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Abstract—The results of adsorption equilibria of pure gases(H, CO) as well as their binary mixture on
pelletized 5A zeolite showed strong selectivity for CO and found applicability to adsorption processes. For
mixed gas adsorption isotherm, extended Langmuir model, loading ratio correlation(LRC), Dubinin-Radush-
kevich model, and Wilson-vacancy solution model(W-VSM) were compared, and the LRC model showed
the smallest average relative deviation and temperature dependencies of its parameters could be suitably
expressed by an appropriate mathematical form. Also this model, although not thermodynamically rigorous,
was the most useful isotherm for the simulation of breakthrough curve and PSA process because of its
mathematical simplicity, noniterative procedure for the calculation and reduction of computation time.
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Table 1. The properties of pure gases and their mixture

{Single gases) CO H.
Molecular weight 28 2
Kinetic diameter[&] 376 289
Critical properties
T.[K] 1329 332
P[atm] 350 128
V.Lcm*/mol] 923  64.3
Z[-] 0.295 0.305

Molar volume at n.b.p. V,,[cm*/mol] 33.0 226
Normal boiling temperature, T,,,[K] 817 203

*Compressibility factor, Z 0.9968 1.0006
Acentric factor, ® 0049 —0.22
Polarizability[ X 10 * c¢m?] 195 79
Quadrupole monent[ X10 ¥esu-cm?] 250  0.66
*Heat capacity, Cy[cal/g-K] 0249 4432
*at 300 K and 11 atm.
Table 2. Characteristics of adsorbent
Adsorbent

Form zeolite S5A(sphere,

W.R. Grace & Co)
Nominal pellet size 4-8 mesh
Average pellet size R,=1.57[mm]
Pellet density py=1.16(g/cm*]
Intracrystal void fraction £.=0.29(-]
*Macropore void fraction g, =0.36(-]
*Average macropore radius R,ZQSG[A]
Heat capacity Cps=0.22[ cal/g-K]
Weight fraction of crystals »=0.83[-]

*These values were obtained from mercury porosimetry.

Aol &) AW 7| TEEE 72l 100-1000 A5
ZATE & F Uk

3-2. AlEEx| W X3P

B AYel A o] 43 e FHEAyo A AY
A= Fig. 29} 2tk

Loading cylinder®} adsorption cell-& 7] 10 mm<]
stainless steel2 A 2}3}93.2.9], loading cylinder®} ad-
sorption cell®] ¥3)& 77t 603.2 mig} 402.1 mlo|c}
Adsorption cellels Hakg 24§ zeolite FFHAE
284 =Hed £ AgdAE CO &7 £

B Ag) ASele 6002¢g H, &571412 Atele

21819g AMgsteich RE A7 lined AAEAE
3 2348}7] ¢4l 1/8” sus tubed A}E-3h T, valvers
1/8” ball valve(Whitey) & +H8-3hoich A§ax W4
gt =x¢ 913 loading cylinder®} adsorption cellol

B AT 723
700 30
600 125
— ]
on
r:; 500 — —
1908
‘ 0k
g 400 £
g 3
2 41152
2 300 2
L Bl
3 s
S 41103
3 200 o
E
S
100 b 13
0 y! Al ot 1 0
10’ 10? 10° 104 10°% 108

Pore radius, [A]

Fig. 1. Pore size distribution(r,>40 10\) measured by mer-
cury porosimetry.

s
PN
st vd v2 v3 vi s2
vent l ! l A @ vent
sany =an
Loading Adsorption
Cytinder Cell
Water bath
v6
v v3
- # —
& vé vacuum pump
Fig. 2. Schematic diagram for adsorption equilibrium sys-

tem.
P: digital pressure gauge, S: sampling port, T: tem-
perature controller, V: ball valve

7% digital pressure gauge(VALCOM CO.)-& AH&-
stolon, APAH L ez g o)t YHT LTt
SAHEE stk APAANE A Yo I
zeolite FHAE ¥ ¥, He 7|AE o] 83t =43}
4t} 714+ loading cylinder& 71* adsorption cell2
gal5]le] Fate] dojulAl =, o] o loading cylin-
der= adsorption cellZ $-415)7] Hell 7|3 & A3
N7 3, EF7)AN AP APAde EgE(mixing
tank) 249 715% A "ok F3A3¥e BAE
7Ze 2o} tHe) Wb} gla, 7149 24l W
sz g AHE FAYIANGE st =3 AT

HWAHAK KONGHAK Vol. 33, No. 6, December, 1995



724 g4 - olRF

2504 A& B3 79 loading cylinderel] 4] adsorp-
tion cell2 FA7istste] A&s] ¥ FPsidct
Sampling portell 4] #3&t A8+ G.CE ¥45lo] &
ks A5, o] | oJMdE EFVIA HE9
HAEEAL 5A zeolite columng ¢]&3te] T.CD.7}
o745} 9l gas chromatography(Shimadzu GC-8A)
£ AHg-3dch -«

FYAYPN A wFrlA e H$= 288-313K9] 2=
Weojol 0-27atme] AWM, zejn EFrIH9
A$ole 288-313Ke] £x29} 3, 10, 20 atme] ¥
Ao FAFPFUPS Pstsdch

3-3. AEY

Hy9t CO 71Aloll Wigh 444 % £87149 &%
BYAYPL o5 2ok

AR FAEYAYL HA AFYLE o] 43}
o AP WL A-Z(107* torr) 22 {2 4] 7] 1L, load-
ing cylinder ol 7]4A1& F41& F Wr(VD)E g4
ol zjaze] 714l adsorption cell2 F A7}, F24
o] dofd wrhx] el § exo} ghHe S}
E71Ae F4yPAYPe ASde AA WE T
A]7)3. loading cylinderel] F 71418 zd2 F¢351o
EPAE e F EFEAEE AT A
EFEY 2AHE 7 (VD E oo ER71AE
adsorption cell2 F+Y4A17132 2F FAGydde] €
g7z Zlckal &, 43 L2 AT A EE A
Hsled EA4ghcd

Adsorption cylinder ¥-22] 7|4zA4& G.C.2 4
& AAslun 7 AHEY FAY e BIAFAE
o] &8 Tah=udl, ¥AHY HE& (), FE (DR B,
% cylinderol A 1A% digt EAFAE o] &3t
£}

i 3 i ava
BV, | _ BV YRYe | vy, (21)
ZRT, ' ZRT, ':" ZRT,
(izl,'",ﬂ)
Z X=1 (22)

4. AEEn % f

FAYYAYA Q8 Fge AL HAE
EA5AA[4] (2D)]0] Fashd, o] of e A9
at3912}9} fugacityd 5+ Peng-Robinson A efsHa Al
& o)43led Sandler[21]7} AE% ZEI1PS F3
Fald 3w, T3] 7ol = mixing ruleoll 2] AA

2818t H33H Hes 19954 123

0.35

O Exp.. 28815 K
030} @ Exp. 30315K
v Exp. 31315 K

E" . ~——Langmuir
5 92y LRC

E - W-VSM
o

v

el

©

o

o

o

o

e

5

o

g

=

Q00 L 1 1 1 1 1
0 5 10 15 20 25 30 35

Pressure, [atm.]

Fig. 3. Equilibrium adsorption for pure H; gas on zeolite

5A.
20+
K
°
£ 15+
E
o
@
0
5 1.0}
§ O Exp. 28B.15 K
W ® Exp. 303.15 K
E ; v Exp. 313.15 K
£ 0.5 4 ——Langmuir
< e LRC
——W-VSM
0.0 1 l. 1. 1 4 H
o} 5 10 15 20 25 30 35

Pressure, [atm.]

Fig. 4. Equilibrium adsorption for pure CO gas on zeolite
5A.

ot & 2xwke] Feal a(T)@e F317] fHs8l 4
E§Eo) gt Ao ol E A5G v
(binary interaction parameter) & Nishiumi[14]7} A

Alg A Agstsich

4-1. =57iHo| EAEY % oH

43 Algeto) & 5A6 thdt H, ¥ CO 7)Ao} &%
Ay 288-313Ke] 2249} 0-27atme]
A sl en, £ dF 4 2y 4%
e AYatrs} 34 Fig 2-3o] Jehligdo

H. 71AI(Fig. )+ A& FAFE HoldA



Hy/CO E371Ae] 2arF g sl ag A7 725

Table 3. Related parameter values of several equilibrium
models(T=[K])

Table 4. LRC(Langmuir-Freundlich) parameter values co-
rrelated with temperature

Langmuir model (60 H,
component temperature q,, [mmol/g] B, [1/atm] Gni=ky + kT k;=5.051, k,=4.314,
CO 288.15 1.9968 0.3320 k= —9.054E-3 k= — 1.060E-2
303.15 1.9015 0.2293 Bi=k; exp(ky/T) k;=1137E-3, k3=2.515E-3,
313.15 1.7824 02110 ks=1617E+3 ks=4.582E+2
H, 288.15 0.7119 0.0181 n;=ks+(ke/T) ks =0.5245, ks=10.9860,
303.15 0.5807 0.0175 ks=2.565E + 2 ks=4.303E+1
313.15 0.5713 0.0160 gw=[mmol/g), B=[1/atm], n;=[-], k;=[mmol/g], k.=

LRC model(Langmuir-Freundlich equation)
g». [mmol/g] B, [Vatm] n, [-]

CO 288.15 2.3856 0.3160 1.3897
303.15 2.4468 0.2205 1.4368
313.15 2.1311 0.2104 1.3028
H, 288.15 1.2721 0.0123 1.1328

303.15 1.0729 0.0115 1.1345
313.15 1.0130 0.0108 1.1193
Potential theory(Dubinin-Radushkevich equation)
W,Lem*/g] k(or B)LL-]1 K,[mol/cm®-atm.]*
CO full range 0412 1.0 4.343E-11
H, 0.8 5.325E-11
Vacancy solution model(using Wilson equation)
gL mmol/g] b,lmmol/g-atm] Ay,[-] As.[-]

CO 28815 21334 0.9753 0.4563 2.1937
303.15 19714 0.3953 0.8420 1.1876
313.15 1.8538 0.3661 0.7038 1.4208

H, 28815  3.0031 0.0136 0.2987 3.3481
30315  2.0606 0.0108 0.3173 3.1513
31315  1.8836 0.0097 0.3312 3.0198
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glom Wegdog o4 £ e W &R
otk EAHE dAHAA Y EAH R dul
BEAREE o] g3l on, 25ty e ddst g
EAAE o] f3te] frstA e & glE 4T Kir-
chhoff 41§ A}-8-3b%ic}15, 16].

Fig. 5% zeolite 5A &2 Ao g H, 2 CO &
A1Ae EATAL EAF Aoz F os)Ae AAe)
)$ ghEchs A & 5 Jor Huldelge & Ay
F9] shtel &5 Wi FRAES vepuof s,
EA) 2 Al ofshd ¥ 28 FA] ¢gkond,
2o gy Ro e odrkel EAAE Jehlgith

Coalescing factor & o] §-3}e] b FH o2 A7)



H/CO 7149 natgagadel 38 A7 727

20 T T T
O H,. 288.15 K
® H;. 303.15 K v
v H: 313.15 K
v cb, 28815 K
15k o CO. 303.15 K i
) ® CO. 313.15 K ﬂlJ
©
E
E
~ 1.0} .
el
v
k
o
L1
e
Q.
T 0.5 4
Y
0_0/ 1 1 1
G.0 0.5 1.0 t.5 2.0

q(experimental), {mmol/g]

Fig. 8. Comparison of adsorbed amount with that predic-
ted by LRC model for pure CO and H, gas.

71¢ Fig 69 Jeldigl e, o] u coalescing factor+=
(RT/V)In(f/£) 55 ©] 53t T-8kdct Fig 6414 &
I gle vio} o] & UYL e} Fig 72
D-R* 9] #2428 947}517] 98 InW vs. 25 SAI7
Aol o] wf F&3 vhi= H 2=z 7127|245
g2 W pasE AAs ATz A
A+l zeolite 5A2] Al & 24 H(W,)& 0.23 cm?/g[19]
o7 By=e gled B A9 Ay gejolEd it
A F 2442 0412 cm¥/gol Ak

o]4tA ]l Langmuir 23| o3 Fad-e A&
of we} sz o=l =% AA FAAAME o
A3lz] g2l ol R oz B U (energetic
heterogeneity) 3 ¥ &7} A}z 2H8-9] o o] AbP3]
A7) ool 20].

dubA Q) A)-2-efo| EFol A 7)AFH 9ol E
25 3tHql oA BF YA S el o]2d U
& (1) 74 Ag, (2) Aex Wy AFTE, (3)
I3 e Ash-dFuive 123 ¢ ¥E, (4)
27 W) o YR E A ¥ A F 1 ol
ool A& 2 FE (5) EFHI sHEilE ool
22 24 So] Q5] FHA Y FA 7 A &ete| ES
NAFAEA ] diE vjAe oA AAES AF
3 ¢ gAY 44 2333 5 gl "ok web
S| AFZ A F3A e oA BFUdAdel g v
4 AP 28 FASH SFRAAY BA )k

SSFAA(-Q)2 E3F3 2424 Clau-
sius-Clapeyron 2]& A}g-8lod alA =}{2].

O H, gas
[ ] C6 gas

Heat of adsorption, Q, {kcal/mol]

0 1 1 1 S H i 1
00 02 04 06 08 10 1.2 14 1.6
Adsorbed amount, q, [mmol/g]

Fig. 9. [sosteric heat of adsorption for each component.

oInP -Q
< oT ).,: RT? (23)

gl ME F3de 279} Wl i R
FAEH FaAde] S A3 K48 HEE AT
Fod, # A 3 FFFRLL Al g 3}
°olF ®¥gler 1 e H; 7]A& 2.5-3.0 kcal/mol, CO
7] A= 4.8-6.6 kcal/mole] 5It}(Fig. 9). o] wf 7} 7] 4|9
HFFHEL H, 7144 7% 28kcal/mole]g]a, CO
A48 7%= 54 keal/molelith. ol 2zt FlA9) o
3} (heat of liquefaction)e] CO 7]~} 1.44 kcal/mol
283 H, 7)4 & 0.22 kcal/moldl 73} Aeddt 2jol7}
A & 5 Ak Yubde g Fagke] Flgtel
oz} Fatd-e ghasA v 2 AP Azt ¢jshd CO
ANAe FAske] Zrkgtel ue} AFRelAe i
e AYS B F HAFEF 2T w2t 7
UFHFEe g v FAAEAEe] FAY Y
Z7 e eE =len], el H, 71M 9] 7ASole
Fitekol| wet Zolsle A4S Xt

Ross¢} Olivier[18]& F2sko] Z713tel we} oy
A BFdAe Fade e v, 3337
Agabge FEde FMAGR s 28ER
Al getolAe] g Hy @ CO 71Al9] mk-FeilA
F3td e Fateko] o)t e} ojuiA] BFUdAd Rt
23l 71e] Al aH-g-(dispersion-repulsion force} po-
larization) (9]¢l 2]3F &) o} AAE ZE & F
ek

4-2. EETIHe EAMY W AF

HWAHAK KONGHAK Vol. 33, No. 6, December, 1995



728 Y - olat
2.5 T T T T 2.5 T T T T
O Exp.,CO at 3 atm. O Exp..CO at 3 atm.
® Exp..CO at 20 atm. (4) I Squgo a: 2:? atlm- (B)
v Exp.H, a atm.
20k v Exp.H, at 3 atm. 20L ¥ Exp”Hz at 20 atm. ]
. v Exp.H, at 20 atm. : 2
2 ) ——Potential theory
——Extended Langmuir SR . W-VSM
-—-LRC ]

Amount adsorbed, q, [mmol/g)

Amount adsorbed, g, [mmol/g)

0.0 : it 00 - Y oY
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Ges phase composition, Y, Gas phase composition, Y,
Fig. 10. Predicted amount adsorbed of each component for CO(1)/Hx(2) mixtures at 288.15 K.
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H/CO &37|49) o3l A3 AF 731
Table 5. Relative deviations for CO(1)/Hx(2) gas mixture by multicomponent adsorption models (%)
Adsorption Temperature Ext-Langmuir LRC Potential theory W-VSM
pressure P o H, [ H, Co H, co H,
3 atm 288.15 K 17.33 59.21 7.51 54.30 7.81 59.70 11.50 65.73
303.15 K 20.99 59.46 6.77 54.95 9.05 63.03 25.08 60.18
31315 K 18.04 52.25 6.84 46.76 740 52.11 15.55 52.72
ARD 1891 57.10 7.02 52.15 8.14 5853 16.88 59.57
10 atm 288.15 K 11.89 53.77 3.93 48.15 5.07 51.20 8.27 62.96
303.15 K 7.80 56.23 2.94 48.87 4.11 56.66 8.56 61.11
31315 K 744 51.89 491 44.99 5.04 4347 7.85 57.03
ARD 9.12 54.07 3.88 4745 4.73 50.79 8.25 60.53
20 atm 288.15 K 8.71 54.69 4.65 51.50 7.46 48.26 7.16 65.39
303.15 K 6.45 57.05 2,13 44.60 2.84 59.38 6.03 64.00
31315 K 6.82 48.34 3.77 40.04 3.23 43.83 11.00 54.88
ARD 7.35 53.61 3.50 45.65 442 50.95 7.92 61.75
Overall ARD 11.67 54.89 476 48.35 5.74 53.38 10.92 60.63
Nd =
*Average Relative Deviation(ARD)zﬂgv x [Mﬂ}
Nd Jj=1 Qexp.
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Fig. 16. Comparison of adsorbed amount with that predic-
ted by LRC model for CO component of CO/H,
mixture.
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agszs A4dst] dlMde o 2EXo g ol
Hel A€ A= HrhHAn

ARB7IZ

: Henry constant [mol/g-atm]
: Langmuir constant [1/atm]
: =KR*T%/p* [-]
: coalescing factor(or normalizing factor) [-]
s :no. of experimental points
: total pressure [atm]
: critical pressure or saturation vapor pressure
[atm]
:amount adsorbed and equilibrium amount ad-

MU ZOoOwT

o
o
*

sorbed, respectively [mol/g]

: isosteric heat of adsorption [kcal/mol]

: gas constant [cal/mol-K]

: average macropore diameter [A]

: temperature [K]

: critical - temperature [K]

: amount adsorbed in volume(STP) [cm®/g]

: critical molar volume [cm?/mol]

: molar volume of adsorbate [cm?/mol]

: limiting volume of adsorbed space(micropore

volume) [cm®/g]

: mole fraction of component i in adsorbed phase

(-]

X? :mole fraction of i component i in adsorbed phase
vacancy solution [-]

y; :mole fraction of species i [-]

Y, :mole fraction of i in vacancy-free vapor phase
(-]

Z  :compressibility factor [-]

HMR o0

S

=

Jgjo|A 2}

B; :affinity coefficient [-]

Y# :activity coefficient in vapor phase vacancy solu-
tion [-]

y® :activity coefficient in adsorbed phase vacancy
solution [-]

€ :potential energy field over surface [cal/mol]

© :fractional coverage [-]

A, Aj: Wilson’s parameter for interaction between
iand j [-]

Ay, A, : Wilson's parameter for interaction between
i and vacancy [-]

® :fugacity coefficient [-]

® :acentric factor [-]

18128t x33AH H6S 19954 128

f{} AOL ).d B

o@s

AHA}

g :gas phase

o :standard state

s :surface phase

oo : maximum adsorption limit

BFEX}

1)k :component i, j, k
m : mixture

vV :vacancy

0  :saturated value

ofx}

D-R : Dubinin-Radushkevich

FH-VSM : Flory/Huggins-Vacancy Solution Model

G.C.: Gas Chromatography

IAST : Ideal Adsorbed Solution Theory

IMSL : International Mathematical and Statistical Li-
brary

LRC: Loading Ratio Correlation

UNLSF : IMSL routine solving a nonlinear least squa-
res problem using a modified Levenberg-Mar-
quardt algorithm and a finite-difference Jaco-
bian

VSM : Vacancy Solution Model

W-VSM : Wilson-Vacancy Solution Model
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