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Abstract: Highly enriched oxygen is used in energy-efficient combustion due to decreased non-flammable nitrogen,
while high purity nitrogen is used for explosion proof in the LNG ships and keeping the freshness of green stuffs.
Membrane technology can be used in these O, and N, generation with low energy consumption. In this study, PES was
used as a membrane material and 1-methyl-2-pyrollidone (NMP) and acetone were employed as a good solvent and non-
solvent addictive (swelling agent to PES), respectively. Dope solutions were prepared by changing the content of acetone
0, 6.5, 15, 25, 31.5 wt%) in 37 wt% PES solutions. Hollow fiber spinning was performed at 0~10 cm of air-gap dis-
tances for each dope solution. O»/N; selectivity and permeability were investigated by comparing of hollow fibers coated or
not by silicons. O»/N, selectivity increased and permeance of O, and N, decreased with increasing air-gap height in-
dependently of acetone addictions. Optimized PES hollow fibers were obtained with 37/6.5/56.5 wt% PES/acetone/NMP
dope solution and 10 cm air-gap, which showed 7.3 of O./N, selectivity and 4.3 GPU of O, permeability after silicon
coating.

Keywords: PES, acetone, elongation, O2/N, hollow fiber

1. 2 =™ (bulk chemical) 3G 2FF ol A o] Aatego]l A AlA
Ao g Aav) 3WA, A7t SHAE B2 Z0E B

Aok i F719) oF 21%3t 79%F AA s 9 g vk 1] E71 F Ahe) B Eold =
o A5 Abadt Hat FN(ETER)REEH A A Aaof HEo] 4UHOE oS HER d4d
&S FNZE & Ao =3 FPSHAY oY A=

T—’,“Zix}(e-mail: jhoonkim@krict.re.kr) A7 IMBR)THAME dekef hs A7)

62



ZHolNEE FEAEE Az B O/N, FHEA 63

%E— 29 qJUAE 4T F ot 1=
GH SollA LE7IAZ AREHE i A
"] T SAAZ AHEHL o AeRe
25 AieteE 342 F2 AW (Cryogenic)
3}3’— ATk sHARE AEH e ¢ tiEA<l o
% (Energy intensive technology)Z4 oj|U]
ART} ”ﬂT 71 Boy BAAQ g9 Jfdo] o
3FTH2-5].

HEHY AUA ARY 7]ed EE2 24 &
ol fla 7ol A4 Ho] 7hedty Are]27h Zof
oj3tEA TE FWE FEHOR sho]H

[oa

X oo
©
oBL
:

A_;uﬂllorilﬂ b~ Lo

2] 2
oH6,7]. wE9E F&ste] TtEE v AgEokE
7128, F43F, AA7ts FY A7 AA Fo
2 dHA UTHs8]. AT HEE AEHI e A
a9t A AFLE 99.99% o)A IEm A Ex
99.5% o]49] seE Ah Fo|th A& st 1
TEo] Aot AAE Beue o] §ste] Aibetes 7]
=2 FANAE AAHA k3 ACE HuEHA )
ok Puri 52 AAE FYYE T AAHLE 47
Y= B o] 448 7‘_/}_9] AT 4~6, Eyg
T 250 Barrer °]4& 744 a% A o). W A
L o438 f71Es

O

E W7t oh12-14].
o Yol A A AL &
AA (trade off)oll FAJT. T8
T 74 FHEs} dYEs LObesonO] A
und A A A H=3 AS5S U
Z]:xﬂtﬂi AN A wE O]/x‘l'ﬂ-%i,
EfAFo] g FAS Aow dHA
TR} AEE w3 AFS Ve
*4 Az EA it 953 18A 24
gute] 2412 483t A7 Bl Aol shs

oo Aze LE&A/L/m & A EA 2

2
o £ W

0 F ko

=
1nﬁo‘ﬂ>&ﬂ£

=2 =
\’UI
5 s
LEE

Oy B oxo )y £ > XN @
S T
it
il
(e}

2o

ofo
=,
o

El
ot
2
o
K=
By
LN
>
&
oL
B
o

AN

N
w o

A7)0 e EeolMAEES 2
74]‘43-’ Ao Foll HlmA ¢+ st
”“X“‘%]"ﬂ ofa M| o]Fo
gttt w3 R
/?—-l/\«] AEE7h Hojd ®yk ofy
JJrE gl 7has}t A gHg ol
7-19]. Prism®o|g}= AE
P REY &4 EYHELS A
2 ¥ <Z(Aliphatic alcohol)S A&
X8 = A
JHEY ZA5ods A8 &F Hl&n H7HA
7b wol] JPH HEE < JEE < XZE
= 5Y MR iy 4T soEsE
of gMjus £55 A o T A
gty G AT [20-23]. AT Z oA
A/ AY R Bty ¢e B3

28 ’B%ﬁ}ﬂﬂ ot gl aL Zﬂz 248 2

El
o 2

b

£

oF

I

2
ot

‘loﬂ

o

oyl ok
B2 b
Erﬂé H‘l
‘W 1‘>“='."é

e e
2 Wl ) Z o orlo ox X

r{rﬁrﬂQLIOA
Mo yo
oo
_i‘jh

=2

R 2 (o W2
B

N
AR
)
L
F

e 4 ox i
X
N

il
=
[‘-.-4_0‘
2
1

oo A
b HiE oogt 2 Hm

R
rlo ox o

o fle

0 olﬂ I‘W OlN'
iv)
0

)
o
=2 1 off
g,
E
X
i
ofrl
;
r—]o
r>~l
lﬁ
_l_4
=
=
r

A A A= P = B

K-ST
N
ﬁ“’

}9}1:}

A= Aba/d Ao MeAo] =Xt o}zl 7]

B JRIEA B FPoAEE

S 2= NMPE 181 z47]'1ﬂ§-}5 Al

o] A7 7L obd Hlgwlo]HA PESE Z

M 3ol FL Acetones AT Po%‘ H]-§

ol H7FAl Acetone< £miQl NMP % H| &l £

Fgtgo] 23 HEY GZ 7o vla|A vHo| go} MH

T g4d vl T AoE AdETH24-26]. o]

wel v H7FA Acetone?] HI&E FAsle] WAL

$9l9) 2L ASATIWA, P4 Fol9] Ao, Al

#7, Aoz 292d 59 zde S FFA
v Azshal Bristel Ax 8 FASEL 4T

Hokth,

__&’

fe re
e
o &

o
oL,

B

P

2A| 16:-!

P

2.1. Z20|MHE SSAES M=

Aol AEH ECIANNE FRAY

4F TS aEA &

rlo

Membrane Journal Vol. 21, No. 1, 2011



64

Firal Coagulant barh

Terema contraler

Fig. 1. Schematic diagram of spinning process of hollow
fiber membranes.
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Table 1. Composition of Dope Solutions from D-0 to D-4

Name Polymer (wt%) NMP (wt%)  Acetone (wt%)
D-0 37 63 0
D-1 37 56.5 6.5
D-2 37 48 15
D-3 37 38 25
D-4 37 31.5 31.5
Aol YmaAt FejolMHEES & Sole A &

9] NMP (good solvent)E ©]&38}o] 7Z(dry phase)
ol A H]EulH7tA Y] 3 (evaporation)ol| A 7]QU 3=
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SAEE THI T BHY FH(defec) e HA
slat7] f18te] FZ(water bath) &l AHHEE 23}
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polydimethylsiloxane (PDMS, Sylgard-184, Dow
chemical, USA)S 95%2] ¥ 4H(Hexane, Samchun pure
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Table 2. Effect of Air-gap Distances to Selectivity of O./N, and Permeance of O, and N, with Different Dope Solutions
Dope solution Air-gap (cm) N, Permeance (GPU) O, Permeance (GPU) 0,/N, selectivity( @)
1 21.0 373 1.8
D-0 5 14.2 30.1 2.1
10 11.5 26.9 23
1 2.6 13.0 5.0
D-1 5 0.8 5.8 7.1
10 0.5 3.6 7.8
1 2.6 12.1 4.7
D-2 5 1.0 7.0 6.8
10 0.4 3.4 7.6
1 2.6 12.1 4.6
D-3 5 1.1 7.1 6.4
10 0.3 2.5 7.8
1 34 13.7 4.0
D-4 5 1.2 5.8 5.0
10 0.6 3.6 6.3
3 F ~ o
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Air-gap Height (cm)

Fig. 2. Permeation properties of un-coated PES hollow fi-
bers, air-gap 1~10 cm, D-4 dope solutions, (PES/NMP/
Acetone = 37/31.5/31.5 wt%). Spinning conditions (dope
solution : 1.0 g/min, bore fluid : 0.32 g/min, temperature :
25°C and humidity : 30%).
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Air-gap Heighl [cm)

Fig. 3. Effects of silicon coating on the selectivity of O./N,
and permeance of O, and N in different air-gap distances
with D-4 dope solutions. Air-gap 1~10 cm, D-4 dope sol-
utions, (PES/NMP/Acetone = 37/31.5/31.5 wt%). Spinning
conditions (dope solution : 1.0 g/min, bore fluid : 0.32
g/min, temperature : 25°C and humidity : 30%). 4 wt% of
PDMS was used for coating materials.
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Fig. 4. Effect of air-gap distance on the permeance of O
and N, with D-0, D-1, D-2, D-3 and D-4 dope solutions.
Spinning conditions (dope solution : 1.0 g/min, bore fluid :
0.32 g/min, temperature : 25°C and humidity : 30%). Pure
gas test at 4 bar and 25°C.
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Fig. 5. Effect of air-gap distance to O»/N, selectivity with
D-0, D-1, D-2, D-3 and D-4 dope solutions. Spinning con-
ditions (dope solution : 1.0 g/min, bore fluid : 0.32 g/min,
temperature : 25°C and humidity : 30%).
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(a) Cross section at air-gap 5 cm.

(d) Magnified SEM image, 30 k of (b),
clear asymmetric structure of shell side.
100 nm.
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(b) Cross section at air-gap 10 cm.

(e) Magnified image,
thickness of dense layer : around

67

(c) Magnified SEM image, 30 k of (a),
clear asymmetric structure of shell
side.

(f) Magnified image, 80 k of (b),
thickness of dense layer : around
200 nm.

80 k of (a),

Spinning conditions (dope solution : 1.0 g/min, bore fluid : 0.32 g/min, temperature : 25°C and humidity : 30%).

Fig. 6. SEM images of shell side of PES fibers as spun at air-gaps of 5 cm and 10 cm with D-1 dope solutions

(PES/NMP/Acetone = 37/56.5/6.5 wt%).
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(a) air-gap 5 cm, freefall spinning with
D-1 dope solution, magni- fication :
300%, OD : 470 um, ID : 245 pm.
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(d) air-gap 5 cm, elongation, with D-3

e A SR e 15
Vo 44l Tpn -0 T
pinisiaeitars wecr Bl

e
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(b) air-gap 5 cm, elongation, with D-1
dope solution, magnification : 400x,
OD : 320 pm, ID : 165 um.
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W 1 . (8] o pm r
Ve lsie D Tpm Yo v l\.ﬁ'."“

(e) Magnified image of (c), thickness :

S i N wesll
(c) air-gap 5 cm, freefall spinning with D-3
dope solution, magnification : 200%,

OD : 650 um, ID : 485 pm.

PR A0 RY B A OB

W . (8] o pm
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(f) Magnified image of (d), thickness :

dope solution, magni- fication :
250%, OD : 530 pm, ID : 400 pm.
Spinning conditions (dope solution :

82.5 um, magnification :

1000x. 65 pwm, magnification : 1000x.

1.0 g/min, bore fluid : 0.32 g/min, temperature : 25°C and humidity : 30%).

Fig. 7. Effect of elongations on the cross-section of hollow fibers.

Table 3. Effect of Acetone Content in Dope Solutions on
the Outer and Inner Diameters and Thicknesses of PES
Hollow Fibers

Ratio of Outer Inner

S(])?Sg(e)n Acetone Spinning diameter diameter Th(i:l;n)e s
(Wt%) (um) — (um)

D-0 0 freefall 560 305 127.5
D-1 6.5 freefall 470 245 112.5
D-2 15 freefall 520 300 110
D-3 25 freefall 650 485 82.5
D-4 31.5 freefall 700 535 82.5
D-1 6.5  elongation 320 165 82.5
D-3 25 elongation 530 400 65

~31.5 wt%)°l e} D-0FE D-47tA Azt A
FH AFATNAM Acetone?] FH 50 wt%ZhA I
BAgHe] FHst glo] A7t hestATh24]. wet
A, BAHEA WOl Acetoned] HIEE ZFH Fo7tdH
A A3 AL, Acetone®] O] 3l D-0 WA Y E
Bl D-4 WA A7 FAEOlE 1~10 emZ7bA W3}
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(a) Magnification : 200%, OD : 560 um,
ID : 305 pum, D-0 (PES/NMP/Ace-
tone = 37/63/0 wt%).
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(d) Magnification : 250, OD : 520 pm,
ID : 300 um, D-2 (PES/NMP/Ace-
tone = 37/48/15 wt%).

(b) Magnification : 300x, OD : 470.’um
ID : 245 pm, D-1 (PES/NMP/Acetone
= 37/56.5/ 6.5 wt%).
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(e) Magnification : 200x, OD : 650 pm
ID : 485 pm, D-3 (PES/NMP/Acetone
= 37/38/25 wt%).
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(c) Magnification : 400x, OD : 320 pum,
ID : 165 pum, D-1 ((PES/NMP/ Acetone
= 37/56.5/ 6.5 wt%, with elongation).
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(f) Magnification : 150x, OD : 700 um
ID : 535 um, D-4 (PES/NMP/Acetone
= 37/31.5/ 31.5 wt%).

Spinning conditions (air-gap 5 cm, dope solution : 1.0 g/min, bore fluid : 0.32 g/min, temperature : 25°C and humidity : 30%).

Fig. 8. Cross section SEM images of PES hollow fibers with various dope solutions.
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Fig. 9. OyN; selectivity vs O, permeance with D-1, D-2,
D-3 and D-4 dope solutions in all air-gap distances, 1~10
cm. Spinning conditions (dope solution : 1.0 g/min, bore

fluid : 0.32 g/min, temperature : 25°C and humidity : ] B
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Fig. 10. Effects of different pressures, 1-10 bar to O/N;
selectivity and permeance of O, and N, with optimized
PES hollow fibers. Dope solution : D-1, spinning :
Elongation (8.6 m/min). Spinning conditions (dope sol-
utions : 1.0 g/min, bore fluids : 0.32 g/min, temperature
25°C and humidity : 30%).
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