and carbon nanotubes were
investigated for their electrical properties. Carbon fillers were found
to decrease the resistivity of the fiber mats linearly when detecting
IPA vapor whose concentration increased from 1 to 8 ppm,
confirming the possibility to be used as a gas sensor. Surface
treatment with nitric acid could decrease the filler aggregate size and
disperse the fillers more uniformly in the fibers, thereby, reducing the
resistivity. The self-dispersible carbon black (SDCB) particles could
decrease the resistivity of the PV A nanofibers better than untreated
carbon nanotubes (CNT). Both SDCB and SDCNT samples could
maintain the resistivity when the temperature increased, wlile the
resistivity of CB and CNT samples decreased with temperature. In
addition, the resistivity decreased along the dynamic increase in
moisture content at 45°C. However, the presence of IPA could still
be detected together with moisture.

Keywords—Carbon  Black,
Poly(vinyl alcohol).

Carbon  Nanotube, Nanofiber,

I, INTRODUCTION

HE electrospinning  technique has been investigated
extensively in order to understand all parameters
governing the morphology of the obtained nanofibers [1].
Due to its large surface area to volume ratio, the nanofibrous
structure could be used in many applications related to surface
activity of the fibers. For example, in catalysis lots of pores in
nanofibrous structures yield higher rate of adsorption of
reactants and higher reactivity due to a large number of active
sites. In biomedical engineering, the nanostructures have been
applied for drug release and promoting cell growth, each of
which process needs large surface area to increase its rate and
process contimuty. Besides, gas sensing applications have
also been studied since the initial steps of sensing. which are
diffusion and adsorption of gas molecules into the material of
fibers, required a large interfacial area between solid and
liquid or gas phase. Such application is the focus of this
research,

Polymers usually applied in electrospinning process
should be easily fabricated from their solutions or melts.
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Poly(vinyl alcohol) (PVA) is one of the most used m film
forming or fiber fabrication. Therefore, it has been used in all
applications mentioned so far as a polymer matrix of
nanofibers. The composite of PVA and other materials, which
are also polymers or particulate fillers to enhance specific
properties of the fibers, has been widely experimented The
mechanical properties of PVA nanofibers were enhanced by
adding carbon black particles in the fibers [2]. As expected,
carbon black, which has been used as reinforcing filler in
rubber tyre industries for a long time, could increase fensile
strength of the nanofibers as the filler loading increased from
1 to 10%wt of PVA content. Multi-walled carbon nanotubes
(MWCNT) were also reported to improve tensile strength of
PVA fibers [3] since it could nucleate crystallization of PVA
in the composite nanofibers, The composite nanofibers mats
were later crosslinked with glutaraldehyde to improve its
mechanical strength as a post-treatment.

Those carbon-filled PVA nanofibers were of interest for
their mechanical properties. However. carbon nanotubes
(CNT) were also well known for their electrical conduetivity.
Recently, the composite of PVA and CNT was prepared and
studied as conductive nanofibers [4]. In that work, CNTs
were dispersed homogeneously in N-methyl-2-pyrrolidone
and mixed with PVA solution. It was found that the
conductivity could increase upon increasing the CNT loading.
Since gas sensing application is closely related to the electrical
conductivity of the materials. the improvement of conductivity
of PVA nanofibers by incorporating carbon nanotubes have
attracted many research groups, one of which blended PVA,
polyanline and CNT together and electrospun the fibers m
order to make a CO sensor and their product could detect CO
in the range of 100-500 ppm [5].

The success of conductivity or mechameal properties
improvement of PVA nanofibers not only lies in filling the
fibers with conductive carbon particles but it also depends on
how well the fillers are dispersed mside nanofibers,
Ultrasound was applied to suspensions four times before
electrospinning the PVA solution blended with carbon black
particles [3]. DBang et al. [6] have currently treated the
MWOCNT with acids by varying the pH of the solution and
they found that a lower pH gave smaller fiber diameter,
thereby, increasing mechanical properties. i and Sun [7]
have applied the method of acid treatment before to carbon
black particles in order to disperse them more homogeneously
in suspension as a black dye in coloration of cotton fibers.

In this work, the nitric acid treatment [7] was adopted in
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of dispersion of carbon black particles is maximally enhanced.
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Abstract

The nanoporous structures of electrospun nylon-6 and nylon-6/chitosan were investigated
to be used as filter media. Nylon-6 nanofibers were fabricated from the solutions with
concentrations of 30 and 35% wt/v while the blends were from 30% wt/v nylon-6 with
chitosan contents of 1, 1.5 and 2% of nylon-6 content. The results showed that the
solution with higher viscosity yielded structures with larger fiber diameters and larger
pores. However, the blend solutions yielded bimodal size distribution of ultrafine fibers
among large ones, resulting in smaller average fiber and pore sizes. The pore sizes
determined from the SEM figures were consistent with those calculated from Hagen-
Poiseuille equation. In addition, the iodine adsorption increased as the pore size
decreased, implying an increase in total pore surface. In the filtration test, the flow rate of
200 ppm suspension of polystyrene particles (400, 200 and 90 nm) was adjusted to 8
um/s and the nanofibrous filters with the thickness of 0.1+£0.02 mm were used. The
results showed complete removals of polystyrene particles when using nanofibrous filters.
These were compared with the filter paper and commercial nylon fabric with No. 80/55
and No. 150/35, which showed much lower performance. In addition, the nanostructures
could also adsorb BSA up to 53% from 10 ppm BSA solution.

Keywords: filtration, chitosan, nylon-6, nanofiber, particle
1. Introduction

Nowadays, the electrospinning method has become a popular method for producing fibers
with diameters in the range of few microns and submicron in laboratory. It was invented
in 1934 to produce polymer filaments by using electrostatic force. When the electric field
was applied to the polymer solution, the charged liquid jet will be pulled out of the
capillary tip. The jet with small diameter will undergo stretching and bending instability.
After the solvent rapidly evaporates, the fibers will be left solidified on a collector. Many
researchers were successful to produce nanofibers via electrospinning technique (For
example, Huang et al. 2003; Li and Xia 2004). Since the structures contain small fibers
as well as small pores, there are many applications regarding high surface area to volume
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ratio of the nanofibrous structures. These include drug releases, wound dressing, vapor
gas sensing, catalysis, and filtration, on which the latter application is focused in this
work.

The efficiency of nanofibrous structures as filter media were studied by many research
groups. For instance, polyvinylidene fluoride nanofibers were electrospun in to
membranes and investigated for membrane separation of polystyrene particles of 1, 5 and
10 micrometers in liquid phase. With thickness of 0.3 mm and pore size ranging from 4
to 10 micrometers, the membrane could reject 90% of particles (Gopal, 2006). Another
group produced electrospun polyacrylonitrile nanofibers and applied as a midlayer
support in membrane for ultrafiltration to remove MgSQO, particles in water (Yoon, 2009).

One of the polymers usually used as filter cloth is nylon. Therefore, the electrospun
nylon-6 nanofibrous structures could certainly be employed as a membrane material for
water filtration because they have high chemical and thermal resistance as well as
wettability. In a study of separation of polystyrene particles in water whose sizes were
varied to be 0.5, 1000, 6000 and 10000 micrometers by using nylon nanofibrous
membrane with thickness ranging from 0.15 to 0.6 mm and with the feed concentrations
of particles from 62.5 to 250 ppm, the separation factor could be up to 85 to 100%
dependent on the particle size (Aussawasathien et al. 2008).  In addition, nylon-6
nanofibrous membranes were also employed to remove aerosol, where the Peclet number
and slip flow phenomena were investigated along with the filtration efficiency (Hung et
al, 2011).

Another material that has interested many groups is chitosan, which is a biopolymer
having a wide range of applications. It is derived from chitin by removing the N-acetyl
group on the copolymer consisting of B-(1—4)-2-acetamido-2-deoxy-D-glucopyranose
and B-(1—4)-2-amino-2-deoxy-D-glucopyranose units. Due to its excellent properties
including biocompatibility, biodegradability, and antibacterial activity, chitosan has been
extensively found beneficial in many biomedical applications such as scaffolds and tissue
engineering (Huang et al., 2005; Jiang et al., 2006), and wound dressings to prevent fatal
infections (Burkatovskaya et al., 2006). High-molecular-weighted chitosan can be
dissolved only in an acidic condition, and it is barely soluble at pH above 6.5. Geng et al.
(2005) were able to electrospin chitosan nanofibers from acetic acid solution while other
groups attempted to blend chitosan with other electrospinnable polymers such as
poly(vinyl alcohol) (Chuachamsai et al., 2008), poly(ethylene oxide) (Desai et al., 2009)
and nylon-6.

It was reported by Nirmala et al. (2011) that nylon-6/chitosan composite nanofibers could
be electrospun from a formic acid solution and the structures contained fibers with
ultrafine web. They applied this structure for biomedical applications. However, the
ultrafine fibers could be very useful in filtration as well and this has not been investigated
before. Therefore, in this work, the nanofibrous structures of this polymer blend was
mainly studied for the filtration of colloidal particles from water phase which should be
physically attributable to the relative sizes of particles and pores. In addition, the
chemical effect of blending chitosan was also reported for the adsorptive behavior of the
membrane in capturing bovine serum albumin (BSA) in water. The detail of our
investigation was focused on the relation of fiber size and pore size of the structures with
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the filtration efficiency. Therefore, we applied Hagen-Poiseuille equation to determine
the pore size and applied iodine number measurement in order to investigate the
adsorptive surface area of these structures.

2. Material and Methods
2.1 Materials

High-molecular-weighted chitosan (%Degree of Deacetylation of 98.6) was obtained
from A.N. Lab Aquatic Nutrition, Thailand. Nylon-6 and bovine serum albumin (BSA)
were purchased from Sigma-Aldrich Co. LLC. Formic acid was supplied by Ajax
Finechem Pty Ltd. The suspensions of polystyrene particles with average particle sizes of
90 nm (50-100 nm), 200 nm (200-300 nm) and 410 nm (400-600 nm) were purchased
from Spherotech, Inc. All chemicals were of analytical grade and used without further
purification. Commercial nylon fabric of No. 80/55 and No. 150/35 were purchased from
Synthetech Co., Ltd.

2.2 Spinning solution preparation

Nylon-6 was dissolved in 10 ml of 90%wt formic acid to obtain the spinning solutions
with concentrations of 30 and 35 %wt/vol, namely N6 30 and N6 35, respectively. Since
chitosan used in our experiments were of high molecular weight, so the addition of
chitosan to nylon-6 was limited by the solution viscosity. Chitosan was added in nylon-6
solution at various amounts which are 1%, 1.5% and 2% of nylon-6 content to get the
weight ratios of nylon-6 to chitosan of 100:1, 100:1.5 and 50:1 so they were called N6/CS
30/1, N6/CS 30/1.5 and N6/CS 30/2, respectively. Each mixture was blended with a
magnetic stirrer at room temperature for 2-4 hr until the solution was homogeneous.

2.3 Electrospinning of nanofibers

The spinning solution was poured into a 2 ml syringe with a needle with a diameter of 0.8
mm and a length of 4.2 cm. The high voltage power supply (Glassman PS/MJ30P0O400)
was connected to the end of the needle by a stainless steel electrode. Another electrode
was connected to the stationary collector covered with 3.5 X 3.5 cm? copper plate. The
electrospinning voltage was set at 21 kV and the distance between the needle tip and the
collector was held constant at 9 cm. The spinning time was about 1.5-3 hr in order to
obtain the nanofiber mats with 0.1+0.02 mm in thickness.

2.4 Determination of kinematic viscosity
The kinematic viscosities of nylon-6 and nylon-6/chitosan solutions were determined by
using Cannon-Fenske (Reverse Flow) viscometer from Cole Parmer at 40°C. The

viscometer of size 400 (U853) was applied for nylon-6 solutions while that of size 450
(E641) was applied for nylon-6/chitosan solutions.
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2.5 Morphology of nanofibers

The morphology of nanofibers was observed with scanning electron microscope (SEM)
(JEOL JSM-6310F) after coating by a gold sputtering coater for 100 seconds. Each SEM
figure was analyzed for the average fiber size as well as the apparent average pore size of
the structure.

2.6 The average pore size determination by Hagen-Poiseuille equation

In this experiment, a syringe containing 5 ml water was vertically connected to a filter
holder where the filter medium would be placed inside. A 0.5 kg piece of metal was then
placed at the end of the syringe, pushing the water to pass through the filter medium. The
volumetric flow rate of water was measured. The flow is so slow that it could be
considered a laminar flow and pores inside nanofibrous structure are usually
interconnected, thus the structures resemble a bundle of tortuous tubes. To simplify the
calculation, the tortuosity was neglected and the Hagen-Poiseuille equation should be
applied. In this research, the Reynolds number (Re) was 7.41x10°+1.05x10" which
ensures the flow to be laminar in a circular tube. Therefore, the approximate average pore
diameter of nanofibrous structures can be determined by Hagen-Poiseuille equation
(Johnston, 2003),

d®> uuz
4 _BHe (1)
32 AP

Where, d is the average pore diameter (m), u is the velocity (m/s), u is the viscosity of
water at 25 °C (Pa-s), z is the filter thickness (m) and AP is pressure drop (Pa).

2.7 lodine Number Measurement

Another experiment that could yield an indirect evidence of pore size inside the filter is
iodine adsorption. lodine molecules could be adsorbed on the surface of nanofibers.
Therefore, iodine adsorption capacity of the filter could reflect the total surface of the
pores, which is closely related to the pore size. The experiment followed the method
described in ASTM WK29867 - Revision of D1510 - 09b entitled the Standard Test
Method for Carbon Black, lodine Adsorption Number.

In the experiment, 6 mg of filter was submerged in 25 ml of 0.4728 N iodide
solution and those were centrifuged at 4000 rpm for 5 min. Subsequently, 20 ml of
supernatant was titrated with 0.0394 N sodium thiosulphate solution until the color
changed to yellow. This was followed by adding 5 drops of 1% starch solution as an
indicator and the titration was continued until the end point was reached, where the
solution was colorless. The iodine adsorption number could be calculated from Eqg. (2).

_(B-S) V

| X—x N x126.91 )
B W
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Where, | is iodine adsorption number (g/kg), B is titrant volume used for a blank sample
(ml), S is titrant volume used for our sample (ml), V is an exact volume of sodium
thiosulfate solution which is 25 ml, W is sample weight (g) and N is the normality of
iodine solution which is set at 0.04728 (meg/ml). The value 126.91 refers to mass
equivalence of iodine (mg/meq).

2.8 Filtration of polystyrene particles

Firstly, the nanofiber filter was placed in the filter holder with a diameter of 13 mm and 5
ml of 200 ppm polystyrene particle suspension was pumped through the filter by a
syringe pump at a fixed flow rate of 8 ul/sec. The polystyrene (PS) colloidal particles
were collected by the filter and the concentration of the filtrate was measured. The
filtration results were compared with those using No. 1 Whatman filter paper and
commercial nylon fabrics, No. 80/55 and 150/35. The experiments were performed for
all size ranges of polystyrene particles as described in section 2.1. The concentration of
polystyrene particles in the filtrate was obtained by using the calibration curve showing
the linear relation between the concentration and absorbance measured with UV-VIS
spectrophotometer at 490 nm. The filtration efficiency is expressed as

Filtration efficiency (%) = 1—M X100 (3)

initial

Here, Cinitia and Crirate are the initial concentration of PS particles in suspension and the
concentration in the filtrate coming out of the filter, respectively.

2.9 Adsorptive filtration of BSA proteins by the nanofibrous structures

In another experiment, the solution of bovine serum albumin (BSA) with a concentration
of 10 ppm was used to study the possibility of protein separation using different nanofiber
filter medium. The calibration curve was prepared from the BSA solution with varying
concentration up to 10 ug/ml. The BSA solution has to be mixed with dye reagent based
on Bradford method. UV-VIS spectrophotometer was applied at a wavelength of 595 nm
for measuring the concentration of BSA in a filtrate. Filtration efficiency (%) was
defined by equation (3).

3. Results and Discussion
3.1 Morphology of nanofibers

SEM micrographs of electrospun products from solutions of different nylon-6
concentrations with and without adding chitosan were shown in Figure 1. The image
analysis of SEM figures gave the average diameters of fibers and pores of the structures
shown in Figure 2(a) and 2(b), respectively, along with the corresponding kinematic
viscosities of solutions. The polymer concentration is closely related to the viscosity of
the spinning solution, which plays an important role in yielding nanofibers without beads.
In this work, the concentration of nylon-6 was varied first and it was observed that at the
spinning temperature of 30 °C, the solution with nylon-6 concentration below 30% wt/vol
was not viscous enough to generate the smooth fibers and that over 35% wt/vol was too
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viscous to be electrically spun. The chitosan was added later and the amount was also
adjusted to be in the range of fiber spinnability. Evidently, the system of nylon-
6/chitosan blend used in this work is different from those in another work (Nirmala et al,
2011).

As seen from Figures 1 and 2(a), without chitosan, the kinematic viscosity of nylon-6
solution was increased with increasing polymer concentration, thereby increasing the
fiber diameter. Since chitosan has a much larger molecule than nylon-6, adding chitosan
whose amount was only 1% of nylon-6 content in N6 30 solution could increase the
solution viscosity to be higher than that of N6 35 solution. Upon increasing chitosan
content in N6 30 solution, the kinematic viscosity is exponentially increased. It is
probably from the rapid increase in the degree of polymer chain entanglement of both
polymers, where the system was reported to show the hydrogen bonding between
hydroxyl and amino groups of chitosan and amide group of nylon (Zhang et al, 2009). As
reported in previous research works (Nirmana, 2011; Zhang et al., 2009), the structures
from nylon-6/chitosan blends were composed of typical fibers as in the case of pure
nylon-6 together with the ultrafine nanofibers resembling the continuous spider web. In
our case, the ultrafine nanofibers could also be seen in Figure 1(c) — 1(e), whose amount
was increased when the chitosan content was increased. Being compared with structures
from other works, the ultrafine nanofibrous structure in Figure 1(e) did not extend
continuously and thoroughly among the relatively large nanofibers. However, we
expected that the ultrafine nanofibers were also generated inside the pores throughout the
structures and this could be helpful in filtration processes because it could increase
probability of particle capture and the adsorption of molecules on to nanofiber surfaces.
The results will be discussed next.

In Figure 2(a), because of the existing ultrafine fibers in polymer blend samples, the size
distribution was bimodal. The average sizes were 103, 144, 130, 238, and 184 nm for
N630, N635, N6/CS 30/1, N6/CS 30/1.5, and N6/CS 30/2, respectively. The average size
would be resulted from the average of populations of large fibers and ultrafine fibers.
Obviously, in the case of N6/CS 30/2, the ultrafine nanofibers have a significant weight
in the average.

Of interest is the comparison between Figure 2(a) and 2(b). The similar trends of
nanofiber size and pore size of the structures are clearly seen. The electrospun fibers with
smaller size could generate the nonwoven mat with smaller pores inside its structure upon
random deposition on the metal collector. Importantly, if the ultrafine nanofibers could
be greatly generated as in the case of adding 2% chitosan, even a large number of smaller
pores within a large pore could be produced. In this work, the average pore sizes are 94,
154, 150, 214, and 102 nm for N630, N635, N6/CS 30/1, N6/CS 30/1.5 and N6/CS 30/2,
respectively. We expect that not only the overall viscosity of the solution is important in
controlling the fiber and pore size, but the local viscosity of the solution blend is also
significant. Blending two polymers in the same solution might generate the heterogeneity
of viscosity at local composition attributable to the polymer chain interactions, thereby
producing the fibers with bimodal distribution.
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3.2 Average pore diameter measurement using Hagen-Poiseuille equation

The average pore size calculated by using Hagen-Poiseuille equation when the pressure
drop of water flow was kept constant is shown in Figure 3, where all parameters
involving the fiber size and pore size are displayed together for comparison. The pore
sizes were 137, 159, 143, 184, and 85 nm for N6 30, N6 35, N6/CS 30/1, N6/CS 30/1.5
and N6/CS 30/2, respectively. The results were consistent with those from the image
analysis of SEM micrographs, implying the applicability of Hagen-Poiseuille equation.
The calculation was, however, based on the superficial velocity of the fluid through the
medium, not the actual fluid velocity, both of which are related with the porosity. In
addition, the tortuosity of the pores inside the filter medium might also play the important
role. Thus, the equation could be modified to
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Where, ¢ is porosity and z is tortuosity of the filter, which could affect the velocity of
the liquid flow and the traveling distance of the flow. In woven cloth, the value of
tortuosity lies between 1.0 and 1/& (Johnston, 2003). The porosity of the structures may
be approximated from the Blake-Kozeny equation, which was derived for describing the
laminar flow in a packed column of spherical particles as
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Here, Dy is the average fiber diameter and are defined the same as in Eqg. (1). Similar to
the packed column, the pores inside the filter were generated from the deposition of all
fibers so the equation should be applied with some acceptable errors resulted from the
difference of hydraulic radii of pores generating by packed spheres and those by
deposited fibers. If we assume Blake-Kozeny equation to be valid, the porosities would
be 0.765, 0.735, 0.735, 0.675 and 0.565 for N6 30, N6 35, N6/CS 30/1, N6/CS 30/1.5 and
N6/CS 30/2, respectively. If the tortuosity for each sample was assumed to be unity, the
average pore sizes would be approximated to be 157, 185, 167, 224 and 113 nm for N6
30, N6 35, N6/CS 30/1, N6/CS 30/1.5 and N6/CS 30/2, respectively, which could predict
better results for some samples. This is worth investigating more in detail in the future.

3.3 lodine number measurement

The standard method of iodine adsorption on surface of carbon black particles was
adopted here to measure the total surface area of the fibers. This could imply the pore
size inside each filter. The iodine numbers were also shown in Figure 3.

The iodine numbers of nylon-6 filter samples were 628 and 542g/kg for N6 30
and N6 35, respectively, where the iodine number decreased with an increase of fiber
size. For the case of polymer blend nanofibers, the iodine numbers were much lower than
those of nylon-6 fibers. Since there were very few disconnected ultrafine nanofibers in
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the case of N6/CS 30/1 and N6/CS 30/1.5, the pore size inside the filter was governed by
the size of the large fibers, thereby decreasing the iodine number to 187 and 90 g/kg,
respectively. It was interesting, however, that for N6/CS 30/2, the iodine number
increased to 254 g/kg. This result showed that if the continuous structures of the ultrafine
nanofibers could be obtained, the total surface area of the nanofibers could be increased.
Nonetheless, the effect of the large fibers was still dominant in this case, probably
because of not all small pores were visited by iodine molecules due to the effect of
surface tension of the solution. This kind of structures could be beneficial for separation
of some molecules or particles in liquid phase which could be attached to the surface of
the fibers while letting the liquid flow through easily.

3.4 Filtration of polystyrene particles

Figures (4)-(6) show SEM micrographs of polystyrene particles, whose average sizes
were of 410, 200 and 90 nm, respectively, which were collected by different filters. As
can be seen in Figures 4(a)-4(d) and Figures 5(a)-5(d), when 410-nm- and 200-nm-
polystyrene particles were captured, few of them stuck onto the commercial nylon fabrics
of both No. 80/55 and No. 150/35, whereas there were many particles were seen on the
filter paper. A large number of polystyrene particles on N6 30 nanofibers were evidently
seen because the average pore size of the structure was only 94 nm, which was smaller
than the average particle sizes. Figures 6(a)-6(d) show that 90-nm polystyrene particles
covered thoroughly on the nanofibers while the particles covered partly on the filter paper
and very few on the commercial nylon fibers. The filtration efficiency of each filter was
reported in Table 1.

In Table 1, it was indicated that the nanofibrous structures could capture polystyrene
particles of all sizes unlike the filter paper and the commercial nylon fabrics. For No.1
filter paper, it could remove polystyrene particles with a size of 410 nm better than that of
200 nm but less than that of 90 nm. The higher efficiency was observed when filtering
much smaller particles, which was attributable to particle self-aggregation due to high
surface energy of fine particles. In addition, although the pore size of commercial nylon
fabric No. 80/55 was larger than that of No. 150/35 but it was observed that the filtration
efficiency of the former was higher than the latter. This may be because the commercial
nylon fiber with No. 80/55 has also larger fiber size than that of No. 150/35 and the
polystyrene particles may attach onto the fiber surface and then formed the filter layer or
filter cake, thereby, increasing the efficiency.

Every sample of nanofiber filters, whose thickness were about 0.1 mm, showed 100%
filtration efficiency for every particle size. Among the group of nanofibrous filters, it
could be seen from the SEM figures that when filtering 90 nm-PS particles, the outlines
of the fibrous structures were still observed for every filter medium except N6/CS 30/2,
where all particles covered the filter surface. This was probably because particles could
not move through the top layers because ultrafine fiber web could capture them all and
generate the filter cake so that the fibrous outline could not be seen at all.
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3.5 BSA Adsorption by nanofibrous filters

Separation of BSA from the aqueous solution was performed using nanofibrous filter
media. The prepared concentration of BSA was as low as 10 ppm. It was found that N6
30 sample could remove proteins up to 37% and N6 35 could remove up to 41%. The
increase in filtration efficiency was probably due to an increase in retention time when
flowing inside the larger pores of N6 35, facilitating the attraction between nanofibers
and proteins, even though there was less fiber surface area. The process involved
adsorption of protein molecules on the surface of the nanofibers with attractive
interaction between amino groups of proteins and amide groups of nylon-6 which could
be enhanced if protein molecules have more time to travel to the fiber surface.
Interestingly, for the sample of nylon-6/chitosan blends, the efficiencies of protein
removals were higher than those of nylon-6 and the efficiency seemed not to depend on
the chitosan content up to 2% of the amount of nylon. In the presence of chitosan, there
would be more functional groups that could effectively attract protein molecules. It was
reported that when BSA was dissolved in water, its molecule possessed negative charges
(Wang et al., 2008), which favored the attraction with protonated chitosan molecules
(protonated amino groups). It was possible that chitosan content was so small that
chitosan molecules could not distribute uniformly on the fiber surface, thereby the effect
of chitosan content was not seen clearly. This point deserves further investigation.

1VV. Conclusions

In this work, nylon-6 and nylon-6/chitosan nanofibrous structures were used as filters for
removals of polystyrene particles of different size and compared with commercial nylon
fabrics and filter paper. It was found that kinematic viscosity of nylon-6 solutions and
nylon-6/chitosan solutions increased with increasing polymer content, which in turn
increased the size of the fibers as confirmed with SEM micrographs. The blend polymer
solution generated untrafine fibers resulting in smaller average fiber diameters. The
trends of the average fiber diameters of nanofibrous structures and their average pore size
were found the same. In addition, the equation of Hagen-Poiseuille gave pore sizes
consistent with SEM figures and the method of iodine adsorption could be used to
investigate the available surface area for adsorption inside the nanofibrous structures.

In Filtration, the nanofiber filters could capture polystyrene particles much better than
filter paper and the commercial nylon fabrics, No. 80/55 and No. 150/35. The nanofiber
filters gave 100% of filtration efficiency while filter paper and commercial nylon fiber
gave 8.27%-59.14% and 2.7%-14.50% of filtration efficiency, respectively. Interestingly,
self-aggregation of fine particles played an important role on the filtration efficiency.
Moreover, the adsorption of BSA proteins in a solution of 10 ppm could occur inside the
nylon-6 nanostructures up to 41% and inside nylon6/chitosan nanostructures up to 53%.
In conclusion, nanofibrous structures could successfully remove particles in a size range
of 400 nm down to 90 nm from the suspension and could partly adsorb protein molecules
as well, showing a potential use of these nanofibrous structures in separation of
bioparticles and biomolecules.
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Figure 1: SEM micrographs of electrospun products from different polymer
concentrations: (a) N6 30 (b) N6 35 (c) N6/CS 30/1 (d) N6/CS 30/1.5 and (e) N6/CS 30/2

Figure 2: (a) the average nanofiber diameter and (b) the average apparent pore size of
nanofibrous structures together with the kinematic viscosity of nylon-6 and nylon-
6/chitosan solutions at various concentrations.
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Figure 3: Comparison between the average nanofiber sizes and pore sizes determined
from image analysis and Hagen-Poiseuille equation, together with the iodine number.
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Figure 4: SEM micrographs of 410-nm polystyrene particles collected by different filters:
(@) commercial nylon fabric, No. 80/55 with 200x magnification (b) commercial nylon
fabric, No. 150/35 with 200x magnification (c) filter paper with 15,000x magnification
and (d) nanofibers from N6 30, with 15,000x magnification.

Figure 5: SEM micrographs of 200-nm polystyrene particles collected by different filters
at 15,000x magnification: (a) commercial nylon fabric, No. 80/55 (b) commercial nylon
fabric, No. 150/35 (c) filter paper and (d) nanofibers from N6 30

Figure 6: SEM micrographs of 90-nm polystyrene particles collected by different filters at
15,000x magnification: (a) commercial nylon fabric, No. 80/55 (b) commercial nylon
fabric, No. 150/35 (c) filter paper (d) nanofibers from N6 30 (e) nanofibers from N6 35
(F) nanofibers from N6/CS 30/1 (g) nanofibers from N6/CS 30/1.5 and (h) nanofibers
from N6/CS 30/2
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Figure 7: Filtration efficiency of BSA from 10 ppm solution using various nanofibrous

filters.

Table 1: Filtration efficiency of different filters when applied to capture polystyrene

100

80

SA [%]

particles with various sizes

Filtration efficiency (%)

Filter type PS particle size

410 nm 200 nm 90 nm
NC 80/55 7.79 4.93 14.50
NC150/35 4.96 2.93 2.71
Filter Paper 35.89 8.27 59.14
N6 30 100.00 100.00 100.00
N6 35 100.00 100.00 100.00
N6/CS 30/1 100.00 100.00 100.00
N6/CS 30/1.5 100.00 100.00 100.00
N6/CS 30/2 100.00 100.00 100.00
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MANUSCRIPT to be submitted to Nanotechnology

The Reduction of Electrical Resistivity of Poly(vinyl alcohol)
Nanofibers by Filling with Acid-Treated-Carbon Fillers

Panu Danwanichakul, Sillawan Aschakulporn, and Totsapon Pattarapongdilok
Abstract

A family of poly(vilnyl alcohol) (PVA) nanofibers filled with carbon black
particles and carbon nanotubes were investigated for their electrical properties. Carbon
fillers were found to decrease the resistivity of the fiber mats linearly when detecting IPA
vapor whose concentration increased from 1 to 8 ppm, confirming the possibility to be
used as a gas sensor. Surface treatment with nitric acid could decrease the filler aggregate
size and disperse the fillers more uniformly in the fibers, thereby, reducing the resistivity.
The self-dispersible carbon black (SDCB) particles could decrease the resistivity of the
PV A nanofibers better than untreated carbon nanotubes (CNT). Both SDCB and SDCNT
samples could maintain the resistivity when the temperature increased, while the
resistivity of CB and CNT samples decreased with temperature. In addition, the resistivity
decreased along the dynamic increase in moisture content at 45°C.  However, the
presence of IPA could still be detected together with moisture.

Keywords: Carbon Black, Carbon Nanotube, Nanofiber, Poly(vinyl alcohol).

l. Introduction

The electrospinning technique has been investigated extensively in order to
understand all parameters governing the morphology of the obtained nanofibers [1]. Due
to its large surface area to volume ratio, the nanofibrous structure could be used in many
applications related to surface activity of the fibers. For example, in catalysis lots of
pores in nanofibrous structures yield higher rate of adsorption of reactants and higher
reactivity due to a large number of active sites. In biomedical engineering, the
nanostructures have been applied for drug release and promoting cell growth, each of
which process needs large surface area to increase its rate and process continuity.
Besides, gas sensing applications have also been studied since the initial steps of sensing,
which are diffusion and adsorption of gas molecules into the material of fibers, required a
large interfacial area between solid and liquid or gas phase. Such application is the focus
of this research.

Polymers usually applied in electrospinning process should be easily fabricated
from their solutions or melts. Poly(vinyl alcohol) (PVA) is one of the most used in film
forming or fiber fabrication. Therefore, it has been used in all applications mentioned so
far as a polymer matrix of nanofibers. The composite of PVA and other materials, which
are also polymers or particulate fillers to enhance specific properties of the fibers, has
been widely experimented. The mechanical properties of PVA nanofibers were enhanced
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by adding carbon black particles in the fibers [2]. As expected, carbon black, which has
been used as reinforcing filler in rubber tyre industries for a long time, could increase
tensile strength of the nanofibers as the filler loading increased from 1 to 10%wt of PVA
content. Multi-walled carbon nanotubes (MWCNT) were also reported to improve tensile
strength of PVA fibers [3] since it could nucleate crystallization of PVA in the composite
nanofibers. The composite nanofibers mats were later crosslinked with glutaraldehyde to
improve its mechanical strength as a post-treatment.

Those carbon-filled PVA nanofibers were of interest for their mechanical
properties. However, carbon nanotubes (CNT) were also well known for their electrical
conductivity. Recently, the composite of PVA and CNT was prepared and studied as
conductive nanofibers [4]. In that work, CNTs were dispersed homogeneously in N-
methyl-2-pyrrolidone and mixed with PVA solution. It was found that the conductivity
could increase upon increasing the CNT loading. Since gas sensing application is closely
related to the electrical conductivity of the materials, the improvement of conductivity of
PV A nanofibers by incorporating carbon nanotubes have attracted many research groups,
one of which blended PVA, polyaniline and CNT together and electrospun the fibers in
order to make a CO sensor and their product could detect CO in the range of 100-500

ppm [3].

The success of conductivity or mechanical properties improvement of PVA
nanofibers not only lies in filling the fibers with conductive carbon particles but it also
depends on how well the fillers are dispersed inside nanofibers. Ultrasound was applied
to suspensions four times before electrospinning the PVA solution blended with carbon
black particles [3]. Bang et al. [6] have currently treated the MWCNT with acids by
varying the pH of the solution and they found that a lower pH gave smaller fiber
diameter, thereby, increasing mechanical properties. Li and Sun [7] have applied the
method of acid treatment before to carbon black particles in order to disperse them more
homogeneously in suspension as a black dye in coloration of cotton fibers.

In this work, the nitric acid treatment [7] was adopted in order to produce self-
dispersible carbon black (SDCB) particles to be filled in PVVA nanofibers, which have not
been reported before by other groups. The electrical properties were compared with those
of carbon-black-filled-, carbon-nanotube-filled- and self-dispersible-carbon-nanotube-
filled PVA nanofibers. The model gas to be detected in the study is isopropyl alcohol
(IPA), which is usually used as a degreaser in electronic device productions. To test the
sensitivity of nanofibrous structures, the concentration of IPA was varied lower than 8

ppm.

I1. Material and Methodology

Material

Polyvinyl alcohol (PVA) used in this research was purchased from Sigma
Aldrich. It is a cold water soluble type with molecular weight (Mw) of 40,000-70,000
and degree of hydrolysis of 98%. Carbon black (N-330, particle size about 33 nm) was
supplied by Loxley Public Co., Ltd. Multi-walled carbon nanotube with carbon content
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more than 95%, (O.D. x L equals 6-9 nm x 1 um) was purchased from Sigma-Aldrich Co.
LLC. Nitric acid and isopropyl alcohol (IPA) were supplied from Merck Ltd., Thailand.

Self-dispersible carbon black and self-dispersible carbon nanotube preparation

2 g carbon black or carbon nanotube was mixed with 150 ml. of 65%w/w nitric
acid and then it was refluxed at 120°C for 2 hr. After that the mixture was heated at
130°C. To remove nitric oxide left on particle surfaces, particles were washed in water
and then were precipitated by using centrifugal speed of 3000 for 15 min. The filtered
precipitate was then added into distilled water and was centrifuged at the same condition
again. The self-dispersible carbon black (SDCB) particles and self-dispersible carbon
nanotubes (SDCNT) were received after drying the precipitate at 80°C for 24 hr. The
size distributions before and after surface treatment of carbon black particles were
analyzed by a centrifugal particle size analyzer (Shimadsu, model SA-CP3).

Spinning solution preparation

To obtain pure PVA solution, PVA powder was dissolved in distilled water to
get PVA concentration of 25, 30 and 35%w/v. The spinning solution was prepared by
firstly mixing 1 g of PVA with 10 ml of distilled water. After that the fillers which are
CB, SDCB, CNT and SDCNT were added into PVA solution to obtain the ratio of PVA to
filler of 100:4, 100:6 and 100:8.

Electrospinning of nanofibers

The spinning solution was poured into a 2 ml syringe with 0.8 mm-ID and 3.5
cm needle. The high voltage power supply (PS/MJ30P0O400 Glassman) was connected to
the end of the needle by a stainless steel electrode. Another electrode was connected to
the stationary collector covered with 2 x 2 cm? copper plate. The electrospinning voltage
was set at 18 kV and the distance between the needle tip and the collector was held
constant at 7 cm. The spinning time was about 25 min.

Morphology of nanofibers

The morphology of nanofibers was observed with scanning electron microscope
(SEM) (JEOL JSM-6310F) after gold coating by a gold sputtering coater for 100 seconds.
The average fiber diameter was obtained with an image analyzer.

Resistivity of nanofibers

The nanofiber of unknown resistance was connected in series with the known
resistance. The voltage of the known resistance and that of nanofiber were measured by
using a multimeter as shown in Figure 1 for the experimental setup. The resistivity of
nanofiber was calculated from (1). When R and R, are resistivity of known and
nanofiber, respectively while v, and v,
from known resistance, respectively.

known fiber

are the supply voltage and voltage measured

known

_ (Vsupply _anown)
fiber — V

known

R XRknown (1)
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The effect of IPA concentration on resistivity of fibers

The experiment was done at the condition of fixing the relative humidity at 40%
and the temperature at 32°C. The concentration of IPA in the air was varied by adding
liquid IPA drop by drop into the whole volume where the fibers were placed and the
resistivity of the fibers was measured.

The effect of temperature on resistivity of fibers

The air in the closed vessel contained 67 ppm IPA. The relative humidity was
fixed at 40% and the temperature was at 32°C. The whole system was heated to 40°C.
The resistivity of the fibers was measured at various temperatures stepping up with an
increment of 1°C.

The effect of relative humidity on resistivity of fibers

The experiment was done with 67 ppm IPA vapor in the air. The liquid water
was placed inside this close system while maintain the constant temperature of 45°C so
the relative humidity was changed from 45% to 80% upon continuing evaporation, during
which time the resistivity of the fibers was measured. The results were also compared
with those in the presence of only water vapor in the air.

I11. Results and Discussion

Size distribution of carbon black particles

The size distributions of carbon black particles before and after surface treatment
with nitric acid were shown in Figure 2. It was clearly seen that carbon black particles in
suspension usually aggregated as a large particle, whose size was as large as 50 microns,
whereas the self-dispersible carbon black particles were much smaller, whose size mostly
fell in the range of 100 nm to 250 nm. This is due to the repulsive forces among the
carboxylic groups generated upon oxidation with nitric acid on the treated particle surface
that preclude the aggregation of particles [7].

Morphology of nanofibers

When mixing surface-treated and untreated carbon black particles into PVA
solution and spinning electrically to obtain nanofibrous mats as shown in Figure 3, the
structures looked similar to one another. The fibers filled with treated carbon nanotubes
and untreated looked similar to other fibers as well. Nonetheless, the average size of the
fibers of each sample was a little different. It seemed that adding self-dispersible fibers
yielded slightly larger nanofibers. This may be attributable to more amount of fillers
could be dispersed in the fibers since the particle dispersion was better, leading to a little
higher viscosity, which in turn resulting in larger diameters. However, on the whole, they
could be considered physically similar to one another. Therefore, incorporating each
species of carbon filler of the same loading in the fibers did not affect the shape and size
of fibers similar to what observed in [2].
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Resistivity of nanofibers

The resistivity of nanofibers was shown in Figure 4. The concentration of IPA
was varied in a very low range up to 8 ppm in order to observe the sensitivity of the
nanofibers. It is clearly seen that for all types of fibers a decreasing trend of resistivity
was seen when the IPA concentration increased because IPA is a polar substance that
could conduct electricity. Therefore, these nanofibers could be applied as gas sensors for
detecting polar molecules such as alcohols and quantifying their concentrations in
ambient air.

When comparing all types of fibers, pure PVA nanofibers possessed highest
resistivity. Embodying the fibers with carbon fillers could linearly increase the
conductivity as shown. Since all samples looked similar, the surface area per unit volume
of them should also be similar. Thus, the decrease in resistivity should be resulted from
the conductive filler loading. It was experimented earlier by our groups that upon
increasing the filler loading up to 8% wt/vol in suspension, the resistivity was decreased.
Therefore, in this work, we fixed the loading at 8% wt/vol in prepared suspension.
Adding more filler beyond that resulted in particle aggregation which caused poor
conductivity in the solid fiber mats. Surface treatment of particles is, thus, essential. As
shown in the figure, the influence of self-dispersible carbon black particles was very
interesting since it could decrease resistivity of the fibers to be lower than fibers filled
with carbon nanotubes which are widely known as an excellent conductor. This finding
implied that aggregation of carbon nanotubes occurred during the mixing process in PVA
solution. As expected, the sample filled with self-dispersible carbon nanotubes was the
best conductors among all. The surface treatment of particles could benefit an increase in
conductivity of nanofibers since particles could be dispersed more uniformly in each
fiber, yielding better percolation throughout the structures, which is the mechanism
governing electrical conductivity of the membrane.

The effect of temperature on nanofiber resistivity

It is also intriguing to investigate the effect of temperature on the resistivity of
nanofibers while absorbing IPA vapor which was fixed at 67 ppm. This effect is
important when a sensor is applied at a temperature higher than room temperature. The
results are shown in Figure 5. At first, the resistivity of PVA increased with temperature
and then dropped. It is possible that when heated, PVA fibers initially relaxed and the
whole nanostructures might slightly expand resulting in disconnected path of electrical
conduction. However, when the temperature increased, both the diffusion rate of IPA
molecules from the air to the nanofiber surface and the diffusion rate inside the solid
fibers could increase, which are favorable for an increase in electrical conduction.
Therefore, these two factors were competitive and the maximum of resistivity of PVA
nanofibers was observed.

For other carbon-filled nanofibers, the results could be classified into two
groups. The first group represents the trend of decreasing of resistivity and the second
group represents the trend of almost constant resistivity. As shown Figure 5, PVA
nanofibers with untreated fillers belong to the first group while PVA nanofibers with self-
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dispersible fillers belong to the second group. These phenomena could also be explained
with the same reason provided for pure PVA nanofibers. The carbon-filled nanofibers
possessed much higher mechanical strength than pure PVA fibers [2] because PVA
chains were more or less fixed in place with attractive interactions from carbon particles,
which act as reinforcing filler in polymer matrix. The structures would be stronger if the
filler particles were smaller and dispersed more uniformly inside each fiber, which is the
case for self-dispersible carbon black particles and self-dispersible nanotubes. It is
possible that the PVA/SDCB and PVA/SDCNT structures were strong enough to
withstand thermal expansion so the diffusion of more IPA to the structures did not occur
at higher temperatures. Unlike those two, the resistivity of PVA/CB and PVA/CNT
decreased with temperature, which was likely due to a slight effect of thermal expansion
of PVA matrix, which facilitated the diffusion of more IPA molecules inside the fibers.
Interestingly, the change of resistivity of PVA/CB and PVA/CNT upon changing the
temperatures implies that these two nanofibers could be applied as a temperature sensor
while the PVA/SDCB and PVA/SDCNT could be used as a gas sensor at any
temperature.

It should be noted that at lowest temperature of 33°C, the resistivity of
nanofibers of the PVA was the highest, followed by PVA/CB, PVA/CNT which was
close to PVA/SDCB and then PVA/SDCNT, whereas at highest temperature of 40°C, the
order was rearranged to PVA, PVA/SDCB, PVA/SDCNT, PVA/CNT and PVA/CB. The
trend at a high temperature was confirmed again in a separate experiment where the
temperature was set at 45°C, as shown in Figure 6, which showed the comparison of
resistivity of fibers when exposed to water vapor alone and when exposed to water vapor
together with IPA vapor.

The effect of water vapor on fiber resistivity

Because there is always water vapor in the air, the effect of humidity on the
detection of IPA vapor should also be studied. It is obvious that the PVA fibers were
sensitive to water vapor in the air as they were sensitive to the IPA vapor. These fibers
could be potentially applied as humidity sensors as well. As the relative humidity
increased from 45% to 80% while the IPA concentration was fixed at 67 ppm in the air,
the resistivity of the fibers absorbing both gasses decreased and it was closer to the
resistivity of fibers absorbing water vapor alone. However, the separation between these
two could be seen at a low humidity of 40% which is the ambient humidity when the
experiment was done. When the differentiation between the resistivity of both systems
was mainly considered, the sample PVA/SDCB shows the largest separation of the two
numbers, followed by PVA/SDCNT.

I11. Conclusion

This research showed the possibility of applying electrospun poly (vinyl alcohol)
filled with self-dispersible carbon black (SDCB) and self-dispersible carbon nanotube
(SDCNT) compared with the nanofibers filled with as-received fillers to be used as a gas
sensor. The morphology of nanofibers, their electrical properties before and after the
detection of isopropyl alcohol (IPA) vapor in the air, as well as the effect of moisture
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content in the air were investigated in this work. The results showed that adding those
fillers in the nanofibers decreased the resistivity of the structures at room temperature
especially with SDCB and SDCNT particles, which were dispersed better in the structures
because of charges from the surface treatment. The surface treatment was proved to be
the essential step during incorporation of nanosized fillers in the polymer matrix. This
actually benefit in the reduction of filler usage as well as the increase in performance of
the nanofibers as was seen for the case of SDCB particles which could enhance the fiber
conductivity comparable to CNTSs.

When nanofibers were tested for both humidity and the presence of IPA vapor in
the air, the resistivity was found decreasing along the dynamic increase in moisture
content at 45°C. However, the presence of IPA could still be detected together with the
effect of moisture. The SDCB-filled and SDCNT-filled PVA nanofibers could
differentiate the presence of IPA and water more clearly than others. In addition, a
dynamic increase in temperature was found to decrease the resistivity of nanofibrous
structures embodied with CB and CNT while the ones with SDCB and SDCNT showed
small degree of fluctuation around a constant resistivity, implying that the latter two were
more appropriate for gas sensor application. More importantly, the nanostructures could
detect the low concentration limit of IPA concentration ranging from 1-8 ppm. The linear
relationship between the IPA concentration and the resistivity of the sensors were clearly
observed.

All the results evidently indicated that these nanocomposites, especially SDCB
composites should gain more attention in the field of sensors, provided that the degree of
dispersion of carbon black particles is maximally enhanced.
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FIGURES

Fig. 1 The setup apparatus for measuring the resistivity of nanofibers.

148



Fig. 2 Size distributions from centrifugal size analyzer of
(a) carbon black particles (CB) and (b) self-dispersible carbon black particles (SDCB)

Fig. 3 SEM micrographs of (a) PVA nanofibers (b) PVA nanofibers filled with carbon
black (PVA/CB) (c) PVA nanofibers filled with self-dispersible carbon black
(PVA/SDCB) (d) PVA nanofibers filled with carbon nanotubes (PVA/CNT) (e) PVA
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nanofibers filled with self-dispersible carbon nanotubes (PVA/SDCNT)

Fig. 4 The resistivity of various nanofibers at 32°C and 40%RH was shown
decreasing with an increase in IPA concentration.

Fig. 5 The effect of temperature on resistivity of various nanofibers absorbing 67
ppm isopropyl alcohol (IPA) at 32°C and 40%RH. (a) PVA (b) PVA/CB (c) PVA/SDCB
(d) PVA/CNT (e) PVA/SDCNT
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Fig. 6 The effect of relative humidity on resistivity of various fibers. The black dot
refers to water vapor alone and the white dot refers to water and IPA vapors. (a) PVA (b)
PVA/CB (c) PVA/SDCB (d) PVA/CNT (e) PVA/SDCNT
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ABSTRACT

This research aims to simulate the structures of nanofibers on a surface of a
collector by electrospinning technique. Since the nanofibrous structures contain
many tiny pores with size ranging from nanoscale to microscale, it is of interest to
utilize such structures for processes involving surface activity. In this work, nylon-6
with concentrations of 30 and 35 wt% were electrospun to obtain the nanofibrous
mats and they were tested for filtration of polystyrene particles in suspension. Some
experimental results were compared with the simulated ones. In the simulation
methods, the 2-dimensional connected structures of nanofibers were constructed by
assuming a nanofiber as an ellipse with an aspect ratio of 100 deposited randomly
one by one. In addition, the size of nanofiber is assumed polydisperse. It was found
that the configurations generated via simulations resembled the real structures of
nanofibers with polydisperse diameters. Fibers from higher solution concentration
were larger, resulting in larger pore size, which was also confirmed with
simulations. Varying the size distribution around the same average value did not
make any difference to the coverage of fibers deposited on the surface but it
affected 2D pore areas for the systems at low fiber density. In addition, the
probability for a particle passing through the porous structure was less when the
fiber number density was higher and the particle diameter was larger, which is
consistent with the filtration test. Lastly, water flux measurement could be used to
estimate the void volume fraction of the structures as well as the volume-averaged
pore diameter, which was found greater than the 2D pore diameter measured from
SEM micrographs by the quantity related to the fiber size.

Keyword: nanofiber, porous membrane, polydispersity, simulation, filtration
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1. Introduction

Electrospinning technique is an easy method to produce nanofibers whose size are in
submicron or nanometer range by applying the electrical force generated by the electric
fields between the end of the metal needle and the ground collector. The liquid source
may be a polymer melt or a polymer solution. Once the electrical force is greater than the
surface tension of the hanging hemisphere liquid drop at the end of the needle, the liquid
is pulled out of the needle and swirled onto the ground surface. Continuous fibers are
produced in this manner while the solvent evaporates and the final nonwoven nanofibrous
structure is solidified. A large number of literatures discussing the production of
nanofibers from various polymer systems and their applications have been investigated
[1-5]. The research on nanofibers is still receiving more and more attention since the
benefit of large surface area to volume ratio of nanostructures has been proven to improve
the performance in many aspects including higher mechanical strength, an increase in
surface activity, and an increase in adsorption capacity. Therefore, nanofibers were
widely studied for their uses as sensors [1], catalysts [2], drug delivery systems [3], tissue
scaffolds [4] as well as filters [5]. The study on surface characterization and pore
generation of nanofibrous membrane is, thus, of great interest.

There are many factors influencing the size of fibers produced via electrospinning.
Those are voltage of power supply, distance between the needle tip and the ground,
solution flow rate, viscosity, conductivity and surface tension of polymer solutions. Some
of these process parameters were modeled by Danwanichakul et al. by using poly(vinyl
alcohol) as a model polymer [6]. However, not only the fibers but also the pores
generated by the overlap of fibers themselves are of importance. Park and Park found that
pore size distribution in nanofibrous structures was narrow or sometimes considered as
monodisperse pores [7]. The study was done experimentally and there was no explanation
for that. The theoretical work could then fill the gap. Eichhhorn and Sampson simulated
the fibers by assuming that they are of cylindrical shape whose diameter is so much
smaller than its length [8]. They found that if the mass of fibers per unit area was fixed,
when the mass of the fibers increased, the average pore size increased. Maze et al.
simulated the filter using nanofibers with a diameter of 200 nm and allowed the particles
with diameters between 50-500 nm to pass through the pores. They found that the
pressure drop was related to the pore size as could be predicted by the fluid mechanics
[9]. In addition to 2D simulations, Hosseini et al. attempted to simulate 3D nanofibrous
structures by building a rigid cylindrical fiber one by one on top of each other and used
the computational fluid dynamics to study the collection of particles in the air when
passing through these simulated filters [10]. Another attempt to create 3D nanofibrous
structure was made by Sambaer et al. to simulate the filtration process via polyurethane
nanofibers [11]. To construct the fiber mats, they used image of top layer of fibers as a
template for creating the whole mate with multiple layers. This method proved successful
in imitating the real behavior of the nanofibers in filtration process.

The success of 3D-simulation by Sambaer et al. [11] was based on the 2D
structures of the nanofiber network so the knowledge of 2D structures is still important.
All the work about simulation of electrospun nanofibers has dealt with the filtration of
aerosol and all has assumed that the fiber size was monodisperse. In this work, the nylon-
6 was selected as a model polymer for producing nanofibers by electrospinning and the
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use in filtration of particles from liquid suspension was presented. The 2D simulation was
performed to study the effect of fiber size polydispersity on the pore size of the structures
as well as to connect the simulated results with the experimental results either
qualitatively or quantitatively.

2. Material and Method

2.1 Materials

Nylon-6 was purchased from Sigma-Aldrich Co. LLC. Formic acid was supplied by Ajax
Finechem Pty Ltd. The suspensions of polystyrene particles with average particle sizes of
90 nm (50-100 nm) and 200 nm (200-300 nm) were purchased from Spherotech, Inc. All
chemicals were of analytical grade and used without further purification.

2.2 Electrospinning of Nylon-6 nanofibers

Nylon-6 was dissolved in 10 ml of 90%wt formic acid to obtain the spinning solutions
with concentrations of 30 and 35 %wt/vol, namely N6-30 and N6-35, respectively. Each
mixture was blended with a magnetic stirrer at room temperature for 2-4 hr until the
solution was homogeneous. The spinning solution was poured into a 2 ml syringe with a
needle with a diameter of 0.8 mm and a length of 4.2 cm. The high voltage power supply
(Glassman PS/MJ30P0400) was connected to the end of the needle by a stainless steel
electrode. Another electrode was connected to the stationary collector covered with 3.5 x
3.5 cm?® copper plate. The electrospinning voltage was set at 21 kV and the distance
between the needle tip and the collector was held constant at 9 cm. The spinning time
was about 1.5-3 hr in order to obtain the nanofiber mats with 0.1+0.02 mm in thickness.

2.5 Morphology of nanofibers

The morphology of nanofibers was observed with scanning electron microscope (SEM)
(JEOL JSM-6310F) after coating by a gold sputtering coater for 100 seconds. Each SEM
figure was analyzed for the average fiber size as well as the apparent average pore size of
the structure.

2.6 Water flux measurement

In this experiment, a syringe containing 5 ml water was vertically connected to a filter
holder where the filter medium would be placed inside. A 0.5 kg piece of metal was then
placed at the end of the syringe, pushing the water to pass through the circular filter
medium whose diameter of 13 mm. The volumetric flow rate of water was measured.
The flow is so slow that it could be considered a laminar flow and pores inside
nanofibrous structure are usually interconnected, thus the structures resemble a bundle of
tortuous tubes. With the relation of water flux and pressure drop across the membrane,
the volume-averaged pore size could be determined.

2.7 Filtration of polystyrene particles

Firstly, the nanofiber filter was placed in the filter holder with a diameter of 13 mm and 5
ml of 200 ppm polystyrene particle suspension was pumped through the filter by a
syringe pump at a fixed flow rate of 8 pul/sec. The polystyrene (PS) colloidal particles
were collected by the filter and the concentration of the filtrate was measured by using the
calibration curve showing the linear relation between the concentration and absorbance
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measured with UV-VIS spectrophotometer at 490 nm. The filtration efficiency is
expressed as

Filtration efficiency (%) = 1—M X100 (1)

initial

Here, Cinitia and Criirate are the initial concentration of PS particles in suspension and the
concentration in the filtrate coming out of the filter, respectively.

2.8 Computer simulation of nanofibrous structures

The computer programming was written in FORTRAN in this study. The deposition of
fibers on a surface was performed by Monte Carlo simulations. First, the position on the
2D system and the size of fibers are randomly sampled one by one. Each “2D” fiber is
modeled as an ellipse whose aspect ratio, i.e. the ratio of the long axis length to the short
axis length, equals to 100. The length of short axis of the reference fiber is set at d; which
is scaled with a unit size d as 0.075d. The deposited area is scaled as 100d?, equivalent to
the area of the width of 10d and the length of 10d. Therefore, if the size d is set as 500
nm, then the fiber size is 150 nm and the deposited square area is 5x5 pm® Not the
position of the fiber center but the angle of the fiber major axis respect to the x-axis is
also sampled randomly on the surface.

To study the effect of fiber size, the size polydispersity of the fibers was varied
according to the uniform size distribution to be 0.85d¢-1.15d:, 0.75ds-1.25d:, 0.65ds
1.35ds, and 0.55d¢-1.45d;, where df is the size of reference fiber which is 0.075d as
described above. The simulated structures were analyzed for the surface coverage on the
deposited area and the average pore size of the structures when more fibers were
deposited.

To quantify how difficult the particles will pass through the 2D porous structures
as in the filtration test, the number of attempts for the particle to deposit on the structure
was measured until it could successfully pass the 2D pore. The number of attempts
reflects the probability of capturing the particles inside the nanostructures. In this test, the
particle diameter was varied as d, 0.75d and 0.40d and the fiber diameter was fixed at d.

3. Results and Discussion

3.1 Morphology of nanofibers

SEM micrographs of electrospun products from solutions of different nylon-6
concentrations were shown in Figure 1. The left-handed side represents the structures
from 30 %wt nylon solution while the right-handed side from 35wt% solution. The image
analysis of SEM figures yielded the average diameters of fibers and pores of the
structures, which are also shown in the figure. Upon increasing the concentration from
30 wt% to 35 wt%, the average diameter was increased from 103 to 144 nm because of an
increase in solution viscosity [12]. It is clearly seen from the SEM figure and the size
distribution of both fibers and pores that the larger fibers could form the structures with
larger pores [13]. The average pore size was estimated to be 94 nm and 154 nm for N6-30
and N6-35, respectively.
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3.2 The simulated 2D nanostructures

The number of deposited fibers on a unit area is defined as the number density of fibers.
For instance, the system with number density of 0.1 contains 10 fibers on 100d? area. The
structures are shown in Figure 2 where the number density increases from 0.1 to 0.8 for
the structures composed of the same fiber size of d;. However, since the actual structure
contains the fibers with disperse size as shown in Figure 1, the simulation was then done
to obtain the structures of various size distributions as displayed in Figure 3.

In Figure 3, all samples are compared at the same fiber number density of 0.8. It
could be seen that the fiber size could be differentiated from one another more easily as
the size distribution is wider and this realization is similar to the SEM figures. The
information that could be obtained from the simulated figures using the gray scale
analysis is the surface coverage of the nanofibers at different number density. The
knowledge of surface coverage is important in the applications of surface coating with
nanofibers in order to modify the hydrophilicity or hydrophobicity of the original surfaces
by using more hydrophilic or more hydrophobic nanofibers. For instance, the
superhydrophobicity of the surface confirmed with water contact angle measurement was
reported when coating fluorine-plasma-treated cellulose nanofibers on microfiber, which
possessed large surface area [14]. Another example dealing with surface coverage is that
the minimum amount of nanofibers was also deposited on top of the large fiber filter to
increase the filtration efficiency [15].

3.3 The closeness of simulated structures and the real nanofibers

In order to compare the 2D nanofibrous structures with the simulated structures, the
system of N6-35 was chosen. The average fiber size is 144 nm while the simulated
average fiber size, dr, is 150 nm on 5 x 5 micron>. As seen in Figure 1, the size
distribution of the fibers ranges from 70 nm to 225 nm so the closest distribution for the
simulated fibers to be chosen is 0.55d¢1.45ds corresponding to 82.5 nm to 217.5 nm.
Lastly, the number density of fibers was chosen to be 0.3. The simulated structure and its
pore size distribution were displayed in Figure 4.

The pore size distribution in Figure 4 shows that the range of pore size is similar
to the real pore size ranging from small pores to around 670 nm. The average pore size of
simulated structure is 165 nm which is close to 154 nm of the real structures. Therefore, it
is possible to simulate the electrospun nanofibers in 2D to resemble the real structure.
Usually, one could compare the nanofibrous structures containing different average size
of fibers at the same solid volume fraction (SVF) or solidity which could be ranged from
few to 13% [10]. The comparison of simulated structures is shown in Figure 5.

Figure 5 shows the structure of simulated nanofibers of the average size around
100 nm, which corresponds to N6-30, and the one whose average size around 150 nm,
which corresponds to N6-35, at the same solid volume fraction. If the thickness of the
membrane is assumed to be the same, the number density is then inversely proportional to
fiber diameter squared. Therefore, to be compared, the number densities of the two
systems are 0.45 and 0.2, respectively. It is evident that at the same solid volume fraction,
the pore size of the structures containing large fiber is larger as previously seen in Figure
1.
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3.4 The surface coverage of nanofibers and projected pore area

The surface coverage and the average pore size of the corresponding simulated structures
in Figure 3 were illustrated in Figures 6 and 7, respectively. It should be noted that all
uniform distributions applied in this work are around the same average size of d; but their
ranges are different. The ranges are 0.30ds, 0.50ds, 0.70ds, and 0.90d¢ for the distributions
of 0.85d¢-1.15dy, 0.75d¢-1.25d¢, 0.65d¢-1.35ds, and 0.55d:-1.45ds, respectively.

The gray scale analysis with Photoshop was applied in this study. Differentiation
between the deposited area (gray area) and the available area or porous area (white area)
could be done by the program. These monotonous results show that all samples had the
same coverage area even though the fiber sizes could be differentiated. This happens
probably because the chosen size distribution is still too close to each other and all
distributions have the same average size which is dr. This may be considered as a
confirmation that if the average size of nanofibers could be controlled to be equal for all
samples, the surface coverage of the fibers could be pretty much the same, independent
on the fiber size distribution with various size ranges studied here.

The effect of number density on the surface coverage is also clearly seen in Figure
6. The coverage certainly increases upon increasing the number density but the increase
rate is slower at higher density due to higher chance of fiber overlaps as seen in two
dimensions. However, upon adding more fibers, the projected pore sizes of the structures
decrease as shown in Figure 7. In the figure, it is obvious that an increase in fiber density
could decrease the pore size of nanostructures rapidly at low fiber density. The rate of
decreasing the pore size is lower when the fiber density increases due to less probability
for fibers to deposit on the vacant area. The transition is seen at density of 0.2 or it may
be thought as a crossover of the pore generation mechanism. At a high fiber density on
the surface, it could be seen that there are lots of small pores whose size is around 1-2
times the fiber size. Figure 7 also shows the similar results of the average pore areas when
the size distribution was varied. The discussion was already given earlier. However, the
difference was clearly seen at the low coverage of the fiber. It seems that for a low fiber
density, the distribution that contains the larger size range results in smaller pore area.
The 2D structure at a low density is important in simulation of nanofibers in 3 dimensions
where the whole membrane is made of layers of thin 2D networks [11].

3.5 The probability of a particle passing through 2D pores

Since one of the applications of nanofibers is being used as a filter, with these simulated
structures, it is possible to obtain the probability for a particle to successfully move
through the pores perpendicular to the direction of the flow. In this test, particles are
sampled one by one to be deposited in the pore as described by ballistic deposition model.
The number of attempts made to successfully place the particle in the pore, i.e. the
particle does not overlap with the fibers, is counted. Therefore, the reciprocal of this
number is the probability of the particle passing through the filter without interception
with the fibers. The results are shown in Figure 8, where the size of the particles is varied
while the size of the fibers is fixed at ds.

It is found that at the same fiber number density, larger particles tend to stick
more easily to the fibers than the smaller particles, yielding higher efficiency of the
filtration [16]. However, in real situation there are some size ranges in which small
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particles could aggregate because of their high surface energy which results in large
agglomerates leading to a high efficiency in filtration. Therefore, there is the most
probable size range for particles to easily get through the filter [9]. The topic of
aggregation will be investigated more in the future. The number density in this case
actually correlates with the thickness of the filter in 3D. As the number of fiber increases,
the thickness of the membrane increases and this certainly increase the filtration
efficiency with an expense of high pressure drop across the membrane [15].

The experimental study of filtration of small particles with nylon-6 nanofibers was
also done. With the membrane whose thickness is around 0.1 mm, the N6-30 samples
could completely remove all particles from the 200 ppm polustyrene particle suspension,
I.e. the separation efficiency according to Equation (1) equals 100%. Figure 9 shows the
fiter fronts where particles with diameters of 90 nm and 200 nm were captured. The
outline of the nanofibers are still seen for the case of smaller particles while almost
complete surface coverage is seen for the larger ones, implying higher probability for
smaller particles to move inside the pores of nanofibrous structures as was seen in the
simulations.

3.6 The void volume fraction and tortuosity of the structures

Based on the Kozeny-Carman relation, which could well describe the pressure drop of
laminar flow through fibrous mats, the void volume fraction of the nanostructures could
be estimated [17]. The equation was modified here to take into account the tortuosity of
the structures and the actual velocity of the flow.

AP 16k, (1-¢)’
RS @
f

In the equation, U, is the superficial velocity (m/s), u is the viscosity of water at 30°C

(Pa-s), z is the filter thickness (m), AP is pressure drop (Pa), ¢ is the void fraction, and
7 is the tortuosity, k is the Kozeny constant, which is equal to 0.55 for nearly cylindrical
fibers if void fraction (¢ ) varies from 0.6 to 0.8.

The tortuosity could be approximated by realization that the whole fibrous mat is
composed of many layers of nanofiber networks. Each layer is very thin and the surface
coverage is equal to& . Thus, the probability of liquid to pass through each layer is 1- &,
which is equivalent to void fraction, . The thin layer of thickness dz is considered and
the liquid is divided into N parts. If some parts of the liquid could pass directly through
this layer then the traveling distance of these parts is&Ndz . The other parts are blocked by
the fibers so the liquid has to move laterally for a distance (1-&)eN2dz, in case the
available pore is located at the distance dz from the fiber. Still there are liquid parts that
are blocked by the fibers and have to travel farther with a distance (1—&)e’N3dz. It is
obvious that the probability for the liquid to find the pore depends on the void volume
fraction. With this logic, one could write the equation of tortuosity which is defined as the
actual distance for the liquid to travel to the thickness of the mat. The actual distance is
the average of traveling distance of all liquid parts. Therefore,
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dz N

The number of terms in Equation (3) could reach infinity so tortuosity could be
approximated as

(4)

1
T=—
&
The fixed volume of water was fixed at 4.60x10° m® and the weight pushing the water

through the filter was also fixed at 6.42 N. The filtration time was recorded as shown in
Table 1 and the void fractions of N6-30 and N6-35 mats can be calculated.

It is noted that as seen from the SEM images in Figure 1 and simulated images in
Figure 5, the pore size is larger when the deposited fibers are larger and this could affect
the void fraction as a whole so N6-35 had higher void fraction than N6-30. Based on this
value, one could assume the first layer is the network with surface coverage equal to 1- ¢,
which is 0.252 and 0.281 for N6-30 and N6-35, respectively. According to Figure 6, For
N6-35 with the surface coverage about 0.3, the number density is a bit larger than 0.1. If
the structure with density 0.1 is adopted for the structure of the first layer and the multiple
layers could be built layer by layer to obtain the whole mat as previously done by
Sambaer et al. [11]. Thus, using the connection of the experimental results and simulated
results, one could have a guide to construct the structure of each layer.

3.7 The average pore size determination
Based on the water flux measurement as discussed in the previous section, the Hagen-
Poiseille equation could be used to estimate the volume-averaged pore size [18].

2
d°_ Upurz (5)
32  eAP

The equation was derived for the flow in circular pipe so in this work, the channel inside
the structure is assumed to be little tortuous circular pipes with non-uniform cross-
sectional area. The variables in the equation are defined in the same way as in Equation
(2) and d is the volume-averaged pore diameter (m). With Equation (5), the volume-
averaged pore size was obtained as shown in Table 2.

From Table 2, it is found that the volume-averaged pore size obtained from Hagen-
Poiseille equation is larger than the pore size obtained from SEM figures. If the volume-

averaged pore size is considered as 3D pore size and the average from SEM image as 2D
pore size, it is possible to relate two quantities by

d22D +d$ :ng (6)

The Equation (6) was used to estimate the dsp for N6-30 and N6-35 and it is found that
dsp’s are 139 nm and 210 nm, respectively, being compared with 181 and 216 nm. The
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numbers imply that the pore size in vertical axis is at least equal to the fiber diameter as
was assumed when 3D simulated structures were created by Hosseini et al. [10] and our
example of 3D-structure of N6-35 is shown in Figure 10. The structures were built by
adding one fiber at a time on top of the previously added, which means that the pore size
in vertical axis equals to the fiber diameter.

4. Conclusions

The simulation of nanofibrous structures via Monte Carlo method in 2 dimensions was
performed. The results confirmed that even though there are some variations in fiber size,
if the average size of fiber could be controlled, the surface coverage of fibers randomly
deposited during electrospinning process could be the same. However, at a low number
density of fiber, the average pore size was different when the fiber size range was varied.
This structure may be thought of the structure of initial layers that could be used to
simulate the 3D structures by combining multiple thin 2D networks together as a whole
mat.

The simulated structures resembled real SEM images of nanofibers closely since
the fiber size distribution and the average size of the fibers were chosen to be close to the
real systems, confirming efficiency of 2D simulations. Calculations of void fraction and
tortuosity of the structures could be used to prove that vertical pore size is at least the size
of the fibers deposited, providing the connection between 3D pore size and 2D pore size
from the SEM figures or from the simulated 2D figures.
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FIGURE CAPTIONS

Figure 1: SEM figures of nylon-6 nanofibers electrospun from solutions of 30 wt% (left)
and 35 wt% (right) along with the fiber and pore size distributions.

Figure 2: The simulated structures of nanofibers with monodisperse size of d¢ when the
number density of fibers are (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 (f) 0.6 (g) 0.7 and (h) 0.8

Figure 3: Nanofibrous structures with various size polydispersity (a) monodisperse size of
d¢ (b) 0.85ds-1.15d¢ (c) 0.75d¢-1.25ds (d) 0.65d¢-1.35ds (€) 0.55d¢-1.45d¢

Figure 4: The simulated N6-35 nanofibrous structures and its pore size distribution to be
compared with Figure 1.

Figure 5: The comparison of simulated structures for N6-30 (size around 100 nm) and
N6-35 (size around 150 nm) at the same solid volume fraction.

Figure 6: Surface coverage of nanofibers at various number density for various size
distribution

Figure 7: The average projected pore areas in squared micron (as seen in 2D) at different
fiber number density. The comparison is for all distributions.

Figure 8: The probability for a particle with different size to successfully move through
the 2D pore in the structures made of various fiber densities.

Figure 9: SEM images of polystyrene particles with different diameters, 90 nm (left) and
200 nm (right), on the filter fronts.

Figure 10: An example of 3D structures of nanofibers

TABLE CAPTION

Table 1: The void fraction of the nylon nanofibrous structures

Table 2: The pore sizes from Hagen-Poiseille equation and from SEM images
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FIGURES

Nylon 6 30% wiv

Average 103 nm

Figure 1: SEM figures of nylon-6 nanofibers electrospun from solutions of 30 wt% (left)

Count

Nylon 6 35% wiv

Average 144 nm

and 35 wt% (right) along with the fiber and pore size distributions.
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Figure 2: The simulated structures of nanofibers with monodisperse size of ds when the
number density of fibers are (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 (f) 0.6 (g) 0.7 and (h) 0.8

Figure 3: Nanofibrous structures with various size polydispersity (a) monodisperse size of
df (b) 0.85df-1.15df (C) 0.75df-1.25df (d) 0.65df-1.35df (e) 0.55df-1.45df
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Figure 4: The simulated N6-35 nanofibrous structures and its pore size distribution to be
compared with Figure 1.

Figure 5: The comparison of simulated structures for N6-30 (size around 100 nm) and
N6-35 (size around 150 nm) at the same solid volume fraction.
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Figure 6: Surface coverage of nanofibers at various number density for various size
distribution.
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Figure 7: The average projected pore areas in squared micron (as seen in 2D) at different
fiber number density. The comparison is for all distributions.
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Figure 8: The probability for a particle with different size to successfully move through
the 2D pore in the structures made of various fiber densities.

Figure 9: SEM images of polystyrene particles with different diameters, 90 nm (left) and

200 nm (right), on the filter fronts.
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Figure 10: An example of 3D structures of nanofibers

TABLES
Table 1: The void fraction of the nylon nanofibrous structures
Sample Thickness (m) time (s) void fraction ~ Tortuosity
N6-30 1.04E-04 112.34 0.748 1.34
N6-35 1.16E-04 93.66 0.719 1.39

Table 2: The pore sizes from Hagen-Poiseille equation and from SEM images

Pore size from Pore size from SEM Fiber diameter
Sample Hagen-Poiseille (nm) (nm) (nm)
N6-30 181 94 103
N6-35 216 154 144
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