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SUMMARY
I. Title

Development of carbon dioxide recovery process

II. Objectives and significance

In 1992, United Nations Framework Conventon on Climate Change(FCCC) to
regulate the emission of carbon dioxide, which is main cause of global warming, was
ratified in Rio, Brazil. After the contract of the convention, regulation on the country
that does not freeze or reduce the emission amount of carbon dioxide entered into
force. To cope with this international regulation, it is urgent to develop energy
efficient processes or change our industrial structure from energy intensive one to
energy efficient structure. However, those efforts are not enough to meet the
requirement. Therefore, recovering carbon dioxide from the flue gas emitted from
various industrial sector is required to solve the greenhouse gas problems.

Power consumption of a small pilot plant installed in 1996, which could treat 110
Nm*hr of flue gas, was 1.26 kWh/CO; Nm® when it was applied to a combined
power plant. For the commercialization of COz recovery process, it is necessary to
develop a separation technology consuming less energy.

To reduce the cost of recovering carbon dioxide from flue gas to a great extent, we
tried to optimize the existing adsorptive separation process and investigated the
feasibility of the hybrid system, which combines the adsorption and membrane
processes. In case of the adsorptive separation process, it was tried to reduce the
energy consumption by reducing the loss of carbon dioxide in the pretreatment
process and optimizing the first and second PSA processes. Membrane separation
process for recovering carbon dioxide from flue gas is in its primitive stage. Thus,
membrane showing good selectivity for COz/N2 separation and membrane module
were prepared in this study. We performed the theoretical analysis on the

conventional adsorptive separation process and the hybrid system compared the



energy efficiency of two processes.

Objective of this study is to obtain the design technology for a plant, which can
treat 1000 Nm’/hr of flue gas and produce COz over 99% with the specific power
consumption of 0.8 kWh/NmS—COz, as a preliminary step to commercialize the carbon

dioxide recovery process.

III. Contents and Scope of project

Part of carbon dioxide in flue gas is wasted at the pretreatment process for
removing water and dust, which reduces the process performance. To reduce the loss
of carbon dioxide at the pretreatment process, hot purge regeneration using waste
heat of the flue gas was employed and appropriate operating conditions for the hot
purge step was established. In addition, the operating conditions of the first stage
PSA such as the pressure equalization step, low pressure purge, and desorption
pressure were optimized through the theoretical analysis. Based on the results, a pilot
plant, which can treat 1000 Nm’/hr of flue gas, was designed and the specific power
consumption of the plant was estimated.

For the successful application of the membrane process, it is crucial to make a
merﬁbrane having good selectivity and permeability to carbon dioxide. However, such
a membrane has not been commercialized yet. Therefore, after evaluating the
performance of various polymer membrane, the best membrane for CQOs/Nz separation
was selected. Through the experiments for preparing hollow fiber membrane with an
apparatus of commercial size, the mass-production technology for the hollow fiber
membrane, which can be used in commercial uses, was established. Small-scale
hollow-fiber membrane modules for membrane-separation system were manufactured.
Based on the experimental results obtained using the small-scale hollow fiber
membrane module, basic design data for membrane separation process treating 1000
Nm*/hr were acquired.

A mathematical model for the adsorption and membrane proceses were developed.

With the developed model, energy efficiency of the hybrid system and adsorption

._Vi_



were compared and best combination of membrane and adsorption process was

deduced.

IV. Results

1. A technology, which can reduce the specific power consumption of adsorptive
separation process about by 50%, was developed. The specific power consumption of
the pilot plant installed in 1996 was 1.26 kWh/Nm®~COs.. However, by reducing the
loss of carbon dioxide at the pretreament process and optimizing the first and the
second stage PSA processes, the specific power consumption could be reduced to 0.6
kWh/Nm®-CO.

2. Since the developed technology requires only two beds in the first and the second
stage PSA, capital cost of the developed process is lower than that of the previous
pilot plant, which used three beds both in the first and the second stage PSA.

3. By opreparing various membranes of fluorine-containing polyimides and
polyethersulfone (PES) and evaluating their separation properties for CO; and N»
gases and mechanical properties, PES was selected as the most suitable material for
the preparation of hollow fiber membrane. The outer and inner diameters of PES
hollow fiber membrane prepared in this study were approximately 200 and 400 g« m,
respectively, and the thickness of outer skin layer was 0.1 #m.

4, The PES hollow fiber membrane had good mechanical strength, and showed
excellent separation properties for CO»/N; gas mixture. The permeability and
selectivity for CO»/N2 gas mixture were about 25 GPU and 40, respectively.

5. Small-scale hollow-fiber membrane modules for membrane-separation system were
manufactured using the PES hollow fiber membranes spined in this study. The
diameter and length of the hollow-fiber membrane modules, in which 400 hollow fiber
membranes were installed, were 3cm and 30cm, respectively. The active surface area
of the module was about 400cm® When the pressures for feed side and permeate side
were 5 atmG and atmospheric, respectively, and CO»/Nz gas mixture with 12% COq

concentration was fed at a flow rate of 0204 NmS/hr, the concentrated gas with
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27.3% COg concentration could be obtained from the permeate side at a flow rate of
0.008 Nm*/hr. In this case about 90% of CO; was recovered.

6. Based on the experimental results obtained using the small-scale hollow fiber
membrane module, basic design data for membrane separation process treating 1000
Nm*/hr were acquired. To treat CO»/Ny gas mixture with a flow rate of 1000 Nm*/hr,
20 units of large-scale membrane module whose surface area is 20m® are needed. The
process flow diagram for the commercial membrane separation system using 20 units
of large-scale membrane module was prepared.

7. The combination of PSA+PSA was better than the hybrid system of
membrane+PSA in terms of the specific power consumption.

8. Basic design of a process, which can treat 1000 Nm%/hr of flue gas was carried
out. It was estimated that the specific power consumption of the process would be

057 kWh/Nm*-COs.

V. Recommendations

The adsorptive separation technology, which can reduce the specific power
consumption for recovering CO: from combustion flue gas by 50%, should be verified
in a large scale plant through gradual scale-up. If the system stability and economic
feasibility of the adsorptive separation process is proved in a large scale plant, the
supply of a commercial plant to recover and reuse carbon dioxide will be facilitated.
Moreover, the technology can be used as a carbon dioxide abatement technology.

It looks sound to install a pilot plant, which can treat 1000 Nm’/hr or 2000 Nm®/hr
of flue gas and produce about 200 Nm*/hr of carbon dioxide.

For the commercial application of the PES hollow fiber membrane and membrane
module manufacturing technology developed in this study to the COs/N: separation,
further research to verify the stability of the process when it is applied to the real
stack gas is required with a plant, which can treat 1000 Nm?/hr of flue gas. For that
purpose, after obtaining the manufacturing technology needed for the scale-up and

related operating skill with a plant of capacity of 20 Nm®hr, which is 100 times

- vili -



larger than the capacity of the apparatus prepared in this study, the plant should be
scaled up 50 times or 100 times, step by step.
We plan to include related industry in the next phase of this study, that is, in field

test and verification study of the developed process.
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Amount adsorbed of CO2 [mmol/g]
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[¢)

!
)
e
2
4

5) Eeld 4AEY e 2o wel 2A WA et

ol2} ZL 7MY stoll Ed-3 oUA| AN & AR T3t Zol FEHTh

) B B $A4;

oC (uC) P dg; _ )
5 Tt e = =0 (3-4)

2) 7} JEel BA $A4:

9¢;

3 + -——(uc) + T 0 (3-5)

3) ofuix] 424
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oT 2h,

oz T R (Tem T (3-6)
dq;

— 0Oy Z(—AHZ') ac; = {

oT
(eCCpt 04Cp) =7

8tg + eCCpu

5) Fateh AwelA el ofux 474

lowcj)w(R(ZJ_ R%)iaj;—w - 2thw( Tg—— Tw) + ZRan( Tw— Tamb) (3_8)

6) ¥ Wi ¥ sl Ergun A& o] &3] Axtsigirt

_ AP — (1_8)2 yL l—¢ Pg 2 3-9
150 3 (0.4, u+1.75 S 04, u (3-9)

C]:: QSlprl (3_10)
TS
ol A olBol dstH NS HEOR olFoj EY Al FH YL v
NE2 Edo] "ot
Py,=pi(IDx; 1=1,2,....N (3-11)
le 2:"-:HN (3-12)
ﬂ'iA . p_?:li _
mz_ﬁf_fo L dp | (3-13)
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918] ol FEAAG oldel Z HEY B4t 4® (spreading pressure)-7-5t7] 9|3

ol HEH™ 1w 2 Re] B4 Y

—
)
j=3

el
=
£
—

o¥,

o

i

o

1,

oo

ol
ok
'

g
-
joi
5

t
B
&
=
051.
_1)'

A
=S = agln(1+ bp) (3-16)

Langmuir®g P42 B G452 250 wl W3l 152 2% &AL olzfe] e
2 Ltepf gl
bi=b;,exp(b;)/T), qu=a;1ta;/T, (3-17)

© AdEAL] AMEE FF BY et FHEE E 3-5>0] vehiglnh

(E 3-5) Langmuir E Al Exted

a;1x10° aiz biox10’ bii -DH

(mol/g) (K) (1/mmHg) (K) (cal/mol)
No -1.03 0.61 2.81 2520 5952
CO2 -1.95 2.03 87.84 2200 8333
02 -0.37 0.94 19.4 1031 2976

o] FEA olBL2RE 7t HEY FAHTFE T17] flshA FastlASE AHEsigivth
A~

7t 2"lolM2) 27 2AL 2 A WA npxlwt 2] 27 2o WL} 1t Psag)
w3l At AF AxolA MEHE A7 APRE AR 28 PSAY UEE Aol
HEZ 2% 9R712Y wE 9§ 1T PsAY] WA A MAF 2N Qojxs

o) BE B A A&tk 1T psag A4 Axlo] BRHE stas 29
B3t A 2YelN MEHE hAt ASHEY O sEet RS Al ateh Wahe
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rr
3
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1o
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o
ok
Mo
o

Jste] 2gtollA wiEE = 7tae] 3
Ed€rcta 7gstolet. 2kt A% 7t
28] FEe AF 02 2ot FYsith 2 2 7} A¥oAfe] A =32 ol

ek gl 2%t F3 AR
v0,0=v;, 5, T(0,D=Tp u0,H)=ur (3-18)

25k PSAS] WEARA ZHS @ WHFol 1T YT AMArae BT 2YeR
Hstech.
Wy s

u(L, =0, u(0, D = u, (3-19)

i)
[H

ANNA w1 W 2%t AFHLL FUEFol o8] A M dutdoew 3F

o FUSHES FUHe Agmol wheh Hskbul AL ol AoE Fel g

_-_—

us:us,o{l_exp[“(ps—pd)/a]} (3"20)

2l AolN pso} p= 2H2ZE U] Y F AFEY Y-S uvehdrch
A4 Al 25 (PU):

y{L,t)= Vi PP (L, t)=Tp (3-21)

Pp

u(L,z‘)=upp75£ u(0, )= u; {1 —expl — (ps—p/al}  (3-22)

1eh 2 gl 2ek Al 2Rle) BARAL FHARL FAARAI FAbsh ©=] EYE]
© YE87tLY sERE 24zt 2nbol A FE U AR Al wlEEE 7hAY] R HdEE
2et AE2 =71 "rch

15k 9 2%t A &¢t
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u(L, =0, w0, )= C(pr—1s) (3-23)
1Tt &¢ke] Jt: BEE T HEVNEY s} T 2wk ¢4 VlasEs 2w dE
Fhasl Est Bk 91 AolAl pis Eol ALSH 7hA8 UYoli = FHY U7
Uolrt,

CO; PSA FB 2 de oty &, €& 12 JHUHE Lol T},
e, 2ul A o] CO, WA
Hed W54 9 599 =94 00,7 (3-24)
SERRDE AL (3-25)

2l M el CO, AL

Co, PSA FPolA WPl aule 19 W 2wk AFWE Jeln da wks oFE FF

7] Solld wdzic) AFWIL $57] P J1A ol$§ J17loHe oA anle

A olfel WRR oUAst AFHZ 7 FEg TEI] AT ofUix] Foz IR

of 4zt 4 gk AFWZAIA J1A olgol BRY oluE thal g ool
=

Al & 4= gt

(k—=1)/k
W=nRT-2— (——) —1] (3-26)
9 AeolA k= 71x2] 4 &% ¥] (C/Ci)oltt,

CE 3-6dofl & AirEApol] ALEH FxA Fed 4 d o 9 B2 AL ArES

LIER giT,

4, A3} W 2z

oh HuE Mxal Sdol 23t PsA EFel 45 sl
(E 3-mo Y APRAL ulpe] sHEA Cop PSATH AR AAE Qofstolrt
7td AT W 2xlE ol gstd AA FHM AL olitire & EY
T o0& BT ohet Al wizks & F PSATA =YEE Y272 &R W
A 71EY

A RFAL = &S dUTH E 3-DollA PSA B4 M8 w827 7.7%2
2HE A4y Ay Azolrh. Al FHOIM 00 SAL FY wf F PsA B
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<E 3-6> FAHY, FHAL Eel oot d d EY AdAS

FHA 2 FEAFY 84 A
Bed porocity (=) 0.36
Particle density (g/cm?) 1.17
Particle diameter (cm) 0.25
Density of wall (g/cm®) 8.0
Heat capacity of gas (cal/mol K) 7.3
Heat capacity of adsorbent (cal/g K) 0.22
Heat capacity of wall (cm) 0.111
4 %2 =242 deg Ar
hy (cal/cm” s K) 6.0x10 *
Uw (cal/cm® s K) 1.0x10
keoz (s 0.02
knz (s ") 0.1
ko2 (s") 0.1
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th [2% 3-11]¢] L}E}
FHlE delstEa dojzl FHolrh

C0x2l &Mool W2 7€ FHolMe PSAZERY Ha4gat dA FXY 48] &
Zpo] 7E VARt A" FHoNE L Aol7t &
ME B EgRo] A
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(R 3-7> CO, PSAY] Ad&-9d Az}

Axjg YR 1t PSA 2 PSA Al . 15k A4 L]
2%t AlE 7t B (9 ) ]
Phes Ao A a B Aa | ITECO N va | ewi/sm?
35 m)
’ ’ =0 - 3 o gk
COz P CO2 P CO2 P, CO, P C |5 3 A %)
s Hu BN F5 ww [NV 0| psa 1| ooxt
(Ni/min) (NI/min} (N}/min) (NV/min) | #A
(%) (%) (%) (%) (96) {min)

R100 | 105 | 1539 | 75 1396 38.2 38.1 99.4 85 14 | 76 | 520 | 802 | 620

R101 | 108 | 1526 77 1379 38.0 35.7 936 97 12 79 | 579 | 902 | 544

R102 | 105 | 1458 [ 100 | 1412 46.0 383 9.8 124 14 86 | 80.1 | 87.0 | 404

RIO3 | 105 1445 | 100 | 1392 46.0 379 99.3 12.1 18 | 84 | 793 | 866 | 437

R201V| 107 | 1486 | 104 | 1404 55.7 50.3 99.1 12.4 14 1 821 777 | 844 | 345 35 0.5

RrR202”| 103 | 1459 | 102 | 1400 488 35.1 96.2 115 22 | 47 | 738 | 777 | 301 | 237 | 054

R203™| 108 | 1576 | 107 | 1527 24.9 24.9 819 9.2 5.4 0 440 | 46.0 | 318 3.0 0.63

R301 | 113 | 1325 | 11.0 | 1315 56.6 205 9.8 126 NA | 78 | 812 | 834 0

R302 | 11.0 | 1272 | 108 | 1262 59.4 30.7 99.2 11.2 NA | 78 | 794 | 815 0

R303 | 11.0 120.0 | 108 | 1160 | 64.96 215 994 10.2 NA | 78 | 768 | 809 0

R304 | 110 | 1085 | 108 | 1045 57.2 246 973 10.1 NA | 78 | 820 | 86.7 0

R401 | 104 | 13801 | 10.3 | 137.02 | 63.9 216 96.4 10.3 33 [ NA'| 689 | 701 0

2 1gb ARLEIT 2k 1 No'/h, 2% ALHEE L3k 145 L/min
Y. Tk W g8k 145L/min 27), 2\_ 751{1} = g8k 145 L/min
o 1gh @l 2uke gbxl AZFIZL] ofLR] AH]

f

R100-R203: 7]& 2%t PSA 2 A& T3 34 (¥ -0

R301-R304: 1%t F¢f, 2%t FE sk 23X, T8 744 <E 3-12>, R301,R302: 1%t &
2 1503, R303,R304: 1%t

R401: 1%t T¢}, METFH 2t F¢& 3t 23, 38 78 <& 31D
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4 Zdo ] AWRGS e MY BHo| R BARTE S48 o £ gy
(2% 3-11]25E £E 9952 o|AHTaE 9 w] AMH BHIM dojxli 0|4tz
Y2 AAREE o 12,3 L/minolL 71E FHOINE o 9.5 Lming 74 2HL

2 RAL 1T Y WA § o oY AR v
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A0 1R FHU Y 2AS APelAt o 20 mis AEQT O EHOE QoA g
9 £4e 18 mig Gtk 2% BHYL 1D SAUYANRT f0] & DAL T &
Wollt AE AF 2%olMe Y £ao] AY gl Ao nuEglon o|gHoRE
e @Ao] A2l g AT Uehyich

(23 3-13]0l% RI029] £ ZAGIA AU} AREAIA Foixe FHe el &
WS Uehigch FHY U LEHIHE AMEAE Bl AYHoE oFY

e & 4 Ath £ AT WAL ol usiEiae] BY AW LI} B

W SEE UM O FUTL IHDE L& AYLEIE olasttias] Fhol Yy
3 dofub M MHE & £ Uk Fio] Tus AW F 160zl YR YTE
By o s0cn ol MAHY LI} ALl Hrlsl Hi Zo® Ro} oludigias] F84
Yoivh B 55 cn o AHAA AMWSHE 2e & + Ak oo B4 A% F
W Y B 0 AE AF WAL wAAS DTN A FHSHE WAL
20cm, S0cm A|H SEE Ae M gl ot 2w FHT FF U AE AR
w7tse] 27t ARFE oluTa FEe} ¥ Aol7h oA ojn] YREEE m3
49 A, F 2cn o s0on A, oM o o4l Fiel dojubx gk Zg ol
ek SR F2 ARold B3] Wol Yolubx] ok 8om X We] LEE olojxl 2%
FaEe] w7k B WA LRI ok AR AUTh 1% By 27F 7}

2 -{> Pﬂ
;
!

o (A

_47_



Pressure (mmHg)

Pressure (mmHg)

-~ 48 —
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800 & il (
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1000 |
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7HE 130 cn A2 SEE FIF TAN 27 e F g dACdME & Aol

ALl ¢lEs ZAox Hol o]ityetse] 2 EAAYUIL o] AR = AYSIA| ¢k A
o8 RBalry,
2t Eatgre] FEER QoM 20 cm @1 X|FHe =& A Lslae A2 oZo] Jhs

3] njge] o] Eafshst] ol 1tk FAghelM Fatzf %’4 StiA 5= o]
RHUlA 4 bl ¢lth, wheba] 2wt FAE 98 29 $RETl 1T Fatwte
Z9 +EE Rrh 74 Hrh uebd 2nh Y] o] 23t 2@ 1% FAg o]
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3-14]0] AAREALE o]&3te] Az FHE ALY psAgAHLY] e AFH
Heg, oF W AEdsie & veluigich, (2§ 3-14]25E "R Agola
old gz &5 BAE & AF3L USS &+ vk (27" 3-14]oll= Hatm
Aol 2siA deojxl YA E A Uehfsich o] Hxigle J1A L] o]
o FeiRlE grolw 1wk W 2%t Lo PSAFF o
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100

a
./I D/
@® Recovery
B Purity N
95 |- O Recovery
O Purity
« -+ power consumption / |
—_ at improved proc.
g\‘i —— power consumption )
L. of conventional proc() /
5 90 — simulated 4 —
> /
Q
[
® o4 :
] -
2 851
e
3
[\ R
80 - o
75 | A | | |

0.65

0.60

0.55

0.50

0.45

0.40

0.35

0.30

0.35 0.40 0.45 0.50 0.55 0.60 0.65

Reflux ratio (-)

[Z% 3-14] 71& AAE A3 A" dAe] IS A& 332

1% e AAe] 3, 84 Tz 1€ A
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(I 3-8> COp PSA Z} P/ o042 oU=] 4y

) 19 Azg= 20 AFP=
4327] (KWh/Nm’'CO,) X
(kWh/Nm’CO,) (kWh/Nm*COy)
0.03 0.21 0.12

RIS CE 3-T>ofl Lpehutsitt o
oA dolzal AFPUwel= Igte] INm’/min R3] JFLWIE A}LFlIL 2%t

145L/min®] HFHIZE AME3IGE H-F Folxl= AYdctslolrt, Ixto] A= "ozt

SRt £ £ JAFHZE FX|ste] SAsA7] wiEol H5¥H T dY[Ts
7b A F& & 4 Ak FRE FRSE A A 1% AFEZE 1,644 kiih/hr, 2%
AFEZE 0.321 kih/hr2 1T AFPZ2 F53 28 4] dYo] 2vbk} of 5uf A
=9ch

1gE A ob A2 "AAR F g Uof] RESIE oJAtHRIAE Hesteu] B3 olA|
B AEE AUAA FsHE AREH s 7tAaFY oldHE: wEIF Folg7 o
of el H¥ o] tEtehAe] gatafo] HASHAHTE TEE 1T A YA HH
A o] FolAof st B 3-HDERE AA YU E HLste HHY 1D M3
fgo] SAEE & = srh <& 3-72 FYPYeels s2ol AAGle] 3] 2xtolA
dolxl o]itsletAe] oF& 7|ZHE FIACE It AUMBEY & E¢lol whel Ayt
917F szl FUkste 23S Hols W 2¢t AFY ere 1 Ay ARG
Zof uhel A% ztAshs Zo] FHHUTH ol FHY T F7] Aol LAH
Sefol A At M2 ofel ol whel 1xtollM A Eof Lpes o] itEpRtA g
Fol EolER AAFog 2tk FAR EQEE olatdRkAL] o] Folgy] ufEel
Th wheba] AR 7EAY] ofo] EEW 2% FAEY AJ|E Sol|ALt 21t & F7]
A AE sool ARy oA E A& vk [2F 3-15]] MF TR
TE 3% 4% A8 AAEA AAE UERGICH

AN BANE Bt &g e AEY o= o]l AR fAHESE ¢ 4 drh
 ALRAA o &E = AYLHTE AoiglelM= AEX et wlo] Afolrf uix|vt O
BB AP A dX3AL JYFE B F AUtk F AU MRS FUsA god 23]
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40 i 1 1 1 L 1 1 L

ME & (L/min)

[2% 3-15] At A1 fdel wE 33 Hee Wil
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g st W 2 H4EY 4T LS wiEel A 24 2UE =&t ©
2 olglgo] ufEch ulebd 2%t FA WAE FAlol HIelr] Hrie WA s
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15t Aot Aol B %ol mlxt g FAEAE FaiA golny| $15t]
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e AYan oy B £ vk A A% sNawe TR =g 24|
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Purity, recovery (%)

Purity & recovery (%)

(2% 3-16] A& T} alo]& FJ]olA 1%l PSAY

100

0.24
90 0.20
SOE__
0.16
—@— Recovery 1012
—m— Purity '
60 O WhroT
oD Wy - 0.08
:7-‘.".77.7.?»&.,%_ _ - 0.04
40 - v ................. hﬁh:‘vtrrm"ﬂ*"'"“"'“u;w'@;i_'_;M__%
30 | I | 0.00
0 2 4 6 8
Purge flow rate (L/min)
100 0.24
b)
90 g , . ’O 20
go QO YT - e . &
i —@— Recovery 0.16
O WroT 1012
e[ WV )
60 N \Wa
0.08
50
P N 0.04
30 0.00
0 2 4 6 8

Purge flow rate (L/min)

3

Power consumption (KWh/Nm3-CQOz)

Power consumption (kWh/NmS—COz)

ol nlAe AZ=F

o 4%

a)140% &% b) 280 &2 (Feed: 135L/min, ©3 ¢4¥: 50 mmHg)
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[2% 3-16]o] VIRt ZAH I 3e&2 A AYItE FHo] Sofgol wel 2
43813 flE87IAe frae] A7l wiiEel ole g AR "Lt ol AA
7ke] ofo]l EolEWA FHAL Aol who] =A| ol FAA L] FE FHRO| 4
317 wiolch F3 A®1e] ko] 280 ¢l HF A7EAS] & 8 L/minolA 0.5

L/mine 2 Eold YUt = of 1064515 5 o 102 F713ct ibd 3%

X
rir
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o¥
fllo
of
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Ml
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N
ofr
nﬁ{:
»Y,
o
a
1
£
o
2
[y]
au)
=
ki
1454
i)
rir
N

.
e

Co, v=7t B A% 2xolA 2H[AYE 4 5 7] wlEo] MAHA 32 Ay
thele o yobd 7HsAdol glrh

e Ad A fride] EAste A& oldlstr] e ATH=e &3
HlE e AYE austd A oaizt Jhesich $F71u AFHZelA snlEe BYS
Aoz FolAledl 1%t PSA 2HoM FatEl s o] dsttae] FHL Fym R

F70elM 4nlEE AHUL9 e ot Heog vehd Zoltt

=

W, = Rngf(—i—f)uyco,R) (3-27)

17|14 P2 FUE U, Py EEF oY il RS HEolrh ¢ AOoRFE e
& Aadstr] fste] $37100A LHlEle S 4R F2] ol

& w2 FAR Heg dAHT BATE QUvh & oladdvtLd FEIL ¥ F

HIE = Aol FolErh. dutoz AT YR

e
F7HA 71 Heg2 ST whebd $3718 Ayl AL

A A 7t28] & £
28] oFo] FIVFE rAsiA Hrl
e pEEe AYsut oed dew Uehd 4 o
Wy = Rngl(_%)/.VCOZ (3-28)

714 P wEkIEE E3 alels oln dde Ushbisul A Adel Sty

4% zath mebd ABREolAe AYzulE WHILA 3 oluBEL ST &
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=& st

ofN

CE 3-16> 23 778 2004 15k FHAIo] 150 &, A 7k& #7fo] 4.7 L/min, 2%

B3 Aol 102 YA 2 AWl BEE o|itstias] HEt 4 2

Geoz (L) Yeoz (%)
19 3% 377 10.32
g &3 7} 6.7 1.97
14 g% 31.9 63.23
YA 29.1 63.23
2% FERu I 2.3 1115
¢t ez 295 98.94
2et &9} 2.8 63.23
348 (%)

1< 2%

84.6 92.44

A8 aH] (kWh/Nm’-COz)
19 JFY= | 29 EgEFPE 3
0.17 0.06 0.04
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100 o e e C = 0,266
9 4 0.264
98 F
4 0.262
97 |
= 4 0.260
H 96
W 1 0.258
95 |
1 0.256
94
o | 4 0.254
92 1 1 1 1 1 1 i 1 O~252

79.0 79.5 80.0 80.5 81.0 81.5 82.0 82.5 83.0 83.5

=8 (%)
[13] 3-24] 2%t ©3eteo] 2] oo ulx= 4%
([J: 150 mmHg <: 100 mmHg)
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5, 4 &

AL WFARRE I4E CLE #H4dls 2% 00, PSA Ax|& vli7iA 2] C0; B0
utel Zge ol A el FHAE AHEE s A&l BEE RIS #Iste] w7t
A F2] R AA e FRA AAHCE A eIl AHEEE Y dFuve st
olLl 8} Co= FHBIEE ZAZ wivls F8 0 w7t Haste] AAZHL gl d¥E
njAct, o] Aol EAEE o] AIFERIAY & FolU] $Iste] HAe] FAHE ALwivts
o] HdE ol g3dte] std xATcH= 71 st Az FAo] st 9 WY 2K =
astach o A AHeFA oM SAUEE o|alEktAe] & Wol £ 4 AL 10.5%

Axuirts H2E ALY IuE fAE 4+ dglch
AAE FHo 7tdAd ARz EAARNE =Rt P =it 82 FAlA M|
F4Y Heg vay Azt JtdAd ARz dAARE =dd A Y e o
oloiet., PsAEFol thzt F8Hy RulS of&sle] FH e HMYUTE A

P
Nal B A3} ALUDE of 3% AHHS & 4 AT 17 AFHUZe|A oF 582] o

N e RS o]83te] oUAIZt tiRFeE AH[EE 1T UFHEEL oA &
& Fujstd 5 g RAXAE dotry] flste] 1eke] Ay AR, AolEF7], €
ot ol AYUctelo] ulAe FFE 2APSIGITh Ictold HADL AFZ olUA] H&&
AT AAEE €8] R goledl BV S-S o 4 ik ' o] ol
A FEu7E welR A FFPZL] AYanE Eole TS T VLA T o
3Rl wEIF GhobA] o|alstkiA Aite] AREElE R o[ 4R AFHIZoAM2
HYAHE B8R drh Lole EAtYe Ukt vao] HER =EiFE 7k
Z2] olalzigls sEIt WobA 2vtolA nlEls AY 40]E SV Heh miRid '
2 obe] 2 50 mHg® fElstgiTh 1xtelA AAEE 02 TEE &ol7] st 1wl &4}
Uste A2 oy BE&E A FASHA &2 59 (0:F &€& + Uslen
Agt Bee AUk =AU Beot fARE A3E ook 2xtelA
TRAA 15 "7t F2f ofat
F7lle 228 Uiyttt o] AdEs

o
4 oM
it
N
§2
1
2
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BiEe 2 2%t PSA Fol 23

stoleh Icholl F¢hat 2¢tel] #kE =Yl e s AE TRy #E FowEH A
Y E Y & AUES AARAE Bt HAsigich & FAo nis) IxtelA o
& TS o|AHRtAE AE0 =N 21 B S A ARSI T 9% 0.8 A=
£ oFFdl ofEFol glalem A Ay AARARE 150 mHg F=gch 1kt
A3t MY FFE =Y 2vE PSA T2 AYARRloME ot 948 AR UelydxRt
Hegd 1t 2dts 24T I wla) Wkt ol= 1Tt AHYGME Jhae] ofo] ol

© TR AYLY e 1nhe] FURtE =3 FHAME MRS & oS
3L
[e]

=

& A A3yt UeRIEE olF mEste] 1kt FUnhE Tste Zlo] fsirta
wtekstolol, 1ol bz} 2%t FThE H83t FALE dojA= I4E&S It At Al
A JkA2] R[¥o] 7.8 L/mind ZA$ 8lxFEon 1 ufy AY 0
kWh/Nm®-C0;, 4.7 L.mind Z-Soll= 0,25 kih/Ne*-C0, =8 FAlE|edc) ol: 7|2 2 A3}

HlastglE of 382 bx ol MU 28% 24T Azfelrt

S..

A 3 4 1000 Nw® 2] FE x| A

1. AAe AF A

7t 2EHA M SR

HEUY E TFE FAA ASTAL AURS ol8T ZEA A7 Ak of7IA
£ ool 2H4 ALIlE WA BAO 486S Ae WAz 2 ALLuE A
FERE )

(2% 3-2610] QRS AF FQelA HEHste] AL i BHA AGRAL )
GRS Tkt 2EA AL AR 24 ast SHA dR@s, 9E AS
7l %71, A7) SEl F4He ok

24 @RBAAAA ks Fo SRo] $RYLR ALY 3 T2 w3
Aal7has] 4% o MoR R oo] LLTLL olYA FRol FE AAY dsu)

Ttae AgHE7loA 10 T2 WAE D 2 Aol dF ol T AA"C) 4

i
it



28E& AA 10 C 23 $F7¢E 7R deeVtaE T $371&
A2 2Eo] o]&Ho] -35C o Az damirtart RE|A AET] &3l Aol
t}.

2E]4] AF71Y AEE 913 AA7kEE PSA FHE AA ARE 1% PSA FHhjrts
o] o 1/30] AREEM um#| 2/3 ZE[A da®r)e] AdE s AHgHrh ZEY
AG5HA Y WAL AT Jkae BEA AFFAE AXTDA oF 85°CE JHEEL TH
H7] SIHE AA 160CR 2B 7tdEo] AHEHCt

2E]Y AgrY 2de Had dY¥e WY ste A7) slEe] st 2ea vt

A ol It $EFlelA 4™t 2EY Agrlel HEEE UAS d¥EHo
3] uin|sty] gige] $E71eA AR EE AHE Y7 AT slEe AgEHE A9
of wja} cigts] ztrl IR JE71et A7 sl dY LulE st EEY A

FHxY Y 2uE A8 & 5 ook

A}k 1000 No'/he &) He] A] YEI)oA =45 danjrixs) 22+ 35 C,
52% AJUEEE ZIX 5 w&EE 7tAE 10 T E34F7|4E& 7Hcta s o] uf
WE7olA FFEelof ¥ A2 53600 ki/hr 7} Hrh W¥E7]8] COP7L 4 2fal 7H s}
W oAA FEEelol ¥ AYL Al 3.7 kih FE7h Bk 1000 No'/Hr X 2] A] A4t
L 002 g oF 80 Nn’2® Axtsld (Co; ®E 12%, I4g: 80% 7HH) 0.039
kWh/Nm®-C0, &) HM&o] Au|Hrt}, 52500 ki/hrd] E&-E = A3I7] 28 A48 WSALT
8] ZA$- oF 3.75kWe] EHIVE AMEshEYl ol COPE 4elal 7HEsial AT 919 4]
e} frapsict,

A7) s|Eo]A= oF 333 NoP/hr &) AR WZFAE 85 °CollA 160 CE 7tdsh=y o]
w] ¢F 32800 kJ/hr o] dako] Wosir), aEZ A EoAE @F 0.1 k¥h/No’-C0, &
Ho] anjdch whel aujriie] HAE 34sto] AMSTTHE A7) SEA Ladt
Y 2HlE ol &ol& Zojth

ZE|A AFHA S ALl
AanizlA A= 1000 Ne'/hr, COp $5:12%, ¥4-&: 80% 7|&
- YE7] AYau]: 0,038 kih/No®-C0,
- A71sle AYP2u]: 0.1 k¥h/No’-C0,
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L, ZMEFA M| ZHX|
Auj 7k 1000 Nn'/hr 2] FRO| A& FHyel 71
- 217 100 cm
- =ol: 150 cm
- 4y &A1 83 mmHg
ZAEA G Sl oY &4 e daiAs $3718 dYi I F
Mgt A5 FHEo] gl AElddAM £33 E&UdY whet ot tiEd o7& E
AN A obe] &alo] 0.2 kgf/on’ G2Ral 7P bl
A E $3E3e AR $3718 AYLn= EE ¢Eo] 0.2
kgf/em® G & ZA-$ 10.2 ki 0|3 E&¢eo] 0.3 kgf/en’ 6 & Z-Pol 15.3 kiE oF A
HAEo] 5 ki A= FUgich FAYA MA 2] HAA Au[Es AYES 0.052
K¥h/Nm*-C0, o]t}
ZMete] st zjAdel MR U= 8500 kcal/hr2 RE[A] AHAxo] Azt o
o] of 1/40|t}.

olpel umel A AG A2l skl Aol Aaujziae] HAE ol ST W]
zmoly 2ElY Fatgo] $43g o 4 gtk THEE 1000 Ne¥/he 2[R PSA
24 AANA AAE BHE 2 AXe 2L Ay,

2. 2tk PSA Z-A MAA
7}, Plant H & CO2 PSA
o YAJEIA SBF 1000 Nm*/h
o AE 7}A §3F : 97 No'/h
0y == 5 99%

C
o AE Co, 48 0.2 kgf/cm® G
C

02 %E ; BOOC
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o MEIA 24 FF HYUAL B Foulirts IS
Bj 7k F R 23 E8] (v/v %)

COy ~12 %

Nog balance

02 4~7 %
H;0 x5}

SO0y ~100 ppm
NO, ~100 ppm
221 ~120 mg/m’
== 30°C
U 760 mmHg

ch, &xlof T4

Co, FHEel A=

& A|A3}= scrubber,

y

- a7

[

A8
“F'TE

- 7FAAMEEF (scrubber)

- 2EA A 57

- 1%t PSA YE7tA
- 1%k PSA
- 1%t PSA
- 2%} PSA
- 2%t PSA
- 2%k PSA
- 2%k PSA
- A

S

AR Z

(BHY A" F7)

g 3-27]

AAsE AsH, 002 5=

<k PSA, 99%8] CO,E 553t 2%t PSAR o]Foj=] glrh,

v 17]
 17]
v 17]
; 17)
0 17]
» 27]
;1]
;17]
v 271
;171
v 171

v 9 set
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cto1
Cc102

[13] 3-27] 1000 Nm® @] SR PSA Zx|e] As
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Sequence Control & Data acqg. i 1 set

Interlock system v 1 set
AR 1270
A (AENL B3 FH) P 1 set
TEA (HETA §% 53) i 1 set
FA (AR7E f3 &%) ;1 set
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A A AL

2 1000 Nm”/h, 48 05 kgf/em’G

2. 72 A g

100cm, =°) 150 cm,
E #38: 1600 L/h

3. Aundy heat duty: 32800 kcal/h
4. A 2E ] AF7]
5. 19 PSA 91872 A3=x= (17])
- A 6.55 m"*
- 200 e¢m
- o) 200 cm
- AR carbon steel pipe, 16 inchs, schedule 40
- oy 1.5 atm abs. (nor.)
- 25 30 °C
6. 19 PSA F&Y 27))
- R 185 m*®
- A carbon steel pipe, 10 inchs, schedule 40
- 74 110 em
- mo Hr = 195 cm
- 44 1.5 atm abs. (nor.)
- R 30°C

7. 19 PSA JFg= (17])

42 1800 m¥h, Ultimate P = 10 torr

8. 29 PSA &a7t2 AZE (17])

- AR 36.2 m’
- WA 350 em
- Zo] 380 cm
B carbon steel pipe, 16 inchs, schedule 40
- 9rg 1.5 atm ahs. (nor.)
- 30 °C
9. 2¢ PSA &3¢ (27])
- 2 0.8 m®
- QA 30 cm
- A 160 em
- o) carbon steel pipe, 16 inchs, schedule 40
- 944 1.5 atm abs. (nor.)
- 25 30 °C

10. 2& PSA J¥H= (17])

£33 300 mh, Ultimate P = 10 torr
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11, AF7k= A= 71)

- A 2.62 m”
- WA 150 c¢cm
- o 150 cm
- A=A carbon steel
- 9y 0.1 ~ 15 kgf/em’G
- 25 30 °C
12. A
- AsEelEs 3614 kg

13. A&d@H 177)

On~0Off Valve
Double act. actuator

Limit s/w (open side)

15 inch: 1 ea
3inch @ 4 ea
35 inch: 2 ea
5 inch! 4 ea
6 inch: 4 ea

8 inch: 2 ea

14. Sequence #|°] 2 Holg X &
A 2% & control pannel

PLC & FixDmacs: D/O;
TC; 16¢h pentium III PC

48ch, A/

16¢h,

- F1 ; 0-2000Nm*h, 0.4kgf/cm’G

15. f- %7 - F2 ; 0-400 Nm%h, 0.2kgf/cm’G
- F3 ; 0-200 Nm¥/h, 0.2kgt/cm’G
16. &+ A - 0-2000 mmHg abs. 9ea
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L ME | FH
43Z7): 1000 No*/hr, B2 0.2 kgf/en’s, B 10,2 k¥
& W7 3,75 kW
AL 1800 m*/hr, 5: 33,7 kW
ot AFHIT: 300 u’/hr, TH: 7.5 kW
2% 5515 ki, ALY <] 0,57 kih/Nn’-C0z (max)

._88__



[1] R. T. Yang, Gas separation by adsorption process, Butterworths, 1987

[2] Lowel, S. and Shields, J. E., Powder surface area and porosity, chapman & hall,3rd ED

_89_






E4A Eelojn = 3ol A8 ] etsto| mafol 2
hexafluoroisopropylidene-2,2 -bis(phthalic acid anhydride) (6FDA, Clariant)Z
150CofAl Mg Azxste] Agstelch  ofe] FFY  tloilE  ARgstaled,
p-henylenediamine (p-PDA, Aldrich, )&= 3 o] 2] & A = sted .
2,4,6-trimethyl-1, 3-phenylenediamine (TrMPD, Aldrich)& #®xlojlA] z}A A5}t
3,5-diamino  benzoic  acid(DABA, Aldrich)2  of|§h&ofl A 20 A A stadct.
2-perfluorohexyethyl-3, 5b-diamino benzotate (PFDAB) 3,5-diamino benzoic acyl
chloride 2} 2-perfluorchexylethyl alcohol 258 B FAlojr AREFgem EA/
atoll A ARAA I CE. Siloxane diamine (SiDA, Shinetsu Co, )& ¢l%F th= A}
£3loj o HWIFExIFS  g00olgdtt.  2,2-bis(3-aminophenyl)hexafluoro propane
(BAHF, Aldrich Co. )= #itollM A st AL&sHATt. Eeloln|=& #4317 #1%
‘o= F N-methyl-2-pyrrolidinone (NMP, Aldrich)&} THF(tetrahydrofuran)Z A}
£5191 0 o] =3&}o]] 2kol=  Huj®E acetic anhydride(Junsei Chen. ),
pyridine(Junsei Chem. ), m-xylene(Aldrich), methanol(Junsei Chem) 5& AMR-3}4]
tl AL ojE 20| N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF),
acetone(AC), ollgh& 52 F73 2] AELE CahE +&& AAT F of3}slo] A}
&3t

2 dFoN By A Ro| A8 Polyethersulfone (PES)2 #z|wgoz 7usl
PES(Ultrason E 2020P, BASF, Germany)o]t}. PES:E BFAE e nExZ A fg|AHo|x 7}
225Co]3l tlE Ealu} AxQl cellulose acetate, polycarbonate$} polyetherimideX.c}
hydrolytic stability”7} %|oji}t}, PESE= porous flakeHEejE +&& A A3l 238 13
0Tl M 24413t Azsto] AHgslTE
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2. nlchzA e A%

A z¥ Zgloln|=E NWP, THF, DMAc, chloroform, Acetone %8 §7|&uj&ol 5-10
NS glass plateoﬂfﬂ A A FA 2 Autstr}, Glass plate & A2
ot AFof A A3t F 80ToA 12412 150TTel| A 1A[ZE, 250°C o] A 1A
ot AR F utE QYZ4AIZiTh o|#} ol sto doixl FelolnE Felws wof
AR 7|2 Arste] Aol AREstaict

=
1~y
i
N _ﬂ.r
L
fd
2
O{D

3. Wlth% F22] Hupe] A=

—

vt ute] Az A/5a FATHE o]8ste] Axsiict FATHLS 2w, &l
o] Zul, &il(coagulation), ZIR2| 4RtAR o]FolZT} guje] Fg wAlolA ¢
RyFo] AAEY &3 ¢HAlol o thEd AAE FR7F vtEel Tt

PES/NMP/ o} B/ 0l BH-& 2] Zu|E MEA 7w EALel §iE Tste] 2olA 24
15lo] TNAERAG A 23 ¥ 24410 YA|st] | ZE A AT olEA A
F2of A o EHto] oA igol HolZE EoF felut 9o B &
stanh, olg@A AMAY H S UL A2 F7] Fof WA st
Sl E FuA7l F gaAd 13} FRpol ©@ Ak Sazle B HE HobE

BolA] 100CE AHRS}o]

l

o 1%
o
o

Al o)y uhg Az 3T

6FDA-TrMPDAl Bt Wl Z-FApe] Wapad o] AMEH Wapge] 24 I 3-18>% 2
th  AFR®  6FDA-TrMPDE] EX}&F2  50,000-100,000 ogich,  AgumjE 2ol
N-methyl-2-pyrrolidone (NMP), Tetrahydrofuran(THF), Acetone(AC)& KL5 6FDA-TrMPD
o] Bu|2A] Acetone > THF > NMPS] o0& ZFw &7 F713tch A &4 Az
A FolM U §18uie g 2R Az Bl gle] & w3t glelch

& Al o] e fdelE S&ste] whEoldTh felut el
golZ Fag A 8¢ Foll A £4& 2 Hol FelgL& #& Wi 0, 1, 2, 3

B RHog ZuARG §AA Fol BEY FFRFel B st e WEch 293
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& 43] ZolE thy 6058 da FollA 1242 fA]ste] zte Bul& A AT

{3 3-18> 6FDA-TrMPD =jjut-&o¥2o] x|z

AL FEERAY A 8] F FHFA| 39 H £ el

B P/N/T/A

1 18/30/30/20 5.4/9/9/6 168 168 A2 92 -8
2 | 22/30/30/20 6.6/9/9/6 181 180 I g S el
3 | 20/30/30/20 6/9/9/6 168 168 2 A 9 R
4 | 20/10/50/20 6/3/15/6 167 167 Ak 9b7 83
5 | 20/50/10/20 6/15/3/6 170 170 IR = s R

4. Eeloln= E3fue] A=

7t 6FDA-TIMPD = 8Hay

EalolMolu]= Huto] 6FDA-TrMPD7} wfuto® I Y B g ARst7] flaf HA]
PEI/NMP=20/80, PEI/Glycerine/NMP=20/5/80, PEI/ Glycerine/NMP =20/10/70 A%} Buj&
HzstArt, wichd el Fute] Azel FAdg WHP LR PEI, PESEHE AR thd o]
E 9" ARAZIF 5% 6FDA-TrMPD/Acetone §-Jo] 527F X =] gt Fof o]

o ®W % wEPzet FIABYS bt

o
fifu
N

Z5to] }

L. BFDA-BAPAF = &Fe}

Support layer¥ PES(polyethersulfone, 2J%}) porous membranes AME3}l
selective layer@% 6FDA-BAPAF polyimideE  A}-83}9l3 sealing layerZ = 184
silicone elastomer(Dow Corning Corp, )& AM&3}gitl. A 6FDA-BAPAF polyimide&
2-ethoxyethanole] 1.0 wt%E =Qlt}, 1 F o] £.& PES membrane %’—]01] dip coating

©F composite membraneS A3}l 19 HEol AxFth 283 thA] defectE® K
5t7] $]3}o] silicone elastomers hexaneoﬂ 3.0 wtZ &¢l ¥ dip céating 3t 50T

oA 2 Z-oF AR F 2 ZEA 4l polyimide composite membraned ¢ =t}
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5. iR F2e) FFAYY Az

2 Aol Mg FEA1Y] ARAXE £ dxdHelA AH MAS Azsigict o
Aeg [27 3-28]o Vehliglew, A2ste] A3t F3Aby WAt A4 44
Ao g MY F 9 R I AME (39 3-29]0) Uepdnh FFAtwe k)
§oo] el o]E& v R ¥ AGA WAbHel s ARHch FFARY A2IH
et o Ak AR E A A A
BRI 29 Zh= gEZo] ¥ QJORE air gapd EIsls oM Lnjo) S

EE #e3ct, oo FUGSEE RESH] g5t WAMA]
o8 & llﬂa ¥ 57180, wiEEd /1€

ol WaALg-AE Azt E3 {I8ME o
&R I UF-SAE UEAC ol&EE A AFEIA Ha F Y 7l
Bzt HA FWE AMESte o] FH t 0.56mm, W§7 @ 0.23mm, JHEZ
0.12mm)& S AF wol® air gap& A}
ch &g F4 FFAME 60TH
3] FaA et ¥ FFAe d%5F
* bobbino]l ZEAZIT} Wbzt
of Al 2807 M Hslal 60CH =
A A gkt

%

¥ gu9o] ¥l 1% BAze) WA
= 2xF AR e HAAAE 53 &
Bl ZAFHJ)%5S 2= dancing rollE A
¢ F 27 FTATE U ol AVW F W4

23]

B
I
L2
>
S
>
s
o
o>'
_N._
E
2
R
2
Jo
N
ol
=
m[m

6. AeE4A =Y

FEFA e Az FolA UE} L2 defect7t BYH 4 Qv o] defectE vl
7] fiste] AzY FIFAY RE HIE £ gA 2 o}

2 g 2 LY FIFALY FAEE SR oA FFAbate] FAH wE
2 defectE o} MYz &4 BAY 4 oot A&3H BE JAE
Z wAZ ZYEY grh & AFAME ALKIAYZAE o83t FFAY 2FE A
2|2 A/ gYoR AYS T F SulE FHAIZch 2 F AFolA @A

§ e FEFA Hele REE A 3ste] R BB FFAMYY] de|E4R] 1Y
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Pump
Nozzle
p

Resgvoir

Winder
air gap

Washing bath

Heater

Tension har

B
ombe Coaguation Bath

(2% 3-28] FEAbue) Az sete
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(a) St} A ZZA]

— 06 —



=1

()

ANDE (A

>

PI/PES

NYAE)

O

[

NMP/Additive
|

y

il

SALEY H =

P

Spinning

OD:

L

Evaporation

Y

<« Tube in Orifice Nozzle

0.56mm, ID : 0.23mm

——  Air-gap

Gelation; Take/Up

Heat-treatment
Alcohol-treatment

i / Silicone-coating

Post-treatment

y

Module Prepn.

[2%]) 3-30] FFAMe] A=F
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o AHg-¥ X+ polydimethylsiloxane (SYLGARD 184 SILICONE FLASTOMER, DOW CORNING
Co.)olm, ©]Z& n-hexaneo] Swts® ¢l Eoo2 g AT F 60TolM Azs}I4

=3

)%

7. uthEd e R 27
o SRR o M

gikEA Eelge] A FUAEE time-lag Yl FH-E3 7|AIFAAAE AFRSHo
TR B A HEE siAFERA L BARt O AXAKE [27 3-31]
9} [2% 3-32]0] LERJSGITH

L s el

93 ¥ U el Fke Azsel WA SASe] dojd AR J1eIIEY
B theTt 2 Aol olsf Pz,

. Q= DSpl(Tt—g%) = DTSpl(t—é;Dz)

el cm® (STP) - cm / cm? - sec - cmHg® uehn, o] whele] 10°g 1

Barrer@}il ¥itt},

8. wohy 7ze) W % 3

of
Rl
LS
1o,
—
X
A
ox
o8,
N

7h wicha Fxel Hat 3 AHEB FI3AY ZEQ FIAEHZEHA

Aoy B W FFAPHAIEE S 2E)Y FHAUES & APAAAM A%
H FRRXE AHgste] FAstach B2 B¢ FUEL AS AP 3 R
B4l Aasto] Abggich, Axe] Adeg (7 3-3312 (2% 3-34]l, A8 A
A& [2¥ 3-35]0] LElWIT)

[
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Qpl

';_—*;:j rl,::i‘:lﬁ

___1__._

Ve n?

Geh | PC

: :
at

Waeuum Pump

|

3 !
I
I
I

L =

Boambe

[Z% 3-31] Wivhgd=e] 7AF2 APAA 7=
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(2) Permeation cell (3) Time-lag analysis system

[29] 3-32] wivhdate] ZIAF2 A e] Ax
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D,

| o KR

i
T
4

CO2

[Z% 3-33] 71A] F2t AY #A A=
1. Membrane 2. Membrane cell 3, Bubble flow meter 4, Three-way valve

5. Two-way valve 6. Reservoir 7., Regulator 8. Pressure indicator
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<;) ~ A<l o]

Yent

Follow L
fiaer

module

Tl

Bubble
flowrmetar

Bombe

[ 3-34] ZZAhzte] 7|2 3]
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(2% 3-35] S3AMY ElAEAA| AR
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& [28 3-36] o] Utebyich AL Al A-
o R Zo| 15-22cm, 6-12 bt Frol &

7=
Hlef el Fuhbe Fxpdo] AT F bubble flowmetert H3H 7|AF2 el
°| o

FEAE FFA FelY AP E 4% BEES WEoA FHUTL FE3AEY &
& 71Ao] gt BYEE 25CoA FFFH o] latmollA 10atn®] HelollA W EA
FA] Tt 37telal REZol=
15-20cn® shgieh. Fefuke] WAL whx] FFAte] AR & J[ELR AAtbsigich AR
H 7|A s olatdeth, Atd, M WEE, $40] 5% J|AE AHRSHAITTH
Pressure-normalizaed flux (P/L) = bubble flow meter ZZ ol o8] ZHAE =t
chat Z& Aol s Aatsct

P Qi
(_I:_)z'= dp- A

od7loA @ v BEEILE UHSIlA 1A 18] volumetric flow rateo]w, 4

fr

transmembrane pressure dropoli A+ HA o[t} Pressure-normalized gas fluxe
Z3] GPU(1 GPU = 1 x 10° ca®(STP)/(cn’ s.cnlg) TrlE F3EHTh uofdy T2

Z2Abate] ideal separation factor( o) THE 22 Alo] o)) Aatsch

. Py (P/L) 4

®aB = Py T (PIL)g
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- SSANE 2

Nl

ve

NipS|

i

S

|

it

o - 1o

A of 2off "-1'/&}

— AI2I2 HF

-« Ol ZAl A&
Y
4% ¥ ¥ "o
Y
NEE2 ZZAE DEAX M FREAE

(20cm X 67} &)

[23 3-36] AE8 T34 REAR W 34 REA2Y
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WETRETTEN,
T AlzAdPeR YUY A ARRAE o83t FFAE ofe Walst
AcH50cmZ o] 8] F-FAH 5000 7tet H= WAL, AZF PES FFAbe] AdRE [

# 3-37]of viehigict

7t &

OH

L A8 ZEAY BE M=
thal WAL PES ZEAIEE o] &3te] ojAlBieiA /AL EYsINY FABHS &
g R AAHE 4282 FTAY RES Azstyth 2T ZEY A2y
M dold dFE APR 2T Mzt farsith (2% 3-36]. A 3om, 2
A AE|QdE ALY ol 400 FlEhe] FBANLS YL ThSo] W ¥ TL
NZA AT Hste] 2EALS 2HY F, o] YT Fo] 2T
& Artstel 23 Aol AW RES ATt ole} o] stol MAW FEAl
5o AE [ 3-38]6] LERASTH

BES o|&sto] ottt/ da IIVAE EelY Ui
TEANLRE Fgsieinh. B QoA ARt gFel3d AL AyEs (29
L

H, gAY AR ARIE [ 3-40]0f viehf it

Fate] A o, FA 9 v 72E AR FEAGE dHALE YEAA
& Hamxel = ZalAA18n] 7 (SEM, XL-30S-FEG, Philips)S o]&3to] Helsjgr),

1. 474 &elojuls Hute] Az Fds
b B4 Eglojo|= ool Mx
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[2% 3-37] v Wil A 2¥ PES FFAtet chi
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[27 3-38]
2z

A7 3em x Ao

~ 108 -

30cm:

(b) &

400 7}ehe]




1. Permeant Gas 2. Reservoir

3. Constant Temperature Bath 4. Permeation Module
5. Mass Flow Measurement 6. Sampling Valve
7. GC 8. Read- Out Unit

9. Acquisition Computer

[2§ 3-39] &% F3Ab BEo] A3 wielF3d A& /e
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AHEE Tietstol Ezto| =9t Tiolyl Y] HEtrzE [OF 3-41]e] viepulct

ol FHH E4A Eelonut 7508 BE IEE HTFor AxEY e
e Pel2 AzE] oS EF FrHLE AHEH + g AR FE
7S glglch BE A=d = FAle thg 50mol ATt

Cr3
/~ 1
>—c;<—/><f‘/ HzN—(\\\‘)— C|j —<\ — y—l\—m

CF3

BFDA BAHF
CIH3 ?HB HaN NH
— N NH;
HoN(H 203 T—‘O'lg Sli—(CHz)sN}i Hm@m& T@T
CH3 CH3 ~
HIDA n-phA m MDA
CHs3
N NH» Ha2N, /NH2 11N NH2

CHs CHs

C
07 TO(CHz)2CeF13

PFDAB DA3A PO

[18] 3-41] Chemical structures of dianhydride and diamines

& dAFolA Az2T o8 IR E4A FeoluE EelHE o] &sle] 44, wkl
A, abdk, o] 4r3RrAL Fof JAf

Tl <& 3-190]A Hi= uie} Zo] olatsitls Tt} o|4tdlgts/AAL MUEE B
F 32 shd 6FDA-TeMPD E-2lato] 7p3k 23 Eel4dsE Hol&d, C0; FiEE
300 barrero]3. COy/N; MEIEi 200|ch. o]t oA 6FDA-TrMPD Zg]oluj=
23} PES Eeluhg ofatsleta/ A ETUVAE Besty] g3 HE g Fe
i 28 AR 4 UERY 55 AFH o= HESIr]

ch ghgz=ol e 6FDA-TrMPD &2(ojoj=2| EXlgt
CE 3-20>0f WFEZ 7ol uwhel §43 gt 6FDA-TrMPD E2lo[n|=2] Bxjap wislof #3t
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<E 3-19. BLA Fejou|= 2242 £214%

Polyimide FFV | Tg Ho CHa N2 O COz | CO/N2

6FDA-p-PDA | 0.162 | 305 | 41.0 | 046 | 0.89 4.0 186 20.9

6FDA-TrMPDA | 0.182 | 377 | 379.3 | 1159 | 1532 | 81.81 | 309.06 | 20.2

6FDA-DABA | 0.164 | 346 | 4685 | 004 | 007 | 046 1.84 26.3

6FDA-BAHF | 0.185 | 320 - 4318 | 3.337 | 1645 | 43.09 12.9
6FDA-SIDA 0.182 1151.?1, 104581 120.76 | 2324 | 4559 | 202.88 | 8.7
6FDA-m-PDA | 0.162 | 290 - 021 | 038 | 2.55 9.73 25.6
6FDA-PFDAB | 0.183 | 205 - 044 | 074 ) 474 | 1777 | 240

2. ®ofje| EFo| w2 6FDA-TIMPD Hlct34iotel FalEy
6FDA-TrMPD #2|ute] A Ro] AHEEHy R7]&ufe] FFol wWE NAFASFEE <F
3-21>0) UElch SAZAL 25C, 5 atmo[Th (E 3-210oA B ule}l o] NP
2} DMAC®] 7ol CO/Np MEj=7l 20 olidolm F=rt vlwF w2 Fh(250-300
barrer)& HojF3 glct. o] R nlay ¥ugdo]l & -Buld Acetone, Chloroform, THF
o] Aol A APl gujel o] el XU T2 wto] FHEA| R3l7|uf
Folats AztEit), Chloroform ARg-3}o) =3t Ha)ute] FFV(Fractional Free
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(E 3-20> whgz Ao wE 6FDA-TrMPD Eglojnj=e] Exjak w3}
f};i 5 3% iiDZ;\f ’?‘fff ‘i(%h:)m 22 % (Mn)
15.0 100 1/1 195 22 139700
15.0 500 1/1 190 20 44200
20.0 500 /1 190 19 79400
20.0 500 1/1 205 56 186700
Volume)Zto] NMPL} DMAce] Z-FRrT} Arie AL o 4 oltl. FFVE Beju o] &)

ste WUEY FIE

2o AWET} Wk @ 4 vk &

= NMPE ARgsIglaL

<HFE 3-215

b GuiZEe THEE

ahA| Zof] AR3E

A= el &t uhelA, FFVZke] 2
Ae Eelge AX

F2 AREstsiTt

#7188 £ sl

Fole &

st ul 92

.

ot
=
e

o
o
b

COMN;

25

254

22

379

82

309

20

747

50

374

97

278

2. 6FDA-TrMPD H|LC{ &

AAg o o] ALe| 7t wAlste] s

o) BE Puo] 455 W4 Bl

JE‘DI'OI _—rL_JE gl ETq

(== B

x T

254

o

-113 -

gasE A

o NMPEE7) &

e R

o=



g =3t o] sizkg S Uehlin THFY] w27} gold45 FHo] AH-oA|aL 4
o] gtAof Ziztgi et ol #3t RN AEA FRod= H ol glglen NP
27t B&FE £Fo] vt olgd AMME Hof U RI[RufY] A= IR
Qlsf o] Emo| 553197 ulEo] vehdt Azfeta Eop ANF o= e FAlE 80
pngEom aEat &4 FE7 YLl Aol A7V U w718 B
=7 &5 4 FAL gotAle AxE EYrh. W] ZAEe AeA R 2
le gl om WMPEs27l &% brittledii & & + Agith

AzH v dTRe BYHEY oW U EAFUARIES ZAste] I Fo
[2% 3-42]0f] utepulich AAH o2 wpe] F2E vt 722 & wWdEe] oSS o
4 oot (27 3-42]0M R upel Zo] T SLEAL Z2AoA NMPe BE7
A AFTERIY, THFZL oAl &8 3271 dojich &35 B¢ UER71€
el THEZ} W& AP AZIEo] LRy XWUsla F7%tl. EZF Acetone?] 3o
NP/THF =50/108] Z$-& A% AU 728 7ML 4&e € 4 Aok FdzA
o AehguolA U] DAL ZEAY BRI wolAH 2ol £330 FAVL F
AAE A& & 4 Addrch

CE 3-22>0] #|=¥ 6FDA-TrMPD W|ch Bafe] $254o A3 HPFAE 2oyl
th AAHOE BaEe 0,8 ¢ 22-5.6 GPUS & YT 2k Redom N A
0.7-0.2 GPUY] & B4t ez 25-37 F=2 Hefe] 6FDA-TrMPDE}Y] Huie
(10-22)ef w3l &2 %k-‘i Bolch ol#gt Hape ulckEdwe] FHol 5 atnofA o] F
ofzZlul ulaf vleiP e Z-¢- S UAY o] 10 atmolA] o] Fo{A o] 7|At A2 &=
7t & 0t &2 UEoll HE TtAIAA AriFoR &2 IS BA e 44
", w3t F3=(permeance) &} WITHEA whe] % (permeability) 258 A4t
H o 27139 FAE o 1042 A3 &350 FASE ¢ + ot et
A, AEARERE L /718 4& FojoF ke AS & 4 Srh AAFHL
2 ZUA o] AojALF FUEE U7 3 HYEE 47 ol AWUE Hairh
E3| PI/NMP/THF/Ac = 18/30/30/20 ZHA 22 A2 6FDA-TrMPD H|Ti¥ Hute] Bapw 9}
AYert 2% 7B £ 3e Bt ALERAY 527t 18%0lA 22%% F718te B
EiEE S9N MYz HIEe AY gt w3 ANHOoT FIfEo Mt v
3 dejes Ao 2 xlo|7l gl olg¥t olfE I RII&ulY wlgo]

f
N
N
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NMP/THF= 10/50 NMP/THF= 30/30

G
V' 5pet Magn
KV 3.0 400x

NMP/THF= 50/10 NMP 50% skin layer magnification

[2% 3-42] 6FDA-TrMPD H2}o] -§-7]-&uj(NVP/THF) H]&of wE Tz w3}

-115-



(F 3-22> Atg o] A3} Zuka 7ol whE 6FDA-TrMPD H|thd Hupe] FI1EX

& =4 (%) A A ZE No% 3} % COF 3% A e
P/N/T/A (min) GPU’ GPU CO/Na
0 0.7 22.0 33
18/30/30/20 1 0.2 8.0 35
3 0.2 6.4 37
1 0.3 75 28
22/30/30/20
3 0.2 6.1 30
1 0.2 6.3 30
20/30/30/20
3 0.2 6.2 31
1 0.3 79 25
20/10/50/20
3 0.3 8.5 34
1 0.3 7.2 25
20/50/10/20
3 0.2 5.6 26

Eol S UL E AYMEeIeE T L2050 FHA FAEET] whEeleta 4

o}, 6FDA-TIMPD &E8tEate] 7x 3 FRtE4Y
[2% 3-43]3 [23] 3-44]0] A|A|AZ A& Polyetherimide(PEl, Fe|o]Aoln|=
rh2atz} 6FDA-TrMPD Eitute] RE v sttt AAAHE AMEH Polyetherimide(&

glo] Aolu| =) ThEute PEI/Glycerine/NMP §o& o]-&3te] A 2= gt}

Glycerine?] =7} 5 %([ 13 3-43])oll A 10%([ 17 3-44]) % gobd ulf 22| F=

ArppzoA AERTZE ARHE o 4 Adglen ®HO J[FY AV A= 2

3

rr

Mo

o 4= glelth, 5%2] 6FDA-TrMPD/acetone?] &o§ 2.2 Eg|olAoln|x= clguhg ¥
2 EH| 7| FEo] A S #HAE 4 Ut ERFE FHrY Al
BHE o 2-5unB 2] IYF] EAUTE A& HAsiTh
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[28] 3-43] Polyetherimide THEZRH(2}Z A}R)Z} Polyetherimide TRE Z|x|xo]
6FDA-TrMPDE  FEI%F GBFDA-TrMPD E§}u}(-9Z ARy bz 9w ¥ W3
(PEL/Glycerine/NMP=20/5/80)
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ol M [UR— e ‘ Acc¥ SpolMagn’ Dot WD H—————— 100 um
AceV  Spol Magn Del WD 100 pmn ¢ )
I6.0kV 20 260x SE 7.2 Nacoating 10X IGOKY 20 280x 5 74 Loating 10%

4
ccN  Spot Magn Dot WD 600 nm
OkV 20 50000k BC 32 Coaling 10%

[28] 3-44] Polyetherimide THERH 2}Z AL)3} Polyetherimide THEW} X]=]|o]
6FDA-TrMPDE ¥l &F 6FDA-TrMPD E3H$Z A12)e whd3z 9 ¥ uv|z
(PEL/Glycerine/NMP=20/10/80)
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<E 3-23>ell 6FDA-TrMPD  Felolul=& IY3t7] He EelolMoln=  z[A|A%}
6FDA-TrMPD Z-gjo|n| =& Ez|olAMoju]t x|x|A|¢lo] FEISIo] A ZEF 6FDA-TrMPD H-§}
Bupe] o]qtatgiaot Aol thE FABALE Felste] Uehiddnh (& 3-23>0] Ueld
Z o] Alo|njE R|R| A& PEI/Glycerine/NMP=20/5/80 8BS 2 #A|ZE Zojr}, F3etd
< 5 atmo| it AEAz Y AL olitdets BT} MYz ujs] Mz A
6FDA-TRMPDS] SL-f-8] MEj=o] ZHste= AE oy FH=E 3YFY Food 4
3 o} A2 Zte Aotk ol#gt Azl: capillary action® & Qlste] ulay|ge] I
Badgo] HFs] Soi7tM A-WFe FA FAKNFI diwolth. oA dip-coating®
o] chdolrt. AYsHE WHHoE EPIE ARt ZAfolE IY Mol A 32 EAUE

ERA7]EE A2 Fol 2 st WHol a4-Hrh

<E 3-23> FgjojAoln|E 2jA|A] thwtz} 6FDA-TrMPD E3lHute] Eajd L

- 3% (GPU) Ml
CO, N (CO2/N2)
Polyetherimide .
AAA kg 140 0 !
6FDA-TrMPD
e 2.5 0.2 13

oj.g2] w4 Eelolnle Eelt Mz W JeEst AEE Fslo] 6FDA-TrMPD
Sou|E AEA} Zelde] olitsgil/ A4 JAEUES FEelttey ¢4 Ee4ds
& Uehdtke A& Holstglen, ®3F, vty F2E 2= 6FDA-TrMPD Eejoju|= 3
4E A2 4 = WS HYstolch ey, cf&3ke] oldEwtA/ AL JNEYE
& A7) fsiM s S3AY Hele] Felgo] dasich 6FDA-TrMPD Eejojnj=
WS HEHoE AMESH| #13lA = 6FDA-TrMPD Fejolu|= FFA g A 23 Zad
gstolol dtt o]ste] FFAY Az AFolM  6FDA-TrMPD Eelo|nj= F-FAtute]
Azz2AE& 7AEsI AT ALY 4 Q& o5& HIigich

2. Polyethersulfone(PES) H]t]& Hule] Az} —'—E]M‘*
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NAE Aol AMEE= Bufet v Buls wlchde] Fzet Fedl & JFgS nH
th Rrep o 35N (aqueous coagulation)o] AREHTHA ol& gulE2 EI Eiol
Elojof 3T} PES HlthFute] Aol AREH Buje] HUE HTd HIHE <E 3-200]
utehdigivt. 2|5 PESS] B8 ofF= 2z} &ul 45g0] PES 5g& gol 25ColA sHFE
aRrste] HAsHA LAE = AE JELE HEsgir

<3 3-24)> PES w)ti¥u} A Rof Al&3F {78

Solvent BP () Non solvent BP ()
NMP 202 Acetone 56.5
Methanol 647
Tetrahydrofuran 65.4
Ethyl acetate 76.5
Ethanol 8
Methylethylketone 80

A5

o
»
e
oE
rlo
~
[>
ul
ofo
O
o
o,
frt

~ o Holx siut o]t Fd gufLt ul-guf
7b AHgEojof giTh dnt AT B o] FUA Bule] JFodo] ) Huxie] @
Hofl vpgH F971 A4 AEel7t dojuiA Ha A Yo F4 AEert g
et o] uf guiel FAA et EiHdol whet 2o FxIF WshA Hrh dwFHew E
o] 3ol F2 fule tFE W2 IHUEE /R o)A &uivl B2 FHEE
WA AL padye] W Wb olE AR o] sty AL owEI] ufioltt

(10). dutdeg ALgEE g BWiEE olME, THFEO| AMEE = ol 3 HEr}
EoWA S8 Yol 4Tty diFolvt. EI Iy fujkct Tt dE &
v 2= NMP, dimethylformamide 0] AR2¥H T},

oM E, THFE ¥4 u|-&ulE A&St NMPE 8wl E AH§-Ste] PESY w2t gufel

S5 HHAIIHA 25CAAM &3] oF& A3l & A ofMlE, NP, PES A|2®2
PES®] &k 35712 = R3|A|F]= WPH THF, NMP, PES X] A1 PES?] ¥lako] 25% o]At
o] W AJEe7t dojut geldt H= TS UERITE o] AIAE <E 3-2550] F et
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32

Th.
| 232 B uf THFS 34 ul8ui2 Abgshe 22 2o ¥4 d galzel ZA7t

rha wigtal 4= Qlrh 2 o Lol ofAlE, NWP, PES A|AElE AbEsl7| R stoirt

C

32,

Lt PESS| &akol e Ak

N2 Rojo] mERtY] UL A/FA AEY SlolA F2F i 32§
Uelth dntgog mExte] Eaty, guje] FE, 2% Fol Fag flolxwt i
2] A% EAL =L 30% oskd AeUt AW N L] HEE
a1 EE FFAbEke] Az JHY A wsiti(10).

INAE Rofo] il ghafe] g (27 3-45]0 viehglrh. Bufe] Azt

(¥ 3-25)> PESY] f-7]&uljo]l thdt &3f4d

(‘I;I;:;) (;Fvi{;) Acetone(wt%) (1:IVIZ£/1:) Solubility
20 97 53 O
25 26 50 -
30 23 47 -
20 7 53 O
0 40 40 O
o5 95 50 O
o5 375 375 O
30 23 A7 O
20 35 35 O
35 21.7 433 O
35 32.5 32.5 O

Z, AA AR A 02T 33, ofAEX NP ¥E 1:2F sPHA PES IER}2
3RS 20735% W eloll A WEAlFIE A 2eluhE A28l o o8] FitE W AEEl

-121 -



100 10
80 A
- 8
- 60
: —
= 8
g 4]
= 40 - z
g 2
= — 4 @O
i &
20 A
- 2
0 -
T T Ll T T T T T 0
18 20 22 24 26 28 30 32 34 36
PES content(wt%)
—o— N2
—a— CO2
—&— Selectivity

[1®] 3-45] Variations of permeance and selectivity according to PES content

(Evaporation time: 30sec, acetone/NMP=1/2)
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&5t} ALEAL R 307k = aLERLe] o] FUMEeE 2 J|AY Rt
Tv fadte W AEes JIske AE Btk 3, IEAF HERF 30% o]t
=27 B Zhagith ERF g 20soM = MY ETL 10]31E 0,2
Neoll ozt M et gle Zog gigkdcth HeEiert 1 ofstels & CoRTh 238 N,
7V o & Foths A& Yuigich o] A2 yjFo] Aol slo] EuFolM &3 #
Atoll ogh Z1Ae] Adeia Byt dojulz] 9by] wiE g Helth ol [I7l 3-46]9f
et Ru]Fe] FAMENE ARelA A vtepdth,  aigAp kel 20wl [
3-46(a)]8] ARRloAM = Ru|Fo] ¢kl A A 8] finger void7t Ru|Zo Aol wigpo} 9l
7 B9)F0] gle o] il o] FEo R I 2 FHA FHER MYY R
7} o] Fo| A A] h=rh. ofof Wiste], LA} §hEro] 30%Ql [LY 3-46(b)]e] ARzloM =
B3] Zol A wrol QAL Ru|Fo] ¢l FEE B 4 ¢loh A aFo] 35%¢l
7k ZraFiTh o F9-Y T
Tt F43A Zashs AL LR TEro] wWol WA felwt L 2IL XUy wfE
olelal & 4 glom, MEler}l 2Asts AL FeH Fu|So] dF Aol gl ul
£d Zojata S ¥}
ch Sofo| gEol nE ¥
3ug ul-gufel guje] FAMl= AsgA ABH o wEIR= vthE
Ao glojA & shLte] A FR3F wigolr. ¥ u|Luf}l fufe] AN
of &3 sHAH &9 e W SAES ZFH 4 U] wfEolvl. dHIYoR ul§
o] kol Fistd gujete] AT Abgol o3 gule &a[Yo] TAFIAIL 0|7 <l
sto] AAZo] wieA] LA Hrl
OFAE/NMP ARERF M7} 1728 17190 H-poll §ufe] S AIHE 0= shal
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AccV  Spot Magn Dot WD
10.0kV 2.0 2000x 2

[Z18] 3-46] Variation of membrane morphology according to PES content ((a) PES

content: 20% (b) PES content: 30%))
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(¥ 3-26) Permeability and selectivity change according to the acetone

content(Solvent evaporation time: 30sec)

Acetone:NMP=1:2 Acetone:NMP=1:1
PES(wt%)
PCO2 PN2 a CO2/N2| PCO2 PN2 a CO2/N2
20 4575 546.1 0.8 324.4 367.4 0.9
25 31.9 9.3 3.4 29 2.9 10.1
30 316 8.9 3.6 282 0.6 49.8
35 18 04 49
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A B3 FEY AL kA7 30, olAE/ NMPE] B]7F 1/10]31, PESILE=R}] oko] 30
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AccV  Spot Magn  Det WD o 100 pm
100kv 20 200x  SE 70

AccV SpotMagn  Oct WD H———1 100 jm AccV  SpotMagn Dot WD F—— 100ym
100kV20 200k SE 80 kv

[ 3-47] Variation of membrane morphology according to acetone content
(Evaporation time: 30sec, (a) PES content: 25%, acetone/NMP=1/2, (b)
PES  content: 25%, acetone/NMP=1/1, (c) PES  content: 35%,
acetone/NMP=1/2, (d) PES content: 35%, acetone/NMP=1/1)
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{3 3-27> Permeability and selectivity change according to the solvent evaporation

w2l (%6) Bvapoeration| o o o | NeFIHE (COXRE| AEE
P/A/N/E | Time(sec) S0 (GPU) (GPU) | (CO2/N2)
20/27/53/00 0 X 546.1 4575 1
30 X 82.2 785 1
0 X 9.3 319 3
25/25/50/00
30 X 4.2 25.3 6
0 X 89 316 4
30/23/47/00
30 X 3.3 25.1 8
0 X 0.6 24 4
35/21/43/00
30 X 0.4 1.8 5
0 X 367.4 324.4 1
20/40/40/00
30 X 23.2 234 1
0 X 2.9 29 10
25/37/37/00 20 X 0.6 226 38
O 0.5 21 39
X 3.2 33.3 10
25/35/35/05 30 o 11 212 -
X 195 734 4
25/32/32/10 30 o T4 8.7 o8
0 X 0.6 28.2 50
30/35/35/00
30 X 0.3 21.2 61
0 X N.D ND N.D
35/32/32/00
30 X N.D N.D N.D

of thste] AwR gkt

[2% 3-48]ol= H]-8u] H7HA ofeh&d] AHERE F7MIA7IHA Ay Eele
SHARIES Vet olkkE HRfol F7helA finger like void?l macro void7}
Fotste A% B 4 vk B, [(2¥ 3-49]& vl HIkA ofkh& ] AHEEE

F7HA7IHA A2 LeYe] Fel485E Uehgth Eokd olgkEe] §afo] St
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AccV SpotMagn  Bel WO F———— 1004m
100kv 20 200x 56 70

AceV Spol Magn Dot WD F———— 100 pm
100kv 20 200x S 66

AGY Gpat Magn Dot WD P————— 100¢m
1004V 30 200x  SE 10

[1%] 3-48] Variation of membrane morphology according to ethanol content (PES
content: 25%, evaporation time: 30sec, acetone/NMP=1/1, (a) ethanol content: 0%,
(b) ethanol content: 5%, (c) ethanol content: 10%)
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[Z18] 3-49] Variation of permeance and selectivity according to ethanol content

(PES content: 25%, evaporation time: 30sec, acetone/NMP=1/1)
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AccV Spot Magn Det WD b——m—m———— 5 um
100kv 30 5000x SE 51 0713-5-C

[28] 3-50] Morphology of membrane coated with silicone resin
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{3 3-28> Permeability and selectivity change according to the silicone coating

Before coating After coating
Ethanol

(wt%)

Pcoz | P acoyne | Peoz Pro @ CON2

0 226 | 06 38.2 21.0 0.5 38.9

5 333 | 32 10.3 31.2 1.1 29.3

10 734 | 195 3.8 38.7 14 28.2

[Z8) 3-511=F vl [2§ 3-51]ofA HRo] &x7l F7I845 oitdivtiel A9
FiEE BF AAS] S71Th ole S5 Frtol wE &sixe zta ApETH 44
T8 7t T AA BLR Ushles FaEEs $718te AR siMdrt. aey,
ol xtEtktA/ AL AYEE 2E Frtdl miel FAHSA Z4sts

& F717) olatEvtA ] FUtETE UL R Al FHREEL FUl t] A 7)o
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ol Ay F2E Zte HYF3 finger like voidE Zte T AAFLe2 P4
© HUIBF2I & U oJitERtA /AL J[A Z3HE it Feldsol 3t PES
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(2% 3-51] Variation of permeance and selectivity according to temperature (PES

content: 30%, evaporation time: 30sec, acetone/NMP=1/1)
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Crosz-gaction of HF Corss-ocction of HF

[28] 3-52] Hollow fibers of PES and cross-sections
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(P/N/A/E=35/32.5/32.55/0) (P/N/A/T=30/35/25/10)
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[Z2%] 3-61] SEM photos of PES hollow fiber membrane: (a)

(b) Outer skin layer

-151-

Cross-section



=

o Ztz} SREAA FF¢ 3, 58} 7 atmnGE WHRAIIHA FF7t4& F¥ L £
7t8] fErat olatdteta 5 Zabstdeh. koAl 714 PES Bt Aol

=
=

23} £7} B&4E AYE ASEL, 28 FALEs AYPsiths ol wsHe
L3 7

3-6470l Lhehgich,
AAg gYstols a%e FEAM 2E0
gapo] Zzhatel wel Faprta/ B2l H]e) —%1}7}_&; sE L ojaziEtae] ]

&2 wEA e FFE Holul, FATIE Fo oilEit: wEE 2FH Ftel
RS

EIJ
i)
fr
L
r>~
E’i
nE«.
P>
N
2
rlt
E?‘-

ot
E}E0R I3t Aol TFYPel wE FvkLe] FI ojabdttl X
HEE (E 3-3D0] FeElstach dHol Frijte] wet,

Zyshe, EZF o] W 8 EUNLAE REE 4 Arvie A
, =gt medichd, ool &2 Zo] wieysicia o 4 9l
th 2, o] ow, EYVIAE &t vgo] o Eo{7h7] wiFel H
Holt}, & u|&3 Hel5YE& BT este Ao 2 d¥eS AAsoF vk F
F ¢Yo] thEH2E 5 atnG o]l F-Poll= 2% dFAlARlo] HWasta, &7}
AsIA F71gtct wheba, JHsEt 1w AFAARS ARgRcha shE, FE 4¥E
atmGo] HIA Y FHog EAHrh FF oY 5 atmGol il F2H ¢heol tirjededl A¢,
B olFollA] AzgE 4% PES FIFAMY RES ©
Z37kA 0,204 Nm’/hr & A gjsle] T2
0.08 N®/hre] Garo Has] Wi £ 9t}

olslol A o] AIE o|&3te] olilEktL FEIL 12591 CO/Ny T 7EA 1000
No'/hrE HE T 5 gl RS F A A LS AAYC

oi‘,

il

(43

°7'5
aq:

o] Ar3}ElA: XTI} 12%%] CO/N,
[AbstER A b 27,3900 HEIIAE

Ay
lo
fet
0

6. A28 1000 No*/hr FR2| wHEa|FH A AW AA

~152 -



ajex Mmald Ppood f 91l Mo[d aleauliad

o o © 9~ @ ®»w 35 © o - o
- o 9 o © oo 9 o ©o o o
] i ] i 1 L1 1 l

.
o
u—
(@] a ot
O ]
e s
> < o
o o Q
bt - £
o O o5
@ O o O &
] ! ] ! ] ! 1 I !
e s S e N v e s s N S rov S s e |
s 60 1 &~ @ W= ™M N
=

(%) S18WISd J0 UolenuaIuo) ‘0D
(%) 02 1o Ausnoday

0.25

0.20

Feed Flow Rate (m’/ hr)

0.15

[2¢ 3-62] &% PES $3AM BES #e|2HFHYY 3 atnG)

~153 -



100 1.0

ao |- - 09
Q
- o
§ B0 + - 0.8 &
— 2
¥ wl Recovery of g7
E 0 =
S e -06 9
T
ey 5 CO, Conc'n of =~
< c 50| : - 05 2
o N L —]
- Permeate ol
O = z
> g " p
g 8 30 |- 03
g 5 £
o 20 | -02 §
x O g

10| - 0.1

D 4 1 b L h L I L L 1 I UD

D40 045 050 055 060 0B 070
Feed Flow Rate (m°/ hr)

[ 3-63] &% PES $FAl BEE] Feld2H(F2dY 5 atnG)

- 154 -



918X MO|J Paa / 8Bl MO|d Sjes lilad

=] @ o ~ o o < ! o = o
— = = o =) [ =2 o o o) DD
] ] ! 1 ] I I i 1 e
—
D -
o~ O [am}
< @ 4@
Q O —
il
S E 1
> &
= g
4 ™
o © !
& [ A
o E
©
9 c 1
Q
| © o
o 11—
') —
Q
4@ fu)
1=
=
b a2
o
pu |
L 1 1 1 | 1 L ] 1 @D
[om} [} [ow ] (o] [} jam] [ (e ] [ Q oo
o (=2} [ww] [ O w < ter] o~ e
=2

(%) sjedULIad Jo UoeUSdUeD F0D
(%) “02 Jo Aroncdey

Feed Flow Rate (m*/ hr)

[27] 3-64] 4% PES F3AH BEQ Te|A3HF4Y 7 atnG)

-155-



(% 3-31> Separation results of hollow fiber membrane module for CO0:/N, Gas

Mixture(CO; Conc’n of Feed: 12.0%, Temp.: Room Temp., Recovery of COp: 90, 0%)

Feed Press. (atmG) 3 5 7
CO» Concentration of Permeate (%) 20.9 27.3 31.4
Permeate Flow Rate (Nm¥hr) 0.094 0.201 0.342
Retentate Flow Rate (Nm®/hr) 0.088 0.309 0.651
Feed Flow Rate (Nm’/hr) 0.182 0.51 0.99

ob MATE

oA 7|3t AUE HAVIELE 3to], o]aldtets FETL 1241 COp/Ny ER7RA
1000 No'/hr& Held 5 e w2 ZHA A0S AAYL F8T HAVNES Fes)
H ok Zck

Membrane Area: 0,1 m*

I

Feed Pressure: 5 atmG

- Permeate Pressure: 0 atmG

- ZF7tA(Feed)?] CO: 5 12 %
- 227kA S8 0.5 Nm'/hr

- Permeate?] CO, ®%: 27.3 %

- Permeate?] -§-3F: 0,2 Nm’/hr

- COp 3 4E&: 90%

Ll PES &3 A% 2 & scale-up

48 23 RES scale-updte] 1 REW 100 No'/hr EF7IAE Aeldd 4 o=
3 Z2gAl RELS 200°2)(100 No/hr/(0.5Nm*/hr/0. 1m°)) wERM o] Hasir}, o
ZE3A BBl &0 90cnQl PES FFAbato] 40,000 7het A3 ojof d1a, FF
b JemQl 7ol 400 7hete] F-FAbute] A 4= glon® oy FF
Abat g AL 30cm ZlEolok ¥iTh. ol& AushdH, oy PES FFAML EE

fon—y
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unite] 44 o3t .
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7ol 202 d}o] 20 unit7} HR3ic},
thd FZabg 20 unit7} AR EE o|atslela/A A 7|AEFE X 2]8Fo] 1000 No’/hr
QA el FE AL FEEE [2§ 3-65]7 Zruh o] wEEFHY ARAL I
3 e,
- Membrane Area: 400 m’
- Feed Pressure: 5 atmG
- Permeate Pressure: 0 atmG
- _‘,]. 2.5 )6‘9“
- ZZ7tA(Feed)?] CO; 5. 12 %
- BZ27FA R 1000 No'/hr
- Permeate?] CO, &-%: 27.3 %
- Permeate?] -3k 400 Nm’/hr
- CO; BE: 90%

2f, 2 &2
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A 2E12] x| WRst Byl ok 02 86,0009HE A5 Hog 2R}
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M-1(A-T) 500RF$1/ 78 x 2078 = 10,000 gkl

C-1(A/B) 3,000Rkd/7) % 27) = 6,000 REd
S-1 5,0002td /7 x 17 = 5,000 74l
T-1 5002+ /70 x 170 = 500 T+
PIC 2,0009k/70 x 174 = 2,000 TH
FRCA 1,0002+81/ 7] x 207} = 20,000 gt
FRA 5009+ /7 x 2271 = 11,000 w4
GC 3,000k /7 x 270 = 6,000 Wt
Piping 5,500 Rt
Structure & Z4dH] 20,000 wtd
Al 86,000 TH¢d
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Code 7iR] EAA Zejolnj=gl PES B2} AAE ol&3le] Wutnl ZzaAwke Az
o|at3jEl A/ A A JIAEYUEY Bl A FRol| PESE

_(‘)]_."
£
A
o
ox
ol
o

o,
N
n?l

[o
hyl
X

™

. olarElRlA /A N EYE Helo] AE&HoR A8 4 9l PES F3AMY
o2 AxY 4 A& 7&S FYstoch PES FFAMS AL Fo Az

o

< T

&Y o

- whAlgel: P/N/A = 30/35/35

- Wabgo]: 20 cm

- - uA: &

- AelE A 29
AzH PES FZAbe] A A 27k 2002 400 4m BEolH 2] skin layer?]
Z7= 0.1unm AEo|gTh

B ATolA AU PES FTAE @ wWale] gln ATt S5 AE gl
o uiste] olatBiRte A ZNEGR Y Reldsol STk  PES FIAbY
& EIEE 25 PU, ol R/ ALY AYEE 40 A= e HAth Y

A2 Uberte] Felo]u]=2H(CO, F2HE 60 GPU, CO/Ny A== 30)o] LAY gt 4

7% 2e4%5E et

PES AbehE chEy ARSte] olibBletA/ AL ERIAY FASEE SEE HE
233 AJAagE 23 FEFA RES A2yt A2 FIA RES 3T

3cmol 2 Zo| 30cmql AElAld AL H o] 400 It FFAte]l A E
o] &3 FZAtete] ¥AHL ¢ 400cn’oltl. FF &F 5 atnGolL FE hYo] tf
144 A, 2 Aol AR 4% PES FFAMY BRES o] &5 ojatdwlL B
27} 12%9) CO/Ny EF7FA 0,204 No'/hrE A 2|dle] FRHO T o]atgjets B2 7)
27.3%Q) %J7FAE 0,008 No'/hrd] S0 2 23] @ 4= v} o] B9 ojatstgt
& ¥4&2 90%o|t},
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4% FEFA BES scale-updlo] DA g ¥ PES FZAM EE 1 unitd] F42

che}

et

8% PES %
ZEAbe] fa EHA: 200
ojiteteta/ A A JIAEHE

A elsd:

ZZA BE: A A 30cm, F&EZA] 90cm
Abat 40,000 7 et

100 Nm®/hr

. 423 FFAY RES o83 EAAANE EuE A2 1000 N'/hr 22| o]4t

AL ZTEY EelFdY JIEHAAREE Hustoch o] st/ AL T

3}EkA/

HEYE

unit7}

1000 Ne’/hr& A 2|57 9siA TH o] 20n°¢] vy E2ZAb REo] 20

dosich iy FFA 20 wit7h HAEHe eI EALY] FHEE

2519 o] WEel2Re] $AZRAL tie L)

Membrane Area: 400 m®
Feed Pressure: 5 atmG
Permeate Pressure: 0 atmG

3} 2% e

.

L7 A (Feed) 8] CO; &= 12

7 A {8 1000 No'/hr
Permeate?] CO; =%: 27.3 %
Permeate] -S-2F: 400 Nm’/hr

COz E =& 90%
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=l

A 3% Adsd s H 2

| (Hybrid system)

A 1A 2 FF Tt BA}

2

IEAIE FE o)A 2E(T,) olidMe HriFoew kit FelE F 4& 2
ol £3)-FAal mulolalal girl, ZlAvt BeuhE TAstEW WA JAdRel e
ol e olob gtr), elal v WREE uel ZAED EH o Fed Hog
HE] vhA] 7| ® wiHUsEA ") o3t AZIX] A5l 2o tiEl Henry?] &
% WA} Fickd] FabyHo] offe] A5AF HEHT]

WA [28 3-66] o ¥ZE Hoja dojits WP 7IAY EAF Lol thdt &3
To] w2EE Al (3-32)3} Pt

H
A

RiFp = Sz'Psz' (3—32)

o] ], & BIAY uFolMy =, St R 2EA] i JAY e, x=
22}Ex] Bg 714 24 uehdch E3 sRExt = AR B4E Edh, sH
2 Fe BAEA] 23 A, & dEFe 54& vehdoh. Eele F-E S8 71AY
ik 4] (3-33)9) Ut}

Qi/A = D; (zir—2i)/Z (3-33)

o] wl, Q& ©l AW LEAYE T3 olFdte A 24 B, DE HiA,
7= Beute] F7), 22 sPEal P R VA 548 uehdoh (39 3-66)
o) REZ HE B Fwhg why Uow VA vEE g 2EA el oy
L350 wlErg Al (3-34)2} At}

zp = S;Ppy; (3-34)

TR} ety 74 22 548 TS (permeability) @t A= % (selectivity)ol 2|3}
AR"c FUsE By 2o FAL iAo U A4S 7Y, ¥R
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dissolution disorption
diffusion

[28] 3-66] Conceptual view of gas concentration around a membrane
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NAEL 7 4R MRS B ol 3] AAHrE A¥EL 4T ¢
R J|AE Aested ot Eedte] dae AAS] ol Zute FelwAY A
gH]-go] FRE nHTh oA ORE, &F HE VA AGEe] L&A By 5
FaE o] dE¥Es Rz vl oef A"t FHH VAL ¢EE AdEEe 9
M Ao AR, EE 4R AY w5, Y 4F 4¥A, 2 e

of &sf FAg itk R FAE I A (3-32)0]A (3-3)2EHY &

e

(o]

=

of 4} (3-35)2 EWW 4 9t
D;S

_ i Qry; ~
Hi o Z o A [prz-—Ppyi] (3 35)

L CH2A R ol &

THERA ZIAe] Tl A Fjol i AXF S Ul 7R B Lo Uehdch 3
FHcocurrent flow), 3¥F(countercurrent flow), R F(cross flow), $AEZ3H perfect
mixing). Z12]3L o]t Redo] thgt o[/ dEAL] At "PY2 Kammermeyer Fofl olsf A7l
Tl AMEAL APdEA] thgt SERke] A4t BPH 4] Brubaker 2l Kammermeyerof ]3] 7|
UAEIgTh T22|a chdEAll it 24t BFY 2™ WS shindo of o) AQMH ket &

< 2ot}

4 mRo] AREE 712HQl The theat 2tk
(1) ke Ficke] W1 mary,

(2) 7 QB T &4 A A9 Tk

(3) S T FAs YHsi)

(4) 73 WPLR2 & FHls FAIYCL

~—dF = dG = dA gl%(Phxk—Plyk) (3—36)
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io] Bawolm, st e FAoIh x oy & SU53 E3AH BEgoT),
shel

gl MY 2t A& el ool A kA {3
G=F,~F (3-38)
; xﬁ?jjffF G+0 (3-39)

t}.
%(Phxi_Plyi)
Yi= Q, ) G=0 (3-40)
Zl”gl‘(})hxk*})zyk)
RAd W5E Thes) gol ey,
= A Qg‘ngh _ 4, Q}?i;h (3-41)
0=1—4 . f:F/Ff. g~ G/Ff (3-42)
y=P/P, ., a,=Q/Q, (3-43)
A W42 AES sk theat U
]Qk/CIl . . . ~
S @l - DGy o 870 UTen (344

ynzl_ glyk (3"45)

—% = ZIQk(xk_ 7Ve) (3-46)
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T
Vi | Permeate
P — —_— >
i Yot, * ¢
F d Vn 1
ee Membrane/ F | | Reject
—_— x| —_—
Fi, Xr1, * * * X Ph '_ | Fo, Xo1,
Kn ' * Xon
A= A=At

[28] 3-67] Diagram of single permeation stage with cocurrent flow
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d; i i
s :—%(xi_ Yyi)Jrijcf Zlqk(xk— YY) (3-47)
xn=1— lek (3-48)
ys%{éﬁ (3-49)
g=1—f (3-50)

HE Felol A2 2 B3 chd A V1A e AL 28 7 AES ol &3ste] 3
=2
28 x0i 3t ypi FE2 7 A LE 9 AE HESIA 38 4 gch o] wfg] =
7] 242 Tt Atk

=1, x;=x4 (i=l, » « »,n-1) (3-51)

R, A2 W} Ul AES o 8% 4 Atk ¥ 38

o,
= =3
84 g WA 9471 WOk WROINY AET R HA4E o8 Thent 22 A U

g=r—({1-6) (3-52)

vi= x”;__fof(_lg)a) , gF0 (3-53)

M & Biol QoM #-&Hrt. (3-52)3 (3-53)°] (3-50)2}
thalel]l 2elch 3Fe A9t FHEo]l U WeiAH, HAE Ul Soof 8}

250 gt £l (27 3-69] of Veht gltt o] Bpolls (3-46)0llAl (2-48)71X[7t &
Felrl, Fab ZEL Y ol 3 yHelw, FAFelMe fY BN BB T ¢l
£ 228 Mgl J8ng BE o A g0 o] "ol FAHM L] EE&2 (3-4)
o} (3-45)2)o] oJsf Folch HaFolMe] At WRel vl WHoR £y, WY B
£o] thad} #2 Ao Uepdcl
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Permeate ¥

Y1 l
< P ._.:_'
Yo, *°* ¥ . !
Feed "
/ |

—_ S Membrane/ F | I Reject
Xi |

Fr, Xt ¢ » * Xin Ph = "’l c —>
. o, Xot,
xn | e e X
$=0 §=8,

[Z8! 3-68] Diagram of single permeation stage with countercocurrent flow

—169 -



PermeateT Yoi, * * * VYoo

N

g w

| 2]

|

¥n

f
]
|
Feed Membrane/ F ; I Reject
> X1 | —y
Fi, Xit, * * * Xin Ph | Fa, Xa1,
) S ¢ * " Xon
$=0 =5

[3%] 3-69] Diagram of single permeation stage with cross flow
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xp=x(1— ) +y0 (i=0,., n) (3-54)

Tt B8 EE&Z (3-54)ALE FolZrl £ (3-54)= TIE ofH EFd tsiMe &
dsHA A& 5 ot

Ve axi— 7ya)

3-55
Yy CIj(in'" Yypj) ( )

(3-54)A & o] &3] xoi 2 %05 & £ATHH yp7b v &o] UEhddch

. xijIj/Qi ~
Y= T 0= 70 (a;la) — 1T F (il (3-56)
YPJQ] 32 1olBR
> L0l 4 =1 (3-57)
=1 (y+ 60—y (qr/a) — 1} + (x5/ )
agla, AA 2 £ B £x]= v
f=s; ZIQk(xok_ 7V 1) (3-58)
3] (3-57)% Newton®] ¥HEAxbge] ols) EaTh LA B Aol WA 68 7}
B, ypi, xoim ARSI, (3-58)el tidAlA wFAF| = kS F5hH Hr
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Permeate

¥o1 « « + ¥ —_>

Yor, * " ° ¥Yen

Feed 7

Membrane Reject

F" x", .- . 'xm Xg1 » L] xl)n F—-_9
0, Xot,
[ ] LI ) xoﬂ

/

2#! 3-70] Diagram of single permeation stage with perfect mixing
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Fol Bositt, I F vhed M2 thed drh

Bx, 71A Zejae sl M T3 £EE Ficke] HA & wE Zo2 st

=4, Z 71A ZE FaEs o 7IAd doh 2w, ¥ d¥e WA e
ALoR 78 %)

AR, FE W FAs el dol W] dis JdA YE ek F 9w FAvt 2
o] Wgog AFSA doltts Ao PERITE

g, 73 Wgege] v Fulls FAUCL o)A w uii-e] /EAA = )
& FAlste Zold, = FulE 2ol ¢ Aol2 UEhdrhs Zlolth
oA, Y 71 oY Aste FARNTH ditgoeRE f9 VA2 w4 oYl
EEE BASHA Aopxls AYE Holxdt, REL A7 32 A5, oyt Tde

FAIY 4=t

td

A WFY ALE ARy ¥k oOF & FAN x4 g v . s Bl thElA
X vu 0 8 AMSte E2F 4L + AUtk 1, F2y, £ BE 1 o U 5=E

UERACE  x, , v G5 GOlA 2 (3-44)0]A (3-50)F dgste HEHo =N 23

Yo A9 FRo] AR o Foldrh HE Toe HHLS s=s, U WHE s=0
A WANE HEstA xlizl,.....0-1)2 68 TEL, s=001H8 x b st 1
o) 49 o g Halstol TETh WeF 2 ol £HskA GoH s, oMY A2
ra2t 08 oIABIL, 1 ghol A% w8t Fh 0 12 SYHOE FEI £UY Wt
A 3 & el FaTh
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FAA x4 g oy 6 thEl x,; F2y, B F8he WHE o3 T

(3-47)& (3-46) % VHed tha3t 23 2o] doXiTh

gl ) —x 20 @il vve)
LI ’Zl (3-59)

a fi:l%(xk_ Yyk)

a2, (3-46)0lA

%} - —1 (3-60)
Z:lqk(xk’" Yyk)

Ql A= (3-59)Z (3-60)F ko] (3-44)ollA] (3-50)7}x] &) Al& o]&3le] f=1
ol f=1—-67t2 HA&ES 2, v, s s & Eeth Lela TR AE ¢

A el (3-52)3 (3-53)F AR&stol Yy o R FHEslo Zhe @A Hrh

S|

A 2 A PsA A
1. PSA FHo|E

=t

2 Al
| —

=~

7t
1918 Langmuir7} F% F2A1& AT o|F2 W2 FF F22o] UEECE

22 o|EF 27t A& Languuir FEAS FHA E¥lo] RE

AUAE ZiAle shte] FEREE ©b shite] ExlnkE FFAIIchs et 7}"3011*1 N

H Zolth, of TS FHA Ewo] FASKL FH il TS W EAE

ok
oln

o Hl
o
rlr
=
3
)
iy
Y
ofo
i)
iuj
|3
1l
£
hi
2
ise
e
N
1o
o¥,
o
—
o
oo
oo
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=
3
ok
iy
M
rlo
>
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o,
o

$7F ARF ARITh Langmuir FE 524 wEXA U4t A oiste] 19269
FreundlichEs A2 5241& I3l o] F2 5242 o3 wAaL glAw §
71Eel B FAste FHA Fol v A AEEE Aog oA gt

918 Langmuir FSHG2A1E ZAAFE Hejo] &3 tHdEAR At Aol extended
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Langmuir 250l 7 FHAZ Al (3-61)9 Ztl
q.i - bt (3-61)
ivs l-i—Zbicz-

extended Langmuir F3HE-24]2 o|EAoln dq3ty o ejgsty] ufFol (3-62)& T
Fshal w3t W vl HAstA A=A glet

an, ank

( re = —( Te, )1 ik = L..N (3-57)

gold ABL F T LA o|olE BET FHEFLA, Volner F2 S, Virial
B2 584, sips BY 5
E(nonideal adsorbed solution theory), Flory-Huggins vacancy solution ©]|&%o]| A

d=lol st

LA TAS o] E(ideal adsorbed solution theory), NAST o]

T2 BEAE ol &l AA FAHS o] EME T SEAo] Hasith o

23 T3 522 o8 JIR]I} AetEle] $om o] FofA] LDF(Linear Driving Force)

2P FALETE & VAo FE ARSEM, PSAE v Rsle] TG AXLEel de
ol &¥ gt o] AL FX 4= P A w22 zlolo] AFHA HAE A

o, 2 g Aes B AY A$EAN  Glueckaufs A (3-64)3 o] F271A9
FiA 2 F2AL] XEof o) 1 e AR s WHE A sty

9n;

LDF model : 37

==kxn?-nﬁ (3-63)

(3-64)
2. PSA A EA}

PSA FH& RHEHSH] siHs 1A A (3-65)4FH Z 7Aoo ¥ & A

<t}

i
>

~175~



= 0 (3-65)

oc; 8(1} Cz') (9201' ( ]_—-g) a%z
0z €

5t T _Dazz

919 HupAg iR A e W olEEe] nERE AT spgo] de
sith, WA the AAE o]7|Alztes ZH¥ol Hasith AA= b 2] oha 4
& Zolm, ti7IAZE Ao} o] dEgtLo|RE o] JPYE FHASirial ekt

ideal gas assumption ¢; = Ly’- (3-66)

RT

Faehe whebd o] Wako g A AIIL gluhs ZFolAM A (3-67)0] FEEHM, wiA
kel YRt alefstA] =t '

negligible bed pressure drop P 0 (3-67)

0z

EZE S BAEAE FAICHE JHEoA A (3-68)0] HL-Em, AT T
e 38 shA] ¢kt
no axial diffusion 8201- = ) (3-68)
ozt

Jelal A (3-69)AH FHY FH 2=EE ¥ A LS FAre T

g 83 £A& de3gd 5 ook

isothermal condition T,,= T,,= Const, 4H,; = 0 (3-69)
% B AHE Fgolol BY A4S DAY A (370)HY 24 giw
ZE@HcL

81@
at

0Py; 0y, ov
ot T WPy T yiPey

+ (1;E)RT = 0 (3-70)
1o AES d= A4 Y Z-E, PSAR FUdEle JIAF degs &
- Eol ¢ Ao vIE& AFE AL Y £ AXR, 2 BAY FAS E3UiAFY
o] AlElELA E o] Y] wRe] Z|Ae 2 dEo] JAY &rE Lslojof dl= 3
7} ®rcl.

i)
1o
A
o
L
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SHA AR 242t 271243 BARA] AARHEE 29 HuygE & ¢ 9
t}. olgdt F714 %’3}%’-’@0{] gt oS F= ¥ O 8= characteristics model,
Runge-Kutta method®} FIME EL3}= W cell model & od] 7|7} Qlch %29
22 sfA w2 f3bxpEolu} orthogonal collocation ¥ o] FFHE o]Fr}),
A Q 2T FHIFAH I o] Aol whel FAzAC] vl e Z-foli NMOL

= Ayt o AARERR, F718 FHAYE FARA] A2t} A

o = AlAtAZto|L} - A oA F-3ExE ¥ oL} othorgonal

.
¢

& Aabstes PSA FF e Ee ZA| JAE BABH] 9l3A
L oAl 9o #HnlE ARG HAS 27| 2A3} AARASE Eojo} st mwlale]
2o} Aatol] oajA Y ARE E 3-320¢] UE}

le
i
]
v
o
2
o
o,
rol
P
N
o,
A
X

{HE 3-32> Input & output data in PSA modeling

input data output data

feed gas characteristics
CO, composition (y;)

pressure (P_nign)

temperature (7T)

CO, composition profile
product gas pressure (P_w) o o
with time variation (y;)

isotherm parameters ( b; , g; )
product flow rate (Qp)

effective diffusivity (De)
overall recovery

dsorbent ticle ch teristi

adsorbent particle characteristics absorbent amount
radius (Rp)

bulk density (p)

porosity (&)

PSA cycle time
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ld

PSA e AlolE(cycle)2 [2% 3-71]0] Lepd ZATH 71¢h, 3, 7, @k
4tAR pgstalen, ZF A Al(cycle time)E& FHEsto] A -&3ioirt. m WA
kel Eakg SeshA] ¢hokr] wiiel, ®udie wolrt Zod JA =7t 2A
E FARE] Aolot b E FA st &3t
74t eA M FAY AE ZIATE ol 2RE FAY EE FYEH, o] AL F
bt Wik Aol tiE] A 4E Hdoh F¥ dAAE 94 4E JAe F
gl ol 2R TR, 9t Aefola FHE AFE FAW Al JAI YA =
Aol FEo] oel olatsteld 8o £ VA viEES
& Boto] wbAUsbA HTh A8 wAlo = W fEstel] ©
E FFE3tAA FHAA EAfsts olitsRtAE WAAIFIA H

2

rO

& BARSte vl HEAE 2
gxpo] &g H Aol 2] & R &
ol & M3 Ealsly] s e T

st S AE dojof Tk Tyt o= ESTHA A 27 HJelE ¥
Fol iyt Al v AelE HEAIFII] #lsto] A (3-71)3 o] Zb ulATF-Zte] tf

A A5eae WelE 24& U F= Yok

NzAz BARAC] Hasirt MAAl Zod =
EX7F 7R AY 271 240] FHojof gl

A AE ASA s BARE 5 A4 el

\o

v = _—y’éeed exp(—10L) (3-71)

ERE ZF Al M FARAL <FE 3-3Do] viEhfiglem, 2t thAe] 27 =S A
A2 wiA e} FelE 22 A Heh

(X 3-33> Boundary condition on PSA cycle

| pressurization at Z = 0, y =y
0 <t<t) at Z = L, v =0
adsorption at Z = 0, y =y
(t1 < t < tz) L = Ufwd
depressurization
at 7 = L, v =20
(ty < ¢ < t3)
desorption et
at Z = L, y =y
(ts < t < tg)
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pressurization adsorption depressurization | desorption
P_high
P_low
to=0 t1 to ts ty
[23] 3-71] Pressure profile in PSA cycle
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=

7h 22l =33
ool AAT WHOT RAE Amstort Eelwte Bl vjae o 24 g
PES SE Ao AMQITY,

- F32be WA 0.1 o (Zo] 30 cm, 400 7bete] Fgabzto] AHH RE)
FAP} &7 400um, W7 200um, skin layer 7. 0.1um

:’,:,'7]'/_‘_% %(COz/Nz)?/] CO, 5. 12 %

- %
- 2
- FF71A ¥ (Gauge 43 ): 5 ATM G

R EEE L

HA FE HWEAIEA 247 4SS 2B ed 2 Aae <& 3-300 uEehd
art o] wf ¢4HL batnGE 3trt,

T2 57142 ¥ 242t 3,5,7 atnGE WSS uf, 242 f3ro] E AY
Ape} At Aabe <(F 3-3559 Ul

(E 3-38> f&fof utE 243 e

FF(m/hr) | 2HEE %) | 2AAIL%) | Baee(dd %) | JasaAL%)
0.455 21.6 22.384 96.1 98.005
0.48 24.7 20.344 93.2 94.449
0.51 27.3 27.355 89.7 90.839
0.58 31.8 30.284 82.8 84.927

o]%te HAIolH E 4 sRol AuA|Lt AMAIL 2G4 FHeEHAN A wARYS

- 180 -



AT 471 gt vE AR AR Rl ozt v AaE Bl AP E
st A2l dAgtria & 4 glzlvh whepd & REabe] AE AEHY 4 givka A
ZtE ], o] Axtd AIE WY2E thEel membrane-PSA FHol ThIt RARS 339l

2

<E 3-35> Yzt [ ulE 243} F

o

A | A% | A | AR | A9 | An

T 9 % ¥ (atmG) 3 3 5 5 7 7

fr @& (m'/hr) 0.182 0.182 051 0.51 0.99 0.99

Z73(%) 209 21.245 27.3 217.355 31.4 31.933

3] &(%) 89.95 91.527 89.7 90.839 90.4 90.27

L} 22(2-PSA &

918 BA AE o]&ste] Bt PSA FH S AU FH uigt BRALE +3d
th S9-PSA 2R A 27 FYEHE olatHuiAY 2L 98} o] 125E FY
A 3t f¥-2 1000ni/hr &2 S SEATE Y A4S WA AIIEA 2xtem 7
H AA FAEY 243 H4E&E Aokt e AWML ES IFATIE G¥TUE W
A7 AL o] whE WL AR e A7) wiEeln, FF A&AHS BE)
23] ol =] B]&-& A Ay o7jo] 71 FL% S 71X 7] uiiEelct.

e 2-PsA FF o e wWE 24 HeEL <X 3-36>3 #rh

2. PSA-PSA F3F

PSA-PSA B A9 27 HUBEE olusiEha] 24 10xsh 1269 Aol Tistel A
SR, 1%k PsA BAS A ¥ olusteirel 243 HFARY £E9 H4LS (E



3-37>2 .

CE 3-36> Rl whe REelu-psy 3ol 243} B4
S9HE @mG) | PSA%EA A F 2 e ERS
3 21.245 90.2 88.9
5 27.395 99.1 88.2
7 31.933 99.2 90.1
(HE 3-37> &7] &7dof ulE PSA-PSA FA 2] 247 I4¢&
1% R 24 | 20 AR 24 | AF AT 24 AT AT 958
10 38.2 99.4 80
10 46 98.8 87
12 55.7 99.1 84
12 59.4 99.2 81
12 64.96 99.4 80

el FAE eEs WAR HeEol w2 Aol ole W, PSA AL Ho4E2
St 2= g Aol glvh Rrhv2 3EE& vbE7) flsiMe A7) 3 e 23
g "ert gtk ofriNe oux|dFLolA APFA PSA-PSAZA L] A Azt #A)

AEZQA Felg-PsAZ o] tigt BAARE ouA| (el 2 vlas] Rokoh Ealks A
Y Azt Exof olatdelAs &8 FUSHA staL, 2% PSA IS FUsivie M st
15k PSA FR Feld FA 2] oluA] vlg-& Aatste] wjals) Rkt
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1. &4 23 #4

7t =2/9-PSA

L2 PSAE AT I3 [3d 3-72]19F

@A B PSA-PSA FA I ALl WietA|Rt, EelY FHolAe wi7tAE WA &
sto] FAIF]7] wigol mE $371E AAY o= ¢ivh wheba, 2%k PSA FHE A
23 YHFHYRE Absh Aok =2 £} shiolBR oux|ago] $5 2 A,
Aol W F& UFstolof SRR Z2 &2 AFS Aidtcke sPdstel 2 F8 Y
YU E Ardsiord Wt gl

L. PSA-PSA 34

et g FAdE o] ole PSA B2 [3d 3-731 o] FdE o glrt

7tAL] CO8l HETE WAL o JiA| Aol Aefgled Felstr] ofgr] wiEel
A AAz] FEE Ak AAe] FHLE Fo{vle wi7tEE golF7] flstel &%
1& AT oA efzke] Yol 4mjdrt 2a, YolME AFAURC] 2%
PSA F3 2] AL FUsitia JHRSIALER Ui 2 R A PsA FAolt) uwt
etAl, 2%t PSAZ 2] AFHZE AT $371¢ 1] AFS 3] A8 AFgE=
278 AYLHFE At "Hrh

T 349 oy ula

UM AFHUFCl F FHY I PSA} el FA Y ouA] AHE wlastd ohE
2t

A g8k 1000Nmi /hr, Wj7}A 2
AYAhHaE AF COy INME A

7t PSA-PSA &3
COysx + 12%
Wi7tA 22 48 1, 3atnG , @AY 57mmHg
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[%] 3-73] PSA-PSA Process
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2t 22 RA  61%
g 4H] ¢ 0,077kWh/Nnd CO,
#wxx AP 4u] ¢ 0, 15kWh/Nd CO,

Z A4 ¢ 0.227kVh/Nd CO,

COyEX @ 10%

7t T ¢be : 860mmHg , ©EFQEE : 60mmHg
XA 1 b5, 2%

£27] A¥4Lu] ¢ 0.058k¥h/Nm CO,

1% AZE=x AP 4] ¢ 0, 18kWh/Nm CO,

2% Agn] ¢ 0,238kWh/Nmd CO,

FUHE €08 wEol it 2% B /Y Yol W HHeT AL BL (F
3-38>3 2ok AHLuFelNE 9
Zhopl uf B3l SR W) oiRel Hste dwelde $EE dg 4 gAHECh U

2 ¢EE ol7] fdide e 4¥E dsE R ol ouA] HEo] H
SRl

CE 3-38) w2 FUYHel wE dgan
GBSt

COEEGR)| AT aoore | 94200 | aown/Nm coy
52 (9%) 2

10 27.3 5 87.4 0.64

12 21.24 3 88.9 0.35

12 27.35 5 83.3 0.54

12 31.93 7 90 0.8
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Ch & 3d29 |

e AolM Feldt FHY F9 vE12% , FYUYY batnGed FSE HHH FH

olgtal ZPFRIThH, HelHe] Z -9 0.54kWh/Nmt COolth. &8 2w 332 27 &

At o] ol oAl HEo] Folx|A|Tl, R 4304 HTo] 7] {4 ¢dgo] ylo}
A Yste exd AESE MY £ JLonT bsatnGll F¢-E ¥ ztetn 44stdct
Z5-ollx= 0.227kWh/Nmfo|Th, whalr, ouz] Z&H

ofMdE LY FHETE PSA FAo] feElsicte AEE WY + dzlch AA FFolA
USHEZ FEHTE AFHPZY FFo| Wollths & st £3719 U&7
HEE 0% ATHE H LS 50%2tal AZshH PSA-PSA 2R o] AMe 2w 0. 41kWh/N
m CO, , H2]%-PSA Z3 2] Ag Aul: 0, 77kWh/Nm CO0lth. o]Aate] AzjollA] a7t
Aztste 279 5% 12%2] wi7tAe] 7ol 22l 2-PSA FF KT} PSA-PSA FHo] &
gistria & 4 olglvh wi7t2e] HE7b ol Eele] R o] yeopxirid &
T BF ZAYo] olrial AztEy, @) AMgste Eel REo] AEHEA o A
dFolets M 3R R EdHAM F FH F PSA-PSA FHo] felsicke AES

g 4 9k

N

c
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T etME g eylods

-=Ad Sl A

= e
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T T T-ul %)
-uj 7k 10 Nm¥h #e)&2e 433
~FEAEY AAYETF AHAE A NRE S AXFAHY &4 F
IR AR L RN o e R 23l AT 100
(98) |~4EE]: FFAA R P -4 WA el A B Mdx, =
-HybridA| ¥l 22 TA AF A5
~EEHEA 2 PSATA Ed
-~ AR w7l Yol g FHaEy
A~ E:}O (=) )iﬂ_
0 IERARER 6 G aaw w10 wave e vx
2xdE | . 7R
—ul R g3 ALk A 2y 3} * 100
9 | . 2"’1" PSS A s 2 e Az
}A‘D%ﬂ 4 - : A< Ell Al 7 mala)
—Hybrld/\]/\ﬁ‘ *]./_:Eé} :TL*{)‘ E‘ﬁ] P HYbrld X‘-—«% T4 2 rdE
AWM A8
-7 % ZFE A Ade M, 19F
_E A2 AFAN 08 KWhols 1?4? F& A A oo—-] 5
) et @37l e A, 29 S Ay AR
29 5 98 As /A . .
A0 AR (AEaxngd 06
-eHi e FEFAMY REAx 9 5
gapaE | -5 kWh/Nm*-CO; A% &4) o0
(00) YEAd 74, 44 71e R ~ZFAbare] kAl @ ;e A 2§ 9
~HybridA] 228l & 2] g}
Az, v Ay Al " A 2}
- A A N2 B
=AY AA 7tE #FR(1,000 HybridA 28 md 9w W7
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H 5% el pjuanie #28

o|xttgta: Fe] Hg Y oulA 4¥E wER HIREC Y &Y 7 de Ve
st oledt FF JlgEe] vlE L3 AA Y AA Az HES Y 4 r
a3 URER|RE o 2te] AL glojof AREIL W 4 QloBg uiE thE s Felde
A2 2 &L oYt wheld A SR 1,000 No'/h, A] 2,000 No*/h FEe] FRE
AHA B3 ALE Bt Jled AFE Kol 2EEE HEste] Tt whAl of

o|4t3tEtA 34 Ja® HEH F UEF st Zo] uigh3sith

T4 Fe FEAA 2o 3 HAAES el VsA FF L ouA] Z& FuE 9
T JleEd] ez o] JHeshy olildtgts EelE fs) JiU" R slee
T/l L, Aa/dae, HE/$4L 53 ZE U JAEEESY RilVledd AFPHLR
HEEH AL, AMEL 7ed st #&E 4+ dlch

o

—_
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