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Abstract—Adsorption and desorption in zeolite 5A and CM S beds were compared by using a ternary mixture (N,/
OJ/Ar; 78: 21 : 1 vol%). Because the breakthrough curves for both beds show atail by temperature variance, a hon-
isothermal mathematical modd was applied to the smulation of adsorption dynamics. The LDF mode with a constant
rate parameter was enough to predict the experimenta breskthrough and temperature curves of an equilibrium separa
tion bed, while the modified LDF model with a concentration-dependent parameter should be applied to a kinetic sep-
aration bed. In the CMS bed initidly saturated with He, Ar was the first breakthrough component with N, following
dfter a short interval. Then, after along interval, the breakthrough of O, occurred with a broad roll-up due to its fast
diffusion rate and the rlaively dow diffusion rate of N,. In the CMS bed initially saturated with O,, the breakthrough
curves of O, and N, showed a very broad shape because of the dow diffusion of N, into CMS. In the zeolite 5A bed,
the breakthrough time sequence was Ar, O,, and N, a very close time intervals. After the sharp roll-ups of O, and Ar,
the variaion of the breakthrough curves was negligible. The inflection of the temperature profile in the zeolite 5A bed
was caused by the crossover of the O, and N, MTZs, whilein the CMS bed it was caused by the difference in the diffu-

sion rates of O, and N.,.
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INTRODUCTION

The separation and purification of O,, N,, and Ar from ambient
ar by usng zeolite and carbon molecular seve (CMS) are of con-
Sderable interest to numerous chemica and petrochemica indus-
tries. Indeed, pressure or vacuum swing adsorption (PSA or VSA)
processes using these adsorbents have been extensvely sudied in
theindudtry to obtain adesired product [Ahn et d., 2001; Yang, 1987].

In the fild of ar separation, various zeolites are generdly used
to produce O, from ar while CMS is used to produce high purity
N, [Jee et d., 2001; Srcar and Hanley, 1993; Mendes et d., 2000;
Budner et d., 1999]. However, because ar dso contains a smal
amount of Ar, which has physicad properties Smilar to those of O,
zeolite bed product contains a subgtantial amount of impurity in
the form of Ar [Rege and Yang, 2000]. That is, the upper limit of
O, purity isredtricted to less than 95% in an equilibrium separetion
process using zedlite. To overcome this limitation and produce O,
with a high purity level of over 99%, a CMS bed was used as an
additiond purifier for minor impurities contained in product from
the zeolite process such as N, and Ar [Rege and Yang, 2000; Jee et
a., 2004; Hayashi et d., 1996]. Generdly, N, acted as a srong ad-
sorbate in zedlite due to its higher equilibrium adsorbed amount,
while O, was a grong adsorbate in CM S due to its fagter diffuson
into the adsorbent pore [ Yang, 1987; Ruthven, 1994; Jeed d., 20024].
Zedlite 4A dso produces N, from ambient air because N, actsas a
week adsorbate dueto its dow diffusion rate on the adsorbent pellet
[Ahn and Lee, 2002; Farooq et d., 1993]. Therefore, high purity
O, and N, can be produced from awe | designed kinetic separation
process combined with an equilibrium separation process
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Prior to designing the cydlic adsorption process, it is crucid to
undergand the dynamic characteristics of each adsorption bed in
order to achieve a high working capacity for a given adsorbent and
improve process efficiency. With regard to air separdion sysems
using adsorption technology, adsorbents have been widdy studied
in terms of adsorption isotherms, especidly adsorption selectivity.
However, to sHect the most gppropriate adsorbent for the pecific
processss, it is necessary to condder the adsorption dynamics of
each adsorbent bed [Choi et d., 2003; Kim et d., 2002].

In this Sudy, the adsorption dynamics of air on each fixed bed
packed with a single adsorbent such as zedlite 5A and CMS was
studied by usng a ternary mixture (N,/OJ/Ar, 78: 21 : 1vd%) as
dried air. The adsorption characterigtics of both beds, such as bregk-
through time, bregkthrough shepe, thermd effect due to the heet of
adsorption, and heat exchange between the adsorption bed and its
urroundings were theoreticdly and experimentaly compared. In
addition, the effect of theinitid condition of the bed on the resulting
dynamics was invedtigated by using pure He and O,. A non-iso-
therma mathematica modd incorporating mess, energy and momern-
tum balances waas used for the smulation of the adsorption dynam-
ics [Park, 2002]. The modified LDF mode consders the concen-
tration-dependent diffusivity applied to the dynamics of the CMS
bed, while the generd LDF modd congders the congant diffuson
rate in the zeolite 5A bed. Reaults of the adsorption dynamics can
be used in the design of the cydlic processin O, PSA, O, purifica
tion, N, PSA, etc.

EXPERIMENTAL
A ternary mixture (NJOJ/Ar; 78: 21 : 1 vol%, DaeSung Indugrid

Gas) was usad asa feed gas for the breskthrough experiments. Asan
initid condition, the bregkthrough experiments were conducted with
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Table 1. Operating conditionsfor breakthrough experiments

Table 2. Characterigtics of adsor bents and adsor ption bed

Bedinitid  Run Adsorption  Feed flow
Adsorbent condition  no. pressure rae .
[atm] [LSTP/min]

CMS Hesaturated Runl 5.8 2
Run 2 4
Run 3 6
Run 4 4.35 2
Run 5 4
Run 6 6
O, saturated Run7 5.8 2
Run 8 4
Run9 6
Run 10 4.35 2
Run 11 4
Run 12 6
Zeolite 5A Hesaturated Run 13 5.8 2
Run 14 4
Run 15 6
Run 16 4.35 2
Run 17 4
Run 18 6

the beds saturated by ether pure O, (99.9+%) or He (99.99+%)
and with each under the same experimental pressure. The operat-
ing pressure was in the range of 4.35 and 5.8 am and the feed flow
rate wasin the range of 2to 6 LSTP/min. Feed temperature wasin
the range of 300K to 302 K depending on room temperature. More
detailed experimenta conditions are shown in Table 1.

A schematic diagram of the bregkthrough gpparatusis shown in
Fg. 1. The adsorption bed was mede of dainless-gted pipe with a
length of 200cm, anID of 3.6 cm, and awdl thickness of 1.75 mm.
Four resstance temperature detectors (RTD, Pt 100Q) were in-
ddled at the postions of 10, 30, 50, and 75 cm from the feed end
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Fig. 1. Schematic diagram of apparatus for breakthrough experi-
ment.

MFC: Mass How Controller RTD: Resstance
MFM: Mass How Meter Temperature Detector
PT: Pressure Tranducer CV: Check Vave

BPR: Back Pressure Regulator
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) Adsorbents
Properties -

Zeolite5A CMS
Type Sphere  Sphere
Average pellet radius, R, [cm] 0.157 0.115
Bed density, ps [g/cm’] 0.795 0.820
Pellet density, p, [g/cm?] 1.16 11
Heat capacity, C, [cal/gK] 0.22 0.27
Bed porosity, €] -] 0.314 0.255
Adsorption bed
Length, L [cm] 100
Inside radius, R [cm] 17
Outsideradius, Rg, [cm] 1.875
Heat capacity of column, C,,, [cal/gK] 0.12
Density of column, g, [g/cm’] 7.83
Internal heat transfer coefficient, h, [cal/cn?K 3ec]  9.2E-4
External heat transfer coefficient, h, [cal/ c?K [Sec] 3.4E-4

to meaaure the temperature variations indgde the bed. The flow rate
was corttrolled by a mass flow controller and the totd amount of
feed flow was measured by awet gas meter (Sinagawa Co.). In or-
der to keep the presaure in the adsorption bed congtant, an eectric
back pressure regulator was indaled between the adsorption bed
and the product bed. The experimentd pressure was meesured by
two presaure transducers eguipped a the top and bottom of the bed.

The concentration of the influent and effluent was andyzed by a
mass spectrometer (Bazers, QME 200). This andyzer was con-
firmed by a gas chromatogrgphy (HP, 589011). The sysem wasfully
automated by a persond computer with a developed control pro-
gram, and al measurements including flow rate, pressure, temper-
aure, and concentration were saved on the computer through an
AD converter. The characterigtics of adsorbents and adsorption beds
areligedin Table2.

MATHEMATICAL MODEL

To undergtand the dynamic behaviors of each adsorption bed,
the mathematicd models were developed on the bads of the fol-
lowing assumptions: (i) the gas phase behaves as an ided gas mix-
ture, (i) radia concentration and temperature gradients are negligi-
ble, (iii) therma equilibrium between adsorbents and bulk flow is
assumed, (iv) the flow pattern is described by the axidly digpersed
plug flow mode, and (v) the pressure drop along the bed is con-
Sdered by using the Ergun equation. The assumption of neglecting
radid gradient was widely accepted by numerous adsorption sud-
ies [Rotaand Wankat, 1990; Jee et d., 2002b; Kim et d., 2004].

The component and overdl mass baances for the bulk phasein

the adsorption column are given by
0°C, ,0(uC) ,0C, . [1-g9q
—_— =t +—+ =
D2 "oz ot PO Oot © @
o(uC) ,oC | l-g3¢0q _
oz ot POy a0 @

Applying idedl gaslaw (G=Py/RT and C=PIRT) to Egs (1) ad
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(2), the component and overal mass baances can be represented
asfollows

Oy, ,0(uy) 9y, RT[A-g9q _,
—n =i+ +2L 4
D28z "ot PpOgOat O ©
aP , du, 0P Lrdrln, Ol
= +
at Faz Va2 PT[atDrD azDI'EJ
+pRTEES Mg @

Ancther characteridtic of the adsorption process is the tempera-
ture variation causad by the heat of adsorption and desorption [Park
et d., 2002]. In this study, snce the range of temperature variation
during the cyclic operation was about 3to 10K, athemd effect on
thetotd cydic performance was condgdered to minimize the devia
tion.

The energy bdance for the gas phase dso indudes the heet trans:
fer to the columnwall.

I, aT
“Ki= ‘57 +€P,Crg aZD+(£tpg vg T8 pS)at
<0G,
(-5 S+ 2T -7, =0 ©

Where, ¢ is the totd void fraction (=e+(1-¢)a), ad g; is the
bed density, (=(1-£)p)).

In order to consder the heet lossthrough awall and the heet ac-
cumulation in the wall, ancther energy baance for the wdl of the
adsorption bed was used.

ACanAs aalt =27R (T =T,) =27Roo(Tu =) ©
where, A,=1(R,—Rg)

The boundary and initia conditions of mass and energy bd-
ances are presented below. The well-known Danckwerts boundary
conditionswere gpplied [ Yang and Lee, 19984].

<Boundary conditions>
- YO g1 -y ) YO =
DL%HFO uYil,_y ~Yil, o) Tzt 0 (73
1 _ o7 _
_KL%azzo—ngpgu(T\FO,—TL:O,), Chy FL—o (7o)
Where, yj|_ - meansfeed composition for component i.
<Initid condition for fluid flow>
¢(z,0) =co; Gi(z,0) =g ®
<Initid condition for heet flow>
T(Z 0)=Ton o)

In this study, the adsorption beds were initialy ssturated with pure
O, or He under the same adsorption pressure.

To congder the presaure drop effect acrass the bed, Ergun’s equia-
tion was introduced as amomentum balance[Yang et d., 1998b.

_dP_
el 1Y +bpulu (109
150(1- &)’ ~(1-¢)
a= ,b=175 10b
4R: & 2Rye (100)

whereuistheinterdtitia velocity.

The multi-component adsorption equilibrium was predicted by
the following Langmuir-Freundlich (L-F) modd:

<Langmuir-Freundlich isotherm>

mi Bi":)ini
g = s (1)

1+JZlBjF’j"j

where, 0, =K, +kxT, Bi=keexp(ky/T), n=ks+ky/T

In this sudy, the generd LDF modd assuming congtant diffu-
sivity was gpplied for the sorption rate of zedlite 5A and the modi-
fied LDF modd with following concentration-dependent diffusivity
for CMS.

<Gluekauf’s LDF modd for zeolite 5A>

98 _ i -, g =RPe
m =w(g ), w = (12

Inthismodd, the effective diffugivity, D, was assumed constant.
Because the diffusion time congtants of O,, N, and Ar on zeolite
5A showed little concentration dependency, this modd was used
in the equilibrium separation bed (zedlite 5A).

<Modified LDF modd for CMS>

Because the diffusion time congant, D4/R;, on CMS showed
strong dependency on the sorbate concentration, the following sruc-
turd diffusion modd was suggested by Do [1996].

Dy
“dg/dP,

Recently, Bae and Lee [2004] suggested the modified ructurd
diffusion modd by using the supercriticd relaionship.

If this rlation is goplied to the above sructurd diffusion model
with Langmuir isotherm, the modified modd is as follows [Bae et
a., 2004].

g

Dg=

(13

% =t ), @ =2 (14)
RP
Where, D/l Rp:C'P?'S(:I-"'Bil:)i)2
The adsorption isotherm and rate parameters of N,, Ar, and O,
on CMS and zeolite 5A are presented in Table 3. And these vaues
were very smilar to the published data[Ruthven et d., 1986; Chen
etd., 1994; Sorid et d., 1983; Miller et d., 1987].

RESULTS AND DISCUSSION

1. The Adsorption Dynamics of CM S Bed

The bregkthrough curvesfor N,, O,, and Ar on the CMS bed are
shown in Fg. 2. As an initid condition, He, non-adsorptive, was
used to pressurize the bed to adsorption pressure. As shown in this
figure, Ar was the firgt breskthrough component at about 110 sec,
followed by N, at very close intervas of about 5-10sec each. In
particular, the breskthrough curve for N, was very seep and showed
little tailing, while that of Ar was rdatively broad and showed a
gmdl excursgon. At the N, plateau, N, concentration increased dight-
ly with time until the breskthrough of the Ar had finished. Then, it
began to decrease with atal a the beginning of the breskthrough
of the O,. The breskthrough of the O, appeared at about 250 sec,

showing the wegk roll-up phenomenon.
Korean J. Chem. Eng.(Val. 21, No. 6)
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Table 3. LRC parametersand rate coefficientsfor zeolite 5A and CM'S

Adsorbent Adsorbate k.*10° (mol/g) k,*10° (mol/gK) k,*10* (V/am) k, (K) ks (-)

ks (K) Diffusion rate constants* (D4/R?)

CMS N, 23.63 -63.80 659.0 4965 1.692 -270.0 0.000047
0, 15.27 -32.30 22.90 966.1 1.187 -106.0 0.024
Ar 20.42 -53.00 239.7 3246 1.646 -238.2 0.00009
Zeolite 5A N, 6.210 -12.70 1.986 1970 2.266 —-396.5 0.0066
0O, 7.151 -18.20 54.19 662.6 -1.101 656.4 0.0267
Ar 7.151 -18.20 54.19 662.6 -1.101 656.4 0.0267
*Diffusion rate constantsin CM S bed mean C.
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Fig. 2. Experimental and smulated concentration breakthrough
curvesat 5.8atm adsor ption pressureand 4 L STP/min fed
flow rate (adsorption bed was initially saturated with He
at 5.8 atm and 300.5K) in the CM S bed.

The roll-up phenomenon generdly occurs when the weakly ad-
sorbed components lose their adsorption Sites due to the competi-
tive adsorption of more strongly adsorbed components, which fol-
low the preceding wavefronts of weekly adsorbed components [Yand
and Leg, 19988 Huang and Fair, 1983; Chlendi and Tondeur, 1995].
However, it iswel known that the equilibrium sdectivity of O,, N,
and Ar on CMSis negligible; and the partia pressure of N, in the
feed is much higher than that of the others Thus, the roll-up phe-
nomena in the CMS bed mainly semmed from the greet differ-
encein thediffusion rates of the O, and N/Ar.

To invedtigate the thermd effect on the adsorption dynamicsin
the CMS bed, the smulated breskthrough curves under non-iso-
thermal/non-adiabatic, isothermal, and adiabatic conditions were
compared, as shown in Fg. 2. As can be seen, the isotherma and
adigbatic conditions deviated somewhet from the experimentd resuit.
Therefore, an energy baance is srongly recommended in order to
design aPSA processfor ar separaion accuraely. More details on
thethermd dynamicsinvolved are presented in Figs 3and 4.

Temperature variations with time at four locations around the
CMS bed are presented in Fg. 3. Temperature excursion was about
6-8 K and the temperature profile showed a long tail. Thisled to
smdl concentration variation in the breskthrough curves of O, and N,

November, 2004
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Fig. 3. Temperature variation curves at the postion of (a) 10, (b)
30, (¢) 50, and (d) 75 cm from the feed inlet at 5.8 atm ad-
sorption pressure and 4 L STP/min feed flow rate (adsor p-
tion bed wasinitially saturated with He at 5.8 atm and 3005
K)in the CM S bed.

asshownin Fg. 2. Thetemperature profile for the feed end showed
a deeper increase than in the vidinity of the product end because
0,, the strong adsorbate in CMS, was preferentialy adsorbed near
thefeed end. However, as shown by the temperature profilesin Figs
3(c) and (d), there was asmall inflected increase because of therall-
up of N,.

To give adearer ingght into the adsorption dynamicsof aCMS
bed, concentration and temperature profilesin the gas phase a 20,
80, and 220 s=c from the beginning of the feed input Sep are pres-
ented in Fg. 4. As can be seen in Fig. 4(8), He was propagated to
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Fig. 4. Concentration and temperature prdfiles along the bed in
the gas phase at (a) 20, (b) 80, and (c) 220 sec at 5.8 atm ad-
sorption pressure and 4 L STP/min feed flow rate (adsorp-
tion bed wasinitially saturated with Heat 5.8 atm and 3005
K) in the CM S bed.

the bed end with asharp wave front. And the rall-up of N, was shown
even a 20 secin Fig. 4(a) because of the O, wave front. Therefore,
the temperature sharply increased at the feed inlet because of the
adsorption of O, while the temperature  the point of the rall-up of
N, was dightly lower than a the bed end. In Fg. 4(b), the O, wave
front is shown as a broad roll-up because of the rlatively dow ad-
sorption rate and high partid pressure of N,. The profile of N, is
shown smultaneoudy as a broad plateau. And the temperature in-
flection a 40 cm from the feed end isthe reult of the separated con-
centration wave front between the N, and O.. In other words, the
seep temperature curvature in the position of 30 to 40 cm from the
feed end was due to the O, wave front while the broad one in the
postion of 40 to 60 cm resulted from N, adsorption. Next, thesmdl
inflection of the temperature wave front after 220 sec was shown
near the product end in Fig. 4(c). In Fg. 4, it is evident that the Ar
rall-up wassmdll but very wide a the same range of therall-up of N,.
Thisis because the desorption rate of Ar isthe dowest even though
Ar isthefirg breskthrough component, asindicated in Fg. 2.

Fg. 5 shows the effect of feed flow rate and adsorption pressure
on the breakthrough curves of O, in the CMS bed. In al of the ex-
perimenta conditions, the linear increase of the feed flow rate did
not cause alinear decrease of breskthrough time because the load-
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Fig. 5. Effect of feed flow rate on O, breakthrough curveat (a) 5.8
and (b) 4.35atm adsor ption pressure (adsor ption bed was
initially saturated with He at 300.5K) in the CM S bed.

ing amount is limited by a mass trandfer resstance into the pelet
under fagt flow rate conditions. Indeed, the shape and dope of the
breskthrough curves did not noticesbly change despite a variation
of flow rates. Although the adsorption pressure decreased from 5.8
am to 4.35 am, the breskthrough time did not severely decrease.
This was because the adsorption dynamics were dominated by the
kinetic effect ingead of the equilibrium effect. Furthermore, aroll-
up and long tailing of the O, breskthrough curves under dl condi-
tions were observed even though the O, acted as the Srongest ad-
sorbate and was the gt breskthrough component in the CM S bed.
As shown in Fg. 4 and Table 3, this semmed from the dower dif-
fuson rate of N, and the effect of heat of adsorption.

In the instance of O, saturation as an initid condition, the bresk-
through curves of N,, O,, and Ar on the CM S bed are shownin FHg.
6. Differing from the resultsin Fg. 2, the concentrations of O, and
N, dowly approached their input concentrations with a very broad
dope and tailing, while the breskthroughs of the N, and Ar were
shown to teke place an earlier period of time. Mot of the N, and
Ar were not adsorbed because of their dow diffusion rete - in com-
parison with O, - into the CM S bed.

It is noteworthy that the Smulated results under three different
therma conditions showed negligible differences, as shownin Fg.

Korean J. Chem. Eng.(Val. 21, No. 6)
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Fig. 6. Experimental and smulated concentration breakthrough
curvesat 5.8atm adsor ption pressureand 4 L STP/min fed
flow rate (adsor ption bed wasinitially saturated with O, at
5.8atm and 302 K) in the CM S bed.
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Fig. 7. Temperature variation curves at the postion of (a) 10, (b)
30, (€) 50, and (d) 75cm from the feed inlet at 5.8 atm ad-
sorption pressure and 4 L STP/min feed flow rate (adsorp-
tion bed wasiinitially saturated with O, at 5.8 atm and 302
K) in the CM S bed.

November, 2004

6, adifferent outcome from whet isseenin Fig. 2. Asshown in Fg.
7, the temperature variations with time decressed within 2-4 K within
ashort period of time due to the desorption of O,. Furthermore, the
vaidion in the temperaure profile decreased dong the bed and
the temperature recovered relatively quickly to the leve of theinlet
temperature, as opposed to the results in Fg. 3. This implies that
the thermd effect is not noticegble in this sysem because the hegt
of adsorption by feed gas offsets the heet of desorption by initialy
saturated O,.

The concentration and temperature profiles a 20, 200, and 500
sec from the beginning of the feed input step are presented in FHg. 8.
AscanbeseeninFg. 8(a), the MTZ's of the N, and O, proceeded
to the product end a the early breakthrough time of about 20 sec.
N, adsorbed little in solid phase because of its rdlativdly dow dif-
fuson rate while O, was mainly desorbed at the feed end. How-
ever, Snce the veocity of the N, MTZ was very dow, asshownin
Fg. 8(b), the concentration wave front of the N, could not entirdly
pass the adsorption bed, even after about 200 sec. Furthermore, the
temperature profile showed a concave shgpe for temperature in the
bed after a sharp increase of temperature at the feed end because of
the adsorption of N, in the bed. Asshown in Fig. 8(c), even though
ardatively long time (about 500 sec) passed, the temperature was

304
- 302
~- 300
- 298

Mole fraction [ - ]
Temperature [K]

0 20 40 60 80 100
Bed length [cm]

Fig. 8. Concentration and temperature profiles along the bed in
the gas phase at (a) 20, (b) 200, and (c) 500 sec at 5.8atm
adsorption pressure and 4 LSTP/min feed flow rate (ad-
sorption bed wasinitially saturated with O, at 5.8atm and
302K) in the CM S bed.
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Fig. 9. Effect of feed flow rate on O, breakthrough curveat (a) 5.8
and (b) 4.35atm adsor ption pressure (adsorption bed was
initially saturated with O, at 302 K) in the CM S bed.

linear but dightly decreased toward the product end because the
adsorption of N, and desorption of O, werein progress.

Fig. 9 shows the effect of the feed flow rate and the adsorption
pressure on the breskthrough curves of O, with regard to the O, sat-
urated bed. The breskthrough time was lengthened by a decrease
in thefeed flow rate. Aswith the resultsin Fig. 5, the linear increase
in the feed flow rate did not lead to alinear decrease of breskthrough
time. In addition, the effect of adsorption pressure on the bregk-
through curves was not sgnificant athough the breskthrough time
dightly decressad and its curvatureis seen to be dightly segper. How-
ever, unlikethe reslitsfrom an He saturated condition, the smdller the
feed flow rate, the longer the tailing and the broader the breekthrough
Curves.

2. Adsorption Dynamics of Zeolite 5A Bed

Fig. 10 shows the breskthrough curves of ar for the He satu-
rated zeolite 5A bed. This figure shows that the initid saturation
He was completely vented as soon as the Smultaneous breskthrough
of O, and Ar occurred. Furthermore, the bregkthrough of N, fol-
lowed & a short interva of about 10 sec. Compared with the differ-
ence between the bregkthrough times of O, and N, inthe CM S bed,
as shown in Fg. 2, the difference between breskthrough times was
not prominent for the zeolite 5A bed. The velocity of the N, MTZ
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Fig. 10. Experimental and smulated concentration breakthrough
curvesat 5.8 atm adsorption pressure and 4 L STP/min
feed flow rate (adsor ption bed wasinitially saturated with
Heat 5.8 atm and 300.5 K) in the zeolite 5A bed.

was fairly fast because the concentration of N, in the feed wasrd-
aivey high regardless of its high adsorption capacity. Also, sharp
roll-ups of O, and Ar were observed due to the strong adsorption
of N,. However, dfter the breskthrough of N,, a 300 s, the varia
tionin dl of the curves was relaively smdl compared with the re-
aultsfrom the CM S bed.

Unlike the CMS bed results in Fig. 2, the smulated results for
the isothermal condition showed alarge deviation in the prediction
of the breakthrough curves while the adsorption dynamics seemed
to follow anear adiabatic behavior. However, the height of O, con-
centration was smilar a three different thermd conditions while
the roll-up of O, was broad in the case of the isothermad condition
and narrow in the case of the adiabatic condition. Furthermore, Ar
concentration was dso the highest under isotherma conditions.

Asshown in Fg. 11, the temperature increment in the zeolite 5A
bed was segper and subgtantidly greater at dl postionsthan inthe
CMS bed due to the heat of adsorption of the N, with highest con-
centration in the feed. However, as with the CMS bed, asmadl in-
flection appeared a 50 and 75 cm from the feed end, as shown in
Figs 11(c) and (d). Even after 1,000 sec, the temperature il hed
not reeched the leve of the inlet temperature because of the dow
heat exchange between the inner bed and its surroundings.

In Fig. 12, the concentration wave fronts in the zeolite 5A bed
are presented dong with the temperature profile. As can be seenin
Fg. 12(a), the concentration wave front of the N, propagated dight-
ly fagter than the others at 20 sec. Also, the MTZs of O, and Ar
showed aamdl roll-up a nearly the same position as the tempera
ture excursion due to the adsorption of the N,. However, Fig. 12(b)
shows thet after 140 sec the roll-up of the O, and Ar became higher.
Moreover, since the concentration wave front of the O, propagated
firgt, an inflection gppeared in the temperature profile a the cross:
over range of wave fronts. In addition, the velocity of the tempera
ture wave front was smilar to that of the concentration wave front.

Korean J. Chem. Eng.(Val. 21, No. 6)
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Fig. 11. Temperature variation curves at the postion of (a) 10, (b)
30, (c) 50, and (d) 75 cm from thefeed inlet at 5.8 atm ad-
sorption pressureand 4 L STP/min feed flow rate (adsor p-
tion bed was initially saturated with He at 5.8 atm and
300.5K) in the zedlite 5A bed.

Asshown in FHg. 12(c), after theinitidly saturated He was entirdy
vented, the bed temperature remained dmost congtant throughout
the bed. In contragt to the CMS bed results in Fig. 4, the crossover
of the MTZ between O, and N, did occur in the zeolite 5A bed, but
acurvaure of the MTZ of O, was hot observed.

Hg. 13 shows the effect of the feed flow rate and adsorption pres-
aure on the breskthrough curves of O, in the zeolite 5A bed. The
lower the feed flow rate, the higher the pesks of the O, bresk-
through curves and the broader the roll-up of O,. This is because
the increased contact time between the adsorbate and adsorbent at
alow feed flow rate led to an increase in the net amount of O, ad-
sorption on solid phase. Furthermore, in contradt to the results for
the CMSbed in Figs. 5 and 9, the effect of adsorption pressure on
the breskthrough time was significant in the zedlite 5A bed because
the equilibrium sdlectivity in zeolite 5A was sgnificantly affected
by pressure.

CONCLUSIONS

The adsorption dynamics of aternary mixture [N/OJ/Ar, 78:21: 1
vol %] were theordticdly and experimentaly sudied by usng equi-
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Temperature [K]
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Fig. 12. Concentration and temperature prafiles along the bed in
the gas phase at (&) 20, (b) 140, and (€) 220 s=c at 5.8 atm
adsorption pressure and 4 LSTP/min feed flow rate (ad-
orption bed wasinitially saturated with He at 5.8 atm and
300.5K) in the zedlite 5A bed.

librium and kinetic separation beds which were packed with zeo-
lite 5A and CM S, respectively.

In the CMS bed, initidly saturated with He, Ar was afirgt bresk-
through component showing a smdl roll-up and N, followed & a
very closeintervad. Then, the breskthrough of O, occurred with a
broad roll-up duetoitsfagt diffusion rate and the rdaively dow dif-
fuson rate of N,. Since a temperature excursion occurred to within
6-8 K during the breskthrough experiment, the isothermd and adia
batic models led to some deviation in the prediction of the bresk-
through curves. In addition, asthe MTZ of the O, proceeded to the
beds end, temperature curves got steeper and a amdl inflection in
the temperature profile was caused by the difference of the diffu-
sonraesof N, and O, and not by the crossover of MTZ's.

However, in the CMS bed saturated with O,, the breskthrough
curve for the N, was very broad because the O, acted as a srong
adorbate dueto itsfagt adsorption and desorption rates Temperature
vaiaion was within 2-4 K and the bed temperature recovered to
thelevd of the fead temperature within ashort period of time because
the heet of desorption of O, offset the heet of adsorption of N,. Con-
squently, the thermd effect on the breskthrough curves was not
noticesble under these conditions. Under both He and O, saturdtion
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Fig. 13. Effect of feed flow rate on O, breakthrough curve at (a)
5.8 and (b) 4.35atm adsorption presaure (adsorption bed
was initially saturated with He at 300.5K) in the zedlite
5A bed.

conditions, the effect of fead flow rete on the breskthrough curve wes
sgnificant while that of adsorption pressure was rdatively small.
The breakthrough curves of air on the zedlite 5A bed were per-
formed under the condition of He saturation. As aresult, the bresk-
throughs of O, and Ar firg occurred smultaneoudy with asharp roll-
up, then the bregkthrough of N, without aroll-up followed after avery
short intervd. Since the temperature increesed to 8-9K a dl points
in the bed, the isothermd modd led to alarge deviation in predic-
tion results, but the adsorption dynamics showed near adigbatic be-
haviors. The temperature wave front was steeper than in the CMS
and itsvdocity was dmogt same as thet of the O, concentration wave
front. In addition, the inflection in the temperature profile was caused
by the crossover of the O, and N,MTZ's. In contrast to the CMS
bed, the effects of both feed flow rate and adsorption pressure on
the zeolite 5A bed were very dgnificant because of the change of
adsorption equilibrium selectivity eswdl askinetic sdectivity.
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NOMENCLATURE

A, :crosssectiond areaof thewall [cm?]

B : eguilibrium parameter for Langmuir-Freundich modd [am™]

C :icomponent concentration in bulk phase [mol/cm?

C,» Cus C,, : gas, pdlet, and wall heat capecity, respectively [cel/
g-K]

: effective diffusivity defined by solid diffusion mode [cm?/
Sec]

s intracrystalline diffusivity [cm?/sec]

: axial dispersion coefficient [ecm?/sec]

. :internal heat transfer coefficient [cal/cm?-K -seq]

, . externa heat transfer coefficient [cal/cm?®-K -sec]

—AH : average hesat of adsorption [cal/mol€]

k  :parameter for LRC mode

K :proportionality parameter for LDF model [-]

K, :axid therma conductivity [ca/cm-sec-K]

L :bedlength[cm]

n

P

q,

O

> =2 00

: equiilibrium parameter for Langmuir-Freundlich model [-]
: total pressure [atm]
g, g : amount adsorbed, equilibrium amount adsorbed and av-
erage amount adsorbed, respectively [mol/g]
O : equilibrium parameter for Langmuir-Freundlich modd [mol/
d
R :gascongant [cal/mol K]
R, :radiusof pelet[cm]
Rs, Re, : inside and outside radius of the bed, respectively [cm]
t time[sec]
T.m - temperature of amosphere [K]
T, T, : pellet or bed temperature and wal temperature, regpectively
[K]
u s interdtitial velocity [cm/sec]
Yy, . molefraction of speciesi in gas phase|-]
z : axia digance in bed fromtheinlet [cm]

Greek Letters

a  :particle porosty [-]

& &  voidage of adsorbent bed and totd void fraction, repectively
[-]

Py P Pa: P - gasdensty, pellet density, bulk density and bed wall
density, respectively [g/cm’]

w :LDFcoefficient [sec™]

6  :dimensionless adsorbed amount [=q/q.], [-]

U viscosity [g/em-sec]

Subscripts

- bed

: component i
: pellet

: gasphase

: solid

swal

svesT —w

REFERENCES

Ahn, H., Yang, J. and Lee, C.-H., “Effects of Feed Composition of Coke
Oven Gas on a Layered Bed H, PSA Process! Adsorption, 7, 339

Korean J. Chem. Eng.(Val. 21, No. 6)



1192 J-G. Jeed.

(2001).

Ahn, H. and Lee, C.-H., “Sorption Kingtics of N,, CO and CH, on Pd-
letized Zeolite 4A, 5A and 10X} J. Chem. Eng. Japan, 35, 334
(2002).

Bag, Y. and Leeg, C.-H., “Adsorption Equilibria and Kinetics of Eight
Pure Gases on aCarbon Mdecular Seve at Elevated Pressure’ Car-
bon, 43, 95 (2004).

Beg Y., Moon, JH., Ahn, H. and Lee, C.H., “Effects of Adsorbate
Propertieson Adsorption MechanisminaCarbon Molecular Seve’
Korean J. Chem. Eng., 21, 712 (2004).

Budner, Z., Dula, J., Podstawa, W. and Gawdzik, A., “ Study and Mod-
eing of the Vacuum Swing Adsorption (VSA) Process Employed
in the Production of Oxygen, Trans|1ChemE, 77, 405 (1999).

Chen, Y. D., Yang, R. T. and Uawithya, P, “ Diffusion of Oxygen, Nitro-
gen and Their Mixturesin Carbon Molecular Seve’ AIChE J., 40,
577 (1994).

Chlendi, M. and Tondeur, D., “ Dynamic Behavior of Layered Columns
in Pressure Swing Adsorption; Gas Sep. Puri., 9, 231 (1995).
Choi, W. K., Kwon, T. 1. and Yeo, Y. K., “Optima Operation of the Pres-
sure Swing Adsorption (PSA) Process for CO, Recovery, Korean

J. Chem. Eng., 20, 617 (2003).

Do, D.D., “A Modd for Surface Diffuson of Ethane and Propanein
Activated Carbon; Chem. Eng. i, 51, 4145 (1996).

Faroog, S, Rethor, M. N. and Hidgat, K., “A Predictive Modd for a
Kineticdly Controlled Pressure Swing Adsorption Separation Pro-
cess’ Chem Eng. i, 48, 4129 (1993).

Hayashi, S, Kawai, M. and Kaneko, T., “ Dynamics of high Purity Oxy-
gen PSAT Gas Sep. Puri., 10, 19 (1996).

Huang, C.-C. and Fair, J. R., “ Study on the Adsorption and Desorption
of Multiple Adsorbatesin aFixed Bed, AIChE J., 34, 1861 (1988).

Jee, J. G, Kim, M. B. and Leg, C.-H., “ Comparison of Pressure Swing
Adsorption Processes to Purify Oxygen by Using Carbon Molecu-
lar Seve’ Chem. Eng. i, 60(3), in press (2004).

Jee, J-G,, Leg J-S and Leg, C-H., “Air Separaion by a Smdl-Scde
Two-Bed Medicd O, PSA] Ind. Eng. Chem Res, 40, 3647 (2001).

Jee, J. G, Pak, M., Yoo, H., Leg K. and Lee, C.-H., “Adsorption and
Desorption Characterigtics of Air on Zedlite 5A, 10X, and 13X Fixed
Beds' Sep. Sai. Tech,, 37, 3465 (2002a).

Jee, J. G, Park, H., Haam, S. and Lee, C.-H., “Effects of Nonisobaric
and | sobaric Stepson O, Pressure Swing Adsorption for an Aerator;

November, 2004

Ind. Eng. Chem. Res,, 41, 4383 (2002b).

Kim, M.-B., Moon, J-H. and Leg, C.-H., Oh, M. and Cho, W., “Effect
of Heat Trandfer onthe Transent Dynamicsof TSA Process’ Korean
J. Chem. Eng., 21, 703 (2004).

Kim,S.J, Cho, S.Y.andKim, T. Y., “Adsorption of Chlorinated Vola-
tile Organic Compounds in a Fixed Bed of Activated Carbon,
Korean J. Chem. Eng., 19, 61 (2002).

Mendes, Addio M. M., Codta, Carlos A. V. and Rodrigues, Alirio E.,
“Anayssof Nonisobaric Stepsin Nonlinear Bicomponent Pressure
Swing Adsorption Systems. Application to Air Separation; Ind. Eng.
Chem. Res,, 39, 138 (2000).

Miller, G.W., Knaebd, K. S. and Ikdls, K. G., “Equilibria of Nitrogen,
Oxygen, Argon, and Air in Molecular Seve 5A; AIChE J., 33, 14
(1987).

Park, C. J, Kim, S S, and Chun, B. H., “The Heet Transfer Charecter-
idicsin Air-Lift Contactor with Activated Carbon for the Separation
of Air Pollutants; Korean J. Chem. Eng., 19, 833 (2002).

Pak, 1. S, “Numericd Andyssof Fixed Bed Adsorption KineticsUsing
Orthogond Collocation;” Korean J. Chem Eng., 19, 1001 (2002).
Rege, S. U. and Yang, R. T., “Kinetic Separation of Oxygen and Argon

Using Molecular Sieve Carbon; Adsorption, 6, 15 (2000).

Rota, R. and Wankat, P. C., “Intendfication of Pressure Swing Adsorp-
tion Processes’ AIChE J., 36, 1299 (1990).

Ruthven, D. M., Raghavan, N. S. and Hassan, M. M., “ Adsorption and
Diffuson of Nitrogen and Oxygen in a Carbon Molecular Sieve’
Chem Eng. i, 41, 1325 (1986).

Ruthven, D. M., “Pressure Swing Adsorption; VVCH Publishers (1994).
Sircar, S. and Hanley, B. F, “Fractionated Vacuum Swing Adsorption
Processfor Air Separation] Sep. Sci. Tech., 28, 2553 (1993).
Sorid, G. A., Grarville, W. H. and Ddy, W. O., “ Adsorption Equilibria
for Oxygen and Nitrogen Gas Mixtures on 5A Molecular Seves’

Chem. Eng. i, 38, 1517 (1983).

Yang, J. and Leg, C.-H., “Adsorption Dynamicsof aLayered Bed PSA
for H, Recovery from Coke Oven Gas! AIChE J., 44, 1325 (19984).

Yang, J, Seo, B. K., Bagk, K. H., Ko, S-M. and Leg, C. H., “Effects of
Pressure Drop on Nor-isotherma PSA Process) Korean J. Chem
Eng., 15, 211 (1998b).

Yang, R. T., “Gas Separdtion by Adsorption Processes’ Butterworths
Publishers (1987).



