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F3gte] =ARE $18 Hp9b CO 7)Aol &l zeolite 54 F2HAIE o] §-31e] uptake curved oA A gl
2ol Mgt AP 9 fittingd o ZH FEIANATET Filgon, o] AFE ol &3t FAEE4(Gluec-
kauf LDF .3}, Vermeulen %3, Nakao-Suzuki ¥.3) 8] E4-& dletsla Farste] RAld 43l x4l
ZEAS yastdch Hy/CO £580 a4 LRC 292 F333 & oA 53l F2 275 d9od, o] 2d&
F35to] walel] AL8-3l¢c) T.G.A. uol 2§ uptake curve} 7t FH4x o) 21§ Z& v)2¥ 25} LDF
2ye FaAzr|d AA Fag Ho e e «dl&3shd Vermeulen B3E £ @& dE3idod, 53
Glueckauf 232 Dt/R,2>0.1 2A3}oll A A3g & ol &she 548 Booh F359) 245 918 FCS(flux
corrected scheme) 2 o] &3lglom, 7 Rao maTAS o &g A7} uptake curved fittingdte] il
329 LDF A4$(K)& ©)2% Nakao-Suzuki 28] 7} F& o3& s92m Langmuir isotherm ¥rhe=
LRC(Loading Ratio Correlation) & o]-&3+ 2A7L Ag o] B} 7p7slch Sx731e] A3 viwg
Azt B A Fage Ralol ojuixf]2o] ApHoln, ¢ ] x| 4&F suksle Wsle] dgew
B3ZAL 7 me g 7HAE AR AbsE

Abstract—To study the dynamic behavior of an adsorption bed, adsorption equilibrium was investigated
first and uptake curves were obtained in order to determine effective diffusivity(defined by solid diffusion
model), and then the effective diffusivity was used for studying characteristics of sorption rate and simulating
the adsorption bed behavior using adsorption rate models by LDF, Vermeulen, and Nakao-Suzuki. LRC iso-
therm model predicted adsorption equilibruim of the gas mixture(H,/CO) well and was employed in the
simulation of an adsorption bed. Comparison of uptake curves obtained by T.G.A. method with those estimated
by adsorption rate models showed the following; LDF model predicted lower adsorption amount than experi-
mental by T.G.A. method at the early stage of adsorption, while Vermeulen model predicted higher. However,
Glueckauf LDF model showed good agreement with experimental data under the condition of D.t/R,2>0.1.
FCS(flux corrected scheme) was used satisfactorily for eliminating numerical oscillation in simulation of
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an adsorption bed. A theoretical analysis by Nakao-Suzuki model with optimum coefficient, K, obtained by
matching the experimental uptake curve, showed that it provided a satisfactory prediction of the observed
breakthrough curve in comparison with other models. LRC was more suitable to predict breakthrough curve
than Langmuir isotherm. From the result of breakthrough curve under isothermal conditions, it was shown
that energy balance should be included in the simulation of the adsorption bed behavior and breakthrough
curve had a long tail probably caused by the adsorption heat and heat loss.
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o, dALA T Table 3o vehiich Uptake cu-
rved F517) 4% T.GA AP FiA9 w7
1.57 mm®} sampleS A3}, cell % 27T, %
100 ml/min®] 23}l A z2stgdch Fig A
A% F34HL 6-19atm WA Psgon 2
A32(121 1C el A A stk AAEE 517] Aol
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Table 1. The properties of single component and their mix-
ture(at 285.15 K, 16 atm)

co H,
Critical properties
TAK) 1329 33.0
P.(atm) 34.55 12.86
Vcm®*/mole) 932 64.3
Compressibility factor, Z 0.993 1.009
Acentric factor, ® 0066 —0.216
Molecular weight 28.01 2016
Heat capacity*, Cyfcal/gmole-K) 7.132 6.963

mixture(H, : CO=7:3)=6.973
*Calculated from the mixing rule C,=Cy+(AC)?+ @
( Acp)(l)

Table 2. Adsorbent and adsorption bed characteristics

Adsorbent
Form spherical 5A zeolite without binders
Pellet size 4-8 mesh
Average pellet size R,=157 mm
Pellet density pp=1.16 g/cm®

*Macropore void fraction £=0.36

Pellet void fraction £, =0.65

*Average macropore radius R,=986 )y

Heat capacity, Cps=0.22 cal/g-K
Adsorbates

Thermal conductivity of
gas mixture
Heat capacity of gas mixture C,=6.973 cal/mole-K
Adsorption bed

k,=3.176e—4 cal/cm*s

Bed inside radius Rg;=1.1 cm
Bed outside radius Rp,=1.275 cm
Wall thickness X, =0.175 cm
Bed length L=100 cm

Wall heat capacity
Bulk(bed) density

Cpo=0.12 cal/g-k
pp=0.795 g/cm®

External(interpellet) void a=0.315
fraction
Total void fraction a'=0.76

*These values were obtained from mercury porosimetry

cell?] ¥3)+&= 7+7} 603.2 mie} 402.1 mio)c} A A=
F2ZE ol43le] dAF 2 F FABEE FlgoH,
A=) W) g8 digital pressure guage( VALCOM CO.)
£ ol &3t ZAsch FAYE WA 22cm, Ho]
100 cm2] AHQl# A o2 Hzslelr sl e 1/
41in. sus tubeE o]&3lgich Fago 2 RE ulA gz}
o] &8 x| E7] $se o] DT shcdel glass
woolZ} 7l= AuhS UFAA MAsAch 4% <

18124 M33A H1E 1995 28

Table 3. Heat transfer coefficients
9.200e-4 cal/cm?®-K-sec

*Internal heat transfer

coeff.(h;)
**External heat transfer 3.4835e-4 cal/cm? K- sec
coeff.(h,)
Thermal conductivity of 0.03824 cal/cm-K - sec
wall(k,) -
Overall heat transfer 7.469¢-4 cal/cm?- K- sec
coeff.(U;)
Jd_ 1T
hi  hes hy
where, hb,d=4?l:, Ez5+0.1Re,,Pr
huD,

Nu.="1 =16Re, "Pr

**Griffiths & Davis Eq.: h,=05(ATy/D,)*®, AT,[°F], D,
[in.]J=2Rg,

u1
<
s1 u4 u2 v3 Us s2
i @.
Loading fidsorption
Cylinder Cell

Water bath

¢ ball valve

: sampling port

: digital pressure gauge

: thermocouple and temperature controller

HTwn<

Fig. 1. Schematic diagram of adsorption equilibrium sys-
tem.

AXZE #e F718 A5 2 $£343)7] 98 DOT
SYSTEM(Digital Output Time Control System, ART-
RONIX SYSTEM INC. FANTACON-F100A)el 2]}
Aols s Fellkol= WHE AXshsdc). F2ahA ol A
Fast v 9] S AHEA F4A F71 Y4 back
pressure regulatorS At 2o AMAstgdc) 5 &
%3F2 wet test meter(Precision Scientific Co.) E o]
g3te] 2xsiglon, Azt GE YHE Rt A
2 A 3] F(sampling port) 2 F-E] gas syringeZ A}4-3}
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vent

Fig. 2. Schematic diagram of apparatus for breakthrough

experiment.

1. Feed gas cylinder 9. Back pressure

2. Pressure regulator regulator

3. Flowmeter 10. Wet test meter

4. Pressure gauge 11. Sampling port

5. Needle valve 12. Thermocouple

6. Adsorption bed 13. Pressure transducer
7. Purge gas cylinder 14. Vacuum pump

8. Solenoid valve

o A2Z A% F gas chromatography(Shimadzu
8A) Z Alg-ste] BAEksich F2te W 228 T3
98 Z3h(feed end) | A F-E 10, 50, 80 cm A H el
thermocouple s Aglate] 7127 oja) A& F 7]
23552 3lgon], Fa%9ol pressure transducerE
x| sted gile] Mg A2l o} 713 F shal
o}

3-3. AHYY

3-3-1. FaAYyYAd

s ee) FARYAY) Aot
W& 2EA7) 2 loading cylinderell 714 & F9lgt &
Wy (V1) S odo] Udeke] 7]ME adsorption cellol
ZolA|7) 2 Haol =Fatd 259} 91 & FA I
3| FRERAE] Agels AHE AT
7 loading cylinderel 5 7] #& 2 FUste] &
FAE HE F EPE A8E A2 BAM3HA
EYE9) 4L Fch B (VDE Ao ER7IAE
adsorption cellel]l f-a]21712 F& 3ol =i &
w9} gtzye =Hsly A|8E At FHE

3-3-2. T.GA.9l 23 uptake ¥

Sample | &e}o]EZ cell W2} balance $oll &2
1 2344]7)7) 98 Her| A& A4 E B4 300
T2 A4A7 2 FAEss g8 w7 300C &
A% &, %A gio] 59l o HerlAE A% &5

A AP

Amount adsorbed{mmole/qg zeolite]

s ® Exp. 288.2 K
v v Exp. 303.2 K
v Exp. 3132 K
051 - Langmuir 7
-——— LRC
0.0 L 1 . .
0 5 10 15 20 25

Pressure[atm.]

Fig. 3. Adsorption isotherms of CO at several tempera-
tures on SA zeolite.

PEHA 258 AgLx7ix] W=k ¥ Her|H 9
& Fosta ’é‘ﬂﬂﬂl(Ha, COE dAEx=E &
AN E 24stch & 49

hlmadzu/‘l-«] TGA-50-¢ AH4-3}gich

>
oo
)
=
o
5
rlr
192

Z3¥ Fawtel =23}
e 71AE —12_’—€=] Huid 1 ba ck pressure regulator &
zAslglon, 1% AFHUZE A3l Fad e
HagAeh Fa4e E31& AAsuct

Aol e Yedast 49 Selxels B
2 dojFows U AZHEE 2R ZhsHA
713 o] uf) FAgk o] 2x9} gt WstE Al
& ZA=H 72HEE sk FAIAAMME F
abgk vlo] /by & °é’”3}7ﬂ FAAA DA e 7
EYxol= WHE JojFo] YAHE 5F FolA ¥4
Al 8(150 u) & syrmgei Astdon, o of L=
qrzje] wWishe Aol 23 HAHY 7ISEHEE 3
=3

4. AEdn o OF

4-1. EHS2M

B oA Ay 1 F49Y APAAE o
f8to] 73 5A A8 zeoliteo] @ CO ¥ H, &+
714 thE FA5-241LS Fig. 35 49

2t 7)Aol sl 37HA) x4 Agstden, CO
7| Aol sl e &) feld(favorable) HeWS] F
a=e 8 el glch £§ Langmuir isothermei ¥
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0.3 ¥ T T T T
O Exp. 288.2 K
® Exp. 303.2 K
v Exp. 3132 K
0.2+ e L"sngmuir Ny

—— LRC

0.1

Amount adsorbed[mmole/q zeolite]

0 5 10 15 20 25 30
Pressure[atm.]

Fig. 4. Adsorption isotherms of H, at several temperatures
on SA zeolite.

Table 4. Extended Langmuir isotherm parameters

Gas kl X 103 kz X 103 k3 k4
H, 1.191 —0.004384 2.032E-3 1582
Co 4.323 —0.00809 6.223E-4 1812

8] 4] Langmuir-Freundlich isotherme] Bt} $& o &
AFE B4t} 99 APAAE o) &3o T 7 7]
A2 HFEFd(heat of adsorption, Q2 H,2l A%
2,800 cal/gmole?] {132, CO2} 7-$-+= 5,400 cal/gmole®]
ot =3 Fig 35} 4ol viehd upe} o] E54E4
FRE AL 2xo 3L Tl Mol o)< Ex-
tended Langmuir®} LRCA] 9] v Rfigeel] &x9] g
o] ey whedsiglon, EAAY FAGY YA
a9} vasle T FAAZ FE Lol AESF(n) 2
37 Table 49} 5l Asich

Fig. 5¢} 62 288.15 Ks} 303.15Kell 4] 3% CO/H,
Aol 3 EEe 494 A8F LRC F3524
o2 23 ARE 7 71AY AAFAFy &" &
ke wawsiel Jepd 230 wlwd £ 52
#FE BoAFH Urh

4-2. H, % CO #4482 uptake curve
FaA) YoM FASeARE 7317 98 T.GA

Table 5. LRC parameters and heat of adsorption

2.0
Qo000 3 otm..288.15 K b
— O 10 atm. 28815 K A
8 1.6 | AAAMAA 20 atm, 288.15 K
3 90008 3 oim..303.15 K . 2
o wama 10 atm. 30315 K
5 | AAMAA 20 atm 30315 K
QL)
&2t
ks)
L)
-e F
S
n
©vw0o38 L
o
Rl b
g °
204t o °
e
L o % o
.
. L 1, i 1 i 1
098 54 0.8 1716 20

Amount adsorbed(experiment)
Fig. 5. Comparison of predicted ads. amount by LRC mod-
el with experimental ads. amount of CO for CO/H,
mixture(mmole/g zeolite).

— 0.25 . r - ;
3
8 v ™
& 020} N
2 -

[ ]
€
-
S 015+ ~
2
o ]
w0
3
. 010} o |
§ - " O 3 atm.,288.15 K
£ o ® 10 8tm.,288.15 K
o
2 oosl . S v 20 alm..288.15 K |
s b v 3 atm.,303.15 K
5 - O 10 atm.,303.15 K
L @ﬂ ) ® 20 elm.303.15 K
o Q. ) - 1 L !

00
0.00 0.05 0.10 0.15 0.20 0.25
Experimental amount adscrbed(mmol/g zeolite]
Fig. 6. Comparison of predicted amount adsorbed by LRC

model with experimental amount adsorbed of H,
for CO/H; mixture.

& o] 835} 9L uptake curveE Fig. 73} 8 4
et
Fig. 7¢ COoll dhs| T.GAAP o2 7§ uptake cu-

Gas k; X 107 kX 10° ks kq n; ni Q(cal/mole)
H, 0.6982 —0.001336 8.8056E-7 31219 1.2073 2.8465 2800
CO 3.5009 —0.003626 1.2445E-3 1580.6 0.7058 0.9516 5400

aetEe H33H M1 19954 23
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10 r~wv e e e e e
[+

2 s

g .l

o

(=] _

E °

® sl

0
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Fig. 8. Uptake curves predicted by several models for H;
gas.
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A, :cross sectional area of the wall [m?]

B; :Langmuir constant [atm™']

C, :i component concentration in bulk phase
{mol/cm®]

Cer Cps, Cou : gas, pellet, and wall heat capacity, respec-
tively [cal/g-K]

D, : effective diffusivity in zeolite pellet defined by
solid diffusion model [cm?/s]

D,, :molecular diffusivity [cm?/s]

D;, D,, D. : inside, outside, and logarithmic mean dia-
meter of the bed, respectively [cm]

h;, h, : heat transfer coefficient for inside and outside
of the bed, respectively [cal/cm?-K-s]

k,, k. :thermal conductivity of gas mixture and wall,
respectively [cal/cm-K-s]

K : proportionality parameter for Nakao-Suzuki
model [-]

ki ks, ks, k¢:parameters of LRC & Langmuir para-
meters’ empirical correlations; ki[mol/g], k.
(mol/g-K]J, kslatm™"], k(K]

L  :bed length [cm]

Ma, M; : molecular weight of species A and B, respec-
tively [g]

n; :LRC parameter [-]
P : total pressure [atm]
P.  :critical pressure [atm]

g, q* : amount adsorbed and equilibrium amount ad-
sorbed, respectively [mol/g]

q : volume-average amount adsorbed in a pellet
[mol/g]

Q : average heat of adsorption [cal/mole]

r : radial distant in zeolite pellet [cm]

R  :gas constant [cal/mole-K]

R, :average macropore diameter [A]

R, :radius of pellet [cm]

Rz, Ry, : inside and outside radius of the bed, respec-
tively [cm]

S : overall rate of sorption per unit volume of the

bed [mole/cm®:s]

: time [s]

: critical temperature [K]

: temperature of atmosphere [K]

: pellet or bed temperature [K]

s i
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T. :wall temperature [K]

u : superficial velocity [cm/s]

U;  :overall heat transfer coefficient based on inside
area [cal/cm*-K-s]

V. :critical molar volume [c¢m®/mole]

X, :thickness of the wall [cm]

y:  :mole fraction of species i [-]

z : axial distance in bed from the inlet [cm]

Z  :compressibility factor [-]

Jgjola Xt

€, &, a, @’ : macropore, pellet, interpellet and total void
fraction, respectively [-]

Per Py, P : gas density, pellet density and bulk density,
respectively [g/cm®]

®  :acentric factor [-]
n:  :correction factor to account for lateral interac-
tion -]
o
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