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GMS(generalized Maxwell Stefan) E#HE& oj&sao Yw7]FA TPABr
(Tetrapropylammoniumbromide) templating A @l7l/¢Fujtt B3 aoix CO:9 N9 F
F 9 2 EAS At GAE 2ol= vzzes 2o AAGA L A B
P <& 4t (Knudsen diffusion) 2 A4 4 (viscous diffusion -2 Poiseuille
flow)ol] 2l&stgion, olgid ERuAUELE DGM (dusty gas model)& T3l 79
F AR E AT A& Ejrete] £ 58S 24 2= TPABr templating silica
layerd A% Z% §3 5oz A3y, /[T 4 voi= §9H #FH(surface diffusion)
& el Bk GMS 28-S F3 gAY 29 i F3/8E dAUES A
FHOZ HHT £ AU B dFoA AeE BT e FEEs 3 2 9
Aol E3tH oz doju}r] "W, ZEF A CO4 vnd GFFHAQU N, EFE ¥
o do], CO22] pore-blocking Ao 2 Q&) COt F3 F=Hch

Abstract - In this study, gas permeation and separation characteristics of COz and
Nz on nano-porous TPABr(Tetrapropylammoniumbromide) templating silica/alumina
composite membrane were studied by using GMS (Generalized Maxwell Stefan) model.
Since the transport mechanisms of meso-porous alumina support are Knudsen diffusion
and viscous diffusion(or poiseulle flow), they can be identified by DGM (dusty gas
model). The transport mechanism of TPABr templating silica layer, which would
contribute mainly to the separation of N»/CO; mixture, showed surface diffusion rather
than pore diffusion. Therefore, the permeation/separation mechanisms in
multi-component surface diffusion were successfully analyzed by the GMS model. In
the separation of N2/CO; mixture using the composite membrane, CO; the
strongadsorbate, was permeated through the membrane more than Nz due to the

pore-blocking phenomena of CO; by adsorption isotherm and suface diffusion.
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(Tetrapropylammoniumbromide) templating 1}
x 7134 AEdt EdgdA CO/N; EFE
o B EAE 9734t TPABr tempalting
Aggt ety A9 EHWEAAE A Leol
Egtal Hjxdld, Yirlolze AHrtE &3
(sieving effect) & 23 J& B¢ ol A
o] A Lolg A EAA de|7letel
6], A7t B3ee £33 2 2717 ¥
& 34 HAA A4 gz 2 ez ol
oAy, F& i 4 HA e As A B
go oA & aRE 7] PgEH34) o
g2 B dFoes GMS B8 S AlE3td &Y
Fitol 93 27 WFUES FHHez AT
stgdth. Modified Wicke Callenbach diffusion
Celld o] &3 H4¥& 53 9L HEst 53%
o] R34 el GMS 28 o3 24
HRow, o]z Aydne vasy AT
gho] AgEGS A3

n. o A =

21. #7] AEZdolg Az E H=

B3t HF VA 2YHES 3HE7] §
3 B ES2AF (noncovalently bonded) 71
dZgolE HIt & 207 A4 &) FAHo
2 A=3F A7 € (TEOS : EtOH : HO :
IM HCI = 1 : 38 : 51 :53x107%) o u3%
A3t TPABr & 4A%F d7st4d6). 42
Al A 6A1ZF FTUA A @EE3E 5 50°C oA
6~24717F F9 HX g JdEeEE 34
(volume ratio, 2 : 1) 3 TE syringe filter

(02um)2 28 Az At

22. 77| AEHolE-Ag7t EMH STA
9! o] x| x|}
#71 AEHold” Ayt HE 1°C/min 9
e £52 300 - 700°C 2 A8 HA
A A A RS Az

23. Z-4 3adof 25 73N A7}
S M=

a-ALO;, V-ALOya-AlO: EgEA61E &

A AzF f71 EEHOE AEit £

_44_



Generalized Maxwell Stefan 28-& 0] 8% &7 &z o)&
A gl/g2ut Bgote] COYN, EFEY Fa/£e 717 #344

20cm/min ¢ £%2 dip-drawing 3t A9l
A 197 3247 § 1°C/ming $24£5=2
550°C7tAl 7 & g 2A% ¢ FAEA
Urxrj 34 Ags Bges Az 28
®H9 pin-hole, T8 59 AFE 18517
s & 2" (2~103)% MG £ 4
FoAE TPABr 27t £& 23 3¢ ¢
< Argslath B 2 AR A g A
R¥E Table 191 A3 =23 A H6]

m. Ao 9

3.1. &3 MY

&AL TPABrd 7l w|A A Ao oz
Zagstgh Fig. 194 8 & %ol electric
balance(Cahn 200008  ©| 83  gravimetric
methodZ °]&314th 48 ¥ AAE 2H
2] A2 wr5o]7 hang-down tubeol 33}
gom 23 HEA 7Y peleteZ MR
0|2 o]fate] ojslebs: P Ao Fi HY
# £58 243k A AYFH 1¢7%A
AA] 79k (stepwise pressurization)2 AR-8-3}
gl g E 449 0atm~09atmol, 2=
W E 203-313KolA AL gt v 48 ¥
EZ4AE Hell22Z HA(purge)dt #H, IF #
MOCEAAA 1243 oS 84 Factivation)
slgth 2= doleE data acquisition program
< o] &3t AATo g AFE )

1) Electric Cahn Balacne 2000 (5) Vacuum Pump

2) intearator () Moisture Trap
3; Chiller (7) Mercury Manometer
4) Gas Bomb (8) Adsorber Basket *
Fig. 1. Schematic diagram of gravimetric

method for adsorption measurements
: equilibrium and kinetics.
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(1) Feed gas (9) Soap bubble flow meter{Permeate}
(2) Metering valve {10) MFM{Permeate flow)
(3) Feed pressure transducer (11) GCTICO)

(4) ATD & Temperature cortroller {12) GC camer & Sweepin%gas(He)
(5} Membrane cell EIS
(B) Back pressure negulator 14
(7) MFC{Sweep gas control) (1
(B8) Parmeate pressure transducer 4

3
) MFC(Stage cut contro
) Wet gas flow meter

5) Soap bubble flow mater{Retentate)
6), (17} Data interfacing computer

Fig. 2. Schematic diagram of Modified

Wicke Callenbach Cell
permeation and separation
measurements.
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Characteristics of TPABr
templating silica layer and
alumina composite support.

Table 1.

TPABr templating silica layer

E3 492 AHEE layer 24y
249 layer® A&[mm] 4-5
ol A} 8] Layer®] ¥4 [um] 1.20
9% p [g/em’] 1.86
Layerd] 718X, &[] 0.35

Layere] H# 7]¥ WX &r [nm] 04-05
Layerd Z23%,1 [-] 5
Tubular Alumina Composite Support

9%, p [g/em’] 3.93
B 71 WHAE, r [nm]
a-ALOs 100
v-ALOya-AlO; &3 24 2.80
& #ol, L [m] 0.12
W7, rn (mm] 4.00
24, r; [mm] 4.80
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Wt ¥ 4 (surface diffusion)olyt Exb
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3T o] A2 gAEA EAAZ 3loA
o9 A g Hojgt & = gii1,58]

42.1. GMS(Generalized Maxwell-Stefan
Equation) model

2 dFoA AHeE §F 5248 dEd

A, % 54 3 AR BN e

Langmuir isotherm?] (Eq.(7))& AF&3t}.
___ kA
"1+ kP, )

Fig. 3. Schematic diagram of Silica/alumina
composite membrane(r; ~r2-TPABr
templating  silica layer, r2-r3¥
-Al>03/a-Al03 composite support).
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t>0 kJRZ i
r=r, I_

TS T (1)
A9 #AHEL  dynamic  simulatord!

g-PROM (Process systems enterprise Ltd.)
ver. 2.1.1& Al&3te] AArssdd).

4.2.2. Maxwell-Stefan Diffusivity
Fickian diffusivitya g Ao ulEA

Maxwell-Stefan4 9] ¢ T EAZ #Ho]
golaltH5]. Tt EA UM FAAFE
Eq.(12)$} Zo] vehd 4 ot

[D]=(B1"[T] (12)

£3] 24 B Aol A 9] Maxwell-Stefan &4 A
+[B]9 #BAE Eq.(13)9} 2t}

1 6 9
2D, D
Bl=| 9" 1 f
D, Db, (13.a)
] (1+9,&) 02
[B]-l= D, 0] D, DZ ._.______1
0 D, D, D, D, D,
0231: (1+e DuJ .Du+0: .
(13.b)
=& thermodynamic factor(T']e] Z < ofgjel
"'(14.a)°i SERR= N
9w |OINP,
L=
9isat alnqj (143)

’?_TL 25
ol A% Eq(142)E

Ny T 1 1-6, 91
Hl:[r r}le 0[0- 10}
2 22 U0 2 -G (14b)

A9 3 AFe MatrixAlAre £3% [D)
g o] &dA 24849 EEYA(mole flux)S

A & £ Ao

(N) = —pgq:ar[D]Vo

o6
pgqsal[ ] _r(r—é;-)

22 (g)7} Langmuir isotherm model
Eq(4b)2 8 € 4 I}

(15)

FE7L28 3R] A’A A3F 20043 99



TEE - AU - YA - BE - ol

714 plg/m’lE layerd 2=, £-]1& layer
9l FFE 28I gulmol/gle FH FaRAS
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HHER A TH10].
5 #An o

5.1. X X| oA F£3 5N
Fig. 4& AAAY F3 EA4&
SBA, & 4T FA i xFoz o
Fo{7 Eq.(3)& oLttt ¥& i A
2 HA FA AgE Table 2.9 539
F& A A5 7S Table 2.8 W 2%
of me} F7HEeE FHE Boly, ol Eq.4)
2 & veva it

g, XA e Fle] FE olibdgs,
A4 BF ol E EZ(concave curve)F o I
Ag vehdla glon, o Fde HAY
2ol A4S VAL YL Yvigy F EE
H2rye gFHe 2x3tez FIHEYH, ol:
Fig. 49 4¢] olegjg BE9 /A& veldn,
3 Table 194 E = %ol 2% F7hd
me} JA Fid Ages o d2gs 4 ¢
Ak FAY Ao A9 tir|FeA R
A% FEolV] el 28 FAF H
Eq.(5)2 R&#He gov}, &% Zile 2
o] ¥ F7IE Yuistng 22X R34
o2 FHEIY] oy uwEd £ dFdAE
A3y diojgd Eq.(3)€ WYste parameterE
A= vA¥EAYE (non-linear regression)o] &
a9t olm  FAWdlE= MS-FORTRANS
Nelder-mead optimizerg ©]-£3}% o},

Table 2. Pure gas permeation coefficient due
to the Knudsen and viscous diffusion
on Y-AlOs/a-AlO3 composite
support at 293K and 313K.
293K 313K

Di(m%s) Di(m?/s)
1.57x107 258x10°
2.96x107° 3.01x10°

By(m?
857x10716
1.24x107'®

By( mz)
CO: | 9.53x107'
N; | 6.65x107®

52. SgtatolMel S22 SA
£ d7N A8 S gy 39 A4
2= wE e opn, Az wAdA FIA
AAAAY =4E FHEI Al 2 FAS

o okl ZAE (B AH 23 =E) ot
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Fig. 5 € o|Atsighs 2 Ao E3u oA
9] single gas F#4FE ez glod, o=
GMS model (Eq.(15)2 vetd + o

08

®  CO,/Suppont(293K)
O CO,/Support(313K)
06 | N/Support(293K)

T O N/Support(313K)
R Model ; 0q.(3
£

2 044

3

U

2

2 o024

0.0

1 2 3 4 5 [
Pressure[100kPa}

Fig. 4. Permeate fluxes of CO; and N; on ¥
-AL0s/a-Al0; composite support at
293K with predicted curves by Eq.(4).

10-3
Bt
H
NE 604
£
Ep
§ ® COAayor(293K)
204 | B Neyer(z93K)
—— GMS model : 8q.{15)
0o {@
1 2 3 4 5 6
Pressure[100kPa]
Fig. 5. Permeate fluxes of CO2 and N2 on

TPABr templating silica layer at 293K
with predicted curves by Eq.(4).

aYdlA B 4 %1% TPABr templating
silica layer®] 7, Ed &ito] 2 F3 v
AUEL2 AYRAE F3o] 3438 F
7veta, el FUHEEE 7T HAig
o} wolA FHF Frise] FF3 FoEA
"ok g2 BE Fitel 2 dojue g
Mo FF TE2I34LE HZEEY (convex
type)e YElA €. #H, GMS model&
B A A o7 FAeY 29 occupancy
2 2A dEzre FAEE vigoez Aed 4
olzz &2 delyst Aotk FaAFHL
Langmuir isotherm model (Eq.(7))& A}&3}
Y23 parameterE AU olo] Wiy A

K, qu;E Fig. 6 2 Table 3.0 thebuigich.
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A sl/g2 o]t Bitute] COYN, EFE] Fa/8e 71T 84

©
Iy

14
3
.

o
@
!

Amount of adsorption[mol/g]
o
»

o
~N
N

-3
o
L

0.0 02 04 06 08
Pressure[100kPa)

Fig. 6. Equilibrium isotherm curves of
COz, N2 on TPABr templating
Si0; layer at 293.15-313.15K and
0-0.8kPa.

Table 3. Equilibrium adsorption parameters
of TPABr templating silica layer
applied to Langmuir model.

293K 313K
Coalmol/g) | K(Pa™) | Cudmol/eg) | K(Pa™)
CO; | 192x10° [1.07x10°| 1.45x107 [0.77x10°°
N2 | 066x107° |1.88x10° 063x10° |1.10x107

B}y FFe o)A EAst FAad dlE o
A™, Langmuir parameter(K)2l ZA$ dA47t
o 2 AL Y F F 3ok ol aHFAA
= ¢t Wzl wat o] ibsleAvt FEAFol
o AdE AL gudg die AgFolA

A A Aol © favorabledt F4E& et
NEE ¢ F Utk #FH ojisteie AS
Bl AFAoAzte] Adsagoe] wig et
o, oju] Fitd Az lateral WFe| HE
24 2 AAZA A" 9] Aio] vlE

Aot F AR AN olidstetao FaH
< Az vwE FgHoz aw, ol AAA
e FA FAto] mHo|opg S ow gt
wEkA] B A X Ho MY olAtsEA 2 AA O
g AR 3% Eq.(15)9 Eq.(ME 3 &39
Maxwell-Stefan diffusivity® dojd 4 Ut
[10]. Z#= Table 4.9 FE23Foen, oF
Eq.(13)°l e 3to multi-component
permeation® 2 &3 o &3t FaFo A
g o] AlslEtA e A zwtdlE FH o] A

FAHGI Az Aol wet 43 T
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Ztetgen,  Aixe AS  HAAAL9
affinity(53] F33)7F vz st} Joi3
oz wWE AzZHEY Eisr] AR F
FE Falol A3 olitzierist H|A A A ¢
micro-pored} F3Ho] 7]FE& FHA37l A9
Fa3go] S3n A4zt wE ALV HA
713S EdaA g 2y Azl Ade
2 772 ojatztetad o8 HA-Ho] 49
Eag wasty, wEa ojitslegie T3
| S7138HA | (3,111

o

Table 4. Maxwell Stefan diffusivity of
TPABr templating silica layer.

293K 313K
Dus(m?/s)
CO: 621x10" 8.24x10™"
N, 1.66x102 1.88x102
1e-3 \ 10
- \j/l o '
"g — .. NJCO, SF{simuiation, yansient) 'g
~§ ot ; / \ — NJCO, SF{experiment, Steady state) ls 3
£ /AN H
E: de4 // \_ N,/co,m:;:nfnyvmlm 4 g.
20 // AN <4 Lz{
=1/ 2
/
] / V]

00 02 04 08 08 1.0

D8]
Fig. 7. Simulation for transport of
COx/N; mixture on TPABr
templating silica layer at

293K (Pcoz Prn2=250:250kPa).

Fig. 7914 & # dxe] £ 27ldE N
o] w27t F23] F7181h7t steady-stateol
zg3d wa o9 w=7F w5Ed. o=
Noztol Adizeg =&  kinetic diameter
(368A), linear structured <F&EFA 71A9
Bg EZ71d CO%F 2 AEFRA A
(kinetic diameter; 4.00A, linear structure)7}
g F3FHH7 AAA FHFo] Frstgrt
COb 9r7|E HEdol FaHIT FAld EW
B2 dog|7l AR wEl CO; AE

9} 8 pore blocking effecte] A3IA =7 o

7283 A A3E 33 2004 9¥9



B35 A0 - 2EA - AHE - o %e

ol 21 2 Noot 28 FFAAY FExEE
A4 £F2& FASA Ha FEFEFAY CO
FEE HA2 /A A

A7H 02 Ny/CO; separationd] AS$ 27
of A4t B&H Ug wWe At HdEYx
7t A YA, Al XeE 315
o] §& oAy} 7|FE FHEA H:,
EY $A 2 pore-blocking.2 13ty o]t
sletavt F&HA Y.

6.2 2

Ux7]F4 TPABr templating 4 7l/2%
v Egetg o|fdld 71A Fi € £ 4
¥ 3 d3 22 2ol dHRTYHE GF
Y A YA B deEle 2 F&
g4t (Knudsen diffusion) 2 HAZ4
(viscous diffusion & Poiseuille flow)ol] ¢
E3Al HY, olyd FAYAYUEFEL DGM
(dusty gas modeD)® F3t9 F3F <+ A
t Bz 9 HAdxs £x29 A o9&
stgou, AR AL wle e FAF 2
100nm A& macro-poreZ Qs & A
g g 7idErie 9. 9dH HAAA Y
AL 78 FHEgo=z Uiy HH A A
pore-blocking °] €ojuH, F&4 7147 ¢
2 AYEE dA "ol o)y IS B o
Tl AHEE GMS 2o YIME & o5
Ak a2y B AT AMEE Bivte) A
+ F2A vAAAY FAE W ghA 2H-F
(B AR A 23] FR)o2AM g o)igEi A
94de 24 a8y 8 AAAY 58S Ft
g Bt 52 CON; A™EE 98 4 ¢l
& 4 glan, o8 d Egute] i fiuEs
GMS 23 & o] &3le A& 4 i}

tAtel 2

L e S LT MEX L

(R01-1999-000-00198-0)2] <A7¥] AYe=
Fasgen Ao 2AE =Yu,

D; Maxwell-Stefan diffusivity of component
i [m%s]
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(D] matrix of Maxwell-Stefan diffusivity

[m%s] L
Dx Knusen diffusion coefficient, [m%/s]
By viscous diffusion coefficient, [m%/s]
K; parameter in the Langmuir adsorption
isotherm, [Pa™]
N; molar flux of species i, [mol/m’s]
P; partial pressure of species i, [Pa)
Qsat total saturation concentration, [mol/g]
R gas constant, [8.314]/mol - K]
t time, [s]
T " absolute temperature, (K]
r radius of membrane, [m]
azjoja 2Xt
ri matrix of thermodynamic factors
£ porosity of membrane, [-]
6; fractional surface occupancy of
component i, [-]
p density of membrane, [g/m?]
T tortuosity factor, [-]
ot &l H %
i referring to component i
sat parameter value at saturation
in inner membrane
out outer membrane
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