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ABSTRACT

Adsorption and desorption experiments for the binary mixture

(N2/O2; 79:21 vol%) on zeolite 5A, 10X, and 13X beds were

performed to study the dynamic characteristics of air separation

adsorption processes. Because the breakthrough and desorption

curves showed a tail by temperature variance in the beds, a

nonisothermal dynamic model incorporating mass and energy

balances was applied to the simulation of adsorption dynamics using

the Langmuir–Freundlich model and the LDF approximation. The

breakthrough and desorption results were compared among three

different beds with respect to the breakthrough and desorption times,

3465

DOI: 10.1081/SS-120014437 0149-6395 (Print); 1520-5754 (Online)

Copyright q 2002 by Marcel Dekker, Inc. www.dekker.com

*Corresponding author. Fax: þ82-2-312-6401; E-mail: leech@yonsei.ac.kr

SEPARATION SCIENCE AND TECHNOLOGY

Vol. 37, No. 15, pp. 3465–3490, 2002

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



tailing effect, and temperature variation with the effects of pressure

and flow rate. On the basis of the similar bed density, the order of

breakthrough time and desorption time was zeolite 10X, 13X, and

5A beds. Also, the O2 MTZ of the zeolite 10X bed was slightly

sharper than those of the zeolite 5A and 13X beds due to more

favorable N2 isotherm of zeolite 10X. Furthermore, the breakthrough

curve of the zeolite 13X bed showed a relatively long tail. In

addition, the breakthrough curves of the zeolite 5A and 13X were

similar to adiabatic behavior, whereas that of the zeolite 10X bed

showed an isothermal behavior. The N2 desorption experiments

were performed by O2 purge under the high pressure conditions. The

desorption behaviors were very similar to the results of the

breakthrough study, while the thermal effect on the desorption curve

was negligible at the beds. The tails of the desorption curves were

prominent with a change in the purge flow rate and desorption

pressure. In all the beds, the feed and purge rates were more

important factors for deciding the breakthrough and desorption times

than the adsorption and desorption pressures in the experimental

range.

Key Words: N2/O2 mixture; Zeolite 5A, 10X, and 13X;

Breakthrough; Desorption; Thermal effect

INTRODUCTION

Oxygen recovery from air is a very attractive and important topic because

oxygen is widely used in many chemical processes such as the biological

treatment of wastewater, oxygen supply in the steel industries, paper and pulp

industries, glass melting furnaces, and medical O2 supply devices.[1]

Pressure swing adsorption (PSA) process for air separation is used widely

because the installation costs are relatively low and it is easy to operate. Recently,

the high purity oxygen (99 þ %) PSA processes are studied by using a bed

packed with zeolite and carbon molecular sieve.[2,3] Furthermore, the rapid

pressure swing adsorption (RPSA) process was introduced to produce oxygen

that had comparatively low purity but high productivity.[4] As another challenge,

the vacuum swing adsorption (VSA) process was proposed to produce the oxygen

that has both high purity and high productivity.[5,6]

Understanding the dynamic characteristics of the adsorption and desorption

steps in an adsorption process is crucial to achieving high working capacity for a
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given adsorbent, and achieving a high working capacity for the heavy component

is crucial to achieving good process efficiency. Hence, the breakthrough time, the

shape of breakthrough curve, the desorption characteristics, and the thermal

effect are the main factors to develop the performances of PSA processes.[7] In

many breakthrough studies, the pressure and feed flow rate were assumed to be

constant. However, Malek and Farooq[8] proposed that the effect of flow variation

becomes significant for sorbate concentration. Therefore, they introduced the

concept of mean residence time to consider this flow variation. Also, Sircar and

Kumar[9] studied the heat effect on the breakthrough system comparing adiabatic

and isothermal systems with nonisothermal and nonadiabatic systems.

Furthermore, they studied the effect of the heat transfer coefficient between

column and surroundings on the system operation. Xiu[10] derived an analytical

solution of breakthrough curves in a fixed bed packed with ACF (activated

carbon fiber), and a parabolic profile approximation solution for linear adsorption

systems. However, only a few studies of desorption dynamics have been

published. Yang et al.[11] indicated that the heavy components like CO2 could not

be completely desorbed by purging with light product in the zeolite 5A bed. Also,

it was shown that the variation of interstitial velocity at adsorption and desorption

steps had a great effect on product purity and productivity.[12,13]

In spite of the importance of studying breakthrough and desorption

dynamics, in many studies about air separation systems using adsorption

technology, the adsorbent was selected by only the comparison of adsorption

isotherms, especially adsorption selectivity. However, to select an optimum

adsorbent appropriate to the specific processes, the bed dynamics of adsorption

and desorption at each adsorbent also need to be considered.

In this study, the adsorption and desorption characteristics of the fixed beds

packed with zeolite 5A, 10X, and 13X that are used in many commercial O2 PSA

processes were compared. The experimental and theoretical results of the

adsorption and desorption time, breakthrough curvature and thermal effect play

an important role in selecting an optimum adsorbent and the design of PSA or

PVSA processes.

EXPERIMENTAL STUDIES

Zeolite 5A (Grace and Davison Co.), 10X (Baylith, WE-G 639), and 13X

(Baylith, WE-G 652) were used as adsorbents. Prior to each experimental run, the

adsorbent was regenerated at 613K over night.

The binary mixture (N2/O2; 79:21 vol%) and pure oxygen (99.9 þ %) were

used as feed gases for adsorption and purge gas for desorption, respectively. As

an initial condition, the adsorption experiments were conducted at the bed

saturated by O2 with the same adsorption pressure and the desorption
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experiments were carried out at the bed saturated by N2 with the same desorption

pressure. The operating pressure was in the range 3–6 atm and the feed and purge

flow rates were in the range 2–6 LSTP/min. And the inlet and surrounding

temperatures at all of the operating conditions were in the range 298–299K. The

more detailed experimental conditions are shown in Table 1.

A schematic diagram of the breakthrough apparatus is shown in Fig. 1. The

adsorption bed was made of stainless-steel pipe with a length of 100 cm, an ID of

2.2 cm, and a wall thickness of 1.75 mm. Three resistance temperature detectors

Table 1. Operating Conditions for Breakthrough and Desorption Experiments

Breakthrough and Desorption Experiments

Adsorbent Run No.

Adsorption and

Desorption Pressure

(atm)

Feed and Purge

Flow Rate

(LSTP/min)

Zeolite 5A Run 1 3 2

Run 2 4

Run 3 6

Run 4 4.5 2

Run 5 4

Run 6 6

Run 7 6 2

Run 8 4

Run 9 6

Zeolite 10X Run 10 3 2

Run 11 4

Run 12 6

Run 13 4.5 2

Run 14 4

Run 15 6

Run 16 6 2

Run 17 4

Run 18 6

Zeolite 13X Run 19 3 2

Run 20 4

Run 21 6

Run 22 4.5 2

Run 23 4

Run 24 6

Run 25 6 2

Run 26 4

Run 27 6
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(RTD, Pt 100V) were installed at the positions of 10, 50, and 80 cm from the feed

end to measure the temperature variations inside the bed. The flow rate was

controlled by a mass-flow controller (Hastings, 2020-799 Hampton, Virginia,

USA) and the total amount of feed and purge flow was measured by a wet gas

meter (Sinagawa Co. W-NK-18, Japan). In order to keep the pressure in the

adsorption bed constant, an electric back-pressure regulator was installed

between the adsorption bed and the product bed. The experimental pressure was

measured by two pressure transducers equipped at the top and bottom of the bed.

The concentration of the influent and effluent was analyzed by a

portable oxygen analyzer (Teledyne Analytical Instruments, MDL 320B/RC-

D, USA). This analyzer was confirmed by a mass spectrometer (Balzers,

QME 200, Germany). The system was fully automated by a personal

computer with a developed control program, and all measurements including

flow rate, pressure, temperature, and O2 concentration were saved on the

computer through an AD converter (AXIOM Tech, AX540, Taiwan). The

characteristics of adsorbents and adsorption beds are listed in Table 2.

Figure 1. Schematic diagram of apparatus for breakthrough and desorption experiment.
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MATHEMATICAL MODEL

To understand the dynamic behaviors of the fixed bed during adsorption

and desorption experiments, the mathematical models were developed on the

basis of the following typical assumptions: (i) the gas phase behaves as an ideal

gas mixture, (ii) radial concentration and temperature gradients are negligible,

(iii) thermal equilibrium between adsorbents and bulk flow is assumed, (iv) the

flow pattern is described by the axially dispersed plug flow model, (v) the mass

transfer rate is represented by an LDF model, and (vi) the pressure drop along the

bed is neglected.[14 – 17]

The breakthrough times in adsorption and desorption are different

depending on the adsorption capacity of each adsorbent, the adsorbent amount

packed in the bed, and other operating variables such as adsorption pressure, feed

flow rate, etc. For that reason, to compare the adsorption and desorption

characteristics of all adsorbents at the same operating conditions, dimensionless

parameters need to be introduced such as dimensionless time t, dimensionless

Table 2. Characteristics of Adsorbents and Adsorption Bed

Properties
Adsorbents

Zeolite 5A Zeolite 10X Zeolite 13X

Type Sphere Sphere Sphere

Average pellet radius, Rp (cm) 0.157 0.115 0.1

Bed density, rB (g/cm3) 0.795 0.820 0.78

Pellet density, rp (g/cm3) 1.16 1.1 1.05

Heat capacity, Cps (cal/g K)a 0.22 0.27 0.32

Bed porosity, 1 (–) 0.314 0.255 0.257

Adsorption Bed

Length, L (cm) 100

Inside radius, RBi (cm) 1.1

Outside radius, RBo (cm) 1.275

Heat capacity of column, Cpw (cal/g K) 0.12

Density of column, rw (g/cm3) 7.83

Internal heat transfer coefficient,

hi (cal/cm2 K sec)b
9.2 £ 1024

External heat transfer coefficient,

ho (cal/cm2 K sec)

3.4 £ 1024

a These values were obtained from Refs. [5,21,28].
b These values were obtained from Ref. [21].
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temperature Q, and mole fraction of each component yi. Therefore, the governing

equations with the initial and boundary conditions from the previous works[18 – 20]

were transformed by the following equations.

The dimensionless parameters used in simulation were defined as follows:

Dimensionless parameters

t ¼
t

t0

; x ¼
z

L
; y ¼

c

c0

; U ¼
u

u0

; �Q ¼
�q

q0

; Q* ¼
q*

q0

B̂i ¼ p0Bi; v̂i ¼ tovi;Qmi
¼

qmi

qo

; Q ¼
T

T f

; Qw ¼
Tw

T f

Qatm ¼
Tatm

T f

; P ¼
p

p0

; Pe ¼
u0L

DL

; PeT ¼
1u0LrgCpg

KL

ð1Þ

Reference parameters

t0 ¼
L

uo

; q0 ¼
c0

rp

1

1 2 1

� �
; c0 ¼

p0

RgT0

ð2Þ

The i component mass balance for the bulk phase in the adsorption column is

given by

2
1

Pe

›2yi

›x2
þ

›yi

›t
þ U

›yi

›x
þ

› �Qi

›t
¼ 0 ð3Þ

and the overall mass balance can be written as

2
1

Pe

›2y

›x2
þ

›y

›t
þ U

›y

›x
þ

i¼1

X › �Qi

›t
¼ 0 ð4Þ

Another characteristic of the adsorption process is the temperature

variation caused by the heats of adsorption and desorption. The extent of the

temperature variation has a meaningful effect on the total process performance.

For that reason, dimensionless energy balance for the gas phase is introduced as

follows:

2
1

PeT

›2Q

›x2
þ

b

1rpCpg

›Q

›t
þ U

›Q

›x
2

ð2DHiÞc0

T0rgCpg

Xn

i

› �Qi

›t

þ
2hiL

1rpCpgRBiu0

ðQ2QwÞ

¼ 0 ð5Þ
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where b ¼ 1trgcPg þ rBcPs, 1t is the total void fraction ( ¼ 1 þ (1 2 1 )1p),

rB is the bed density ( ¼ (1 2 1 )rp), and hi is the internal heat transfer

coefficient.

To consider the heat loss through a wall and the heat accumulation in the

wall, another dimensionless energy balance for the wall of the adsorption bed was

used.

›Qw

›t
2

2pRBihi

rwcPwAw

L

u0

ðQ2QwÞ þ
2pRBoh0

rwcPwAw

L

u0

ðQw 2QatmÞ ¼ 0 ð6Þ

where Aw ¼ pðR2
Bo 2 R2

BiÞ.

The boundary and initial conditions of mass and energy balances are

presented below. The well-known Danckwarts boundary conditions were

applied.[21]

Boundary condition for fluid flow

2
1

Pe

›yi

›x

����
x¼0

¼ Uðyijx¼02 2 yijx¼0þÞ;
›yi

›x

����
x¼1

¼ 0 ð7Þ

Boundary condition for heat flow

2
1

PeT

›Q

›x

����
x¼0

¼
U

1
ðQjz¼02 2Qjz¼0Þ;

›Q

›x

����
x¼1

¼ 0 ð8Þ

Velocity boundary condition

Ujx¼0 ¼ 1;
›U

›x

����
x¼1

¼ 0 ð9Þ

Initial condition for fluid flow

Clean bed yiðx; 0Þ ¼ 0; �Qiðx; 0Þ ¼ 0 ð10-1Þ

Saturated bed yiðx; 0Þ ¼ y0; �Qiðx; 0Þ ¼ Q*
i ð10-2Þ

Initial condition for heat flow

Qðx; 0Þ ¼ Qatm ð11Þ

In this study, Eq. (10-2) was used as an initial condition because the bed

was saturated with pure oxygen or nitrogen (99.9 þ %) before each run.

Sircar and Hufton[22] pointed out that the LDF model for gas adsorption

kinetics is frequently and successfully used for the analysis of adsorption

column dynamic data and for adsorptive process designs because of its

simplicity, reasonable accuracy, and physical consistency. Also, because the
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values of the diffusion time constants of O2 are about 3–4 times greater than

those of N2 in all the adsorbents used in this study, kinetic selectivity is not

prominent in this system.[23] For that reason, the sorption rate into an

adsorbent pellet is described by the LDF model with a single lumped mass

transfer parameter.

› �Q

›t
¼ v̂iðQi 2 �QiÞ; where v̂ ¼

kDei

R2
P

L

u0

ð12Þ

The multi-component adsorption equilibrium was predicted by following

the extended Langmuir–Freundlich model (LRC model):

Q*
i ¼

Qmi
B̂iðyiQÞni pni21

0

1 þ
Pn

j¼1 B̂jðyjQÞnj p
nj21

0

ð13Þ

where Qmi
¼ k1 þ k2T fQ; B̂i ¼ k3p0 expðk4=ðT fQÞÞ; and ni ¼ k5 þ k6=ðTfQÞ.

Figure 2 shows the adsorption isotherms of all the adsorbents measured by

a volumetric method up to 10 atm. The adsorbed amounts of N2 and O2 on the

adsorbents in this study were similar to the published equilibrium data.[24 – 27] The

experimental adsorption equilibrium data measured at three different temperature

conditions were fitted by the extended LRC model, Eq. (13), and the parameters

are listed in Table 3. In Fig. 2(a), the N2 isotherm of zeolite 10X showed very

favorable shape and the crossover of the N2 adsorption amounts between zeolite

10X and 13X occurred near 1.5 atm. In Fig. 2(b), the isotherms of O2 on all

Figure 2. Equilibrium isotherms of (a) N2 and (b) O2 on the zeolite 5A, 10X, and 13X at

293.15K.
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adsorbents showed nearly linear shape. Also, the crossover of the O2 adsorption

amount between zeolite 5A and 13X was shown near 2.5 atm. As a result, the high

adsorption pressure over 6–7 atm will decrease the adsorption selectivity

between N2 and O2 because the N2 isotherm is favorable, but the O2 isotherm is

linear in all the adsorbents.

The LDF coefficients of N2 and O2 on each zeolite were obtained by

applying the LDF model, Eq. (12), to the breakthrough curve. At that time, the

results measured by the uptake experiments in the previous work[28] were used as

initial values. These LDF parameters were the same as the order of magnitude in

the published papers[4,5,29] and these parameters for model simulation are listed in

Table 3.

RESULTS AND DISCUSSION

Adsorption Characteristics

Effects of the Feed Flow Rate and Adsorption Pressure on the

Adsorption Phenomena

The effects of the feed flow rate on the breakthrough curves for the three

different adsorption beds are shown in Fig. 3. In all the beds, the linear increase of

feed flow rate did not cause the linear decrease of breakthrough time because

adsorbent loading is limited by mass transfer in the pellet at the larger feed flow

rates. For that reason, the differences of breakthrough time between 2 and

4 LSTP/min were about 3–4 times larger than those between 4 and 6 LSTP/min

at all the beds. On the basis of approximately the similar bed density in three

different beds in Table 2, the order of breakthrough time was zeolite 10X, 13X,

and 5A in Fig. 3.

The change of the breakthrough time in the zeolite 5A bed was

compared with respect to the effects of adsorption pressure and feed flow rate

in Fig. 4. In this figure, the breakthrough time was defined as the elapsed time

decreased from 100 to 99% in the O2 mole fraction. In Fig. 4(a), the

breakthrough time decreased not linearly, but exponentially, with an increase

in the feed flow rate. Therefore, the elongation of breakthrough time with an

increase in adsorption pressure was larger at low feed flow rate in the range

1–3 LSTP/min than at high feed flow rate in the range 6–8 LSTP/min. In

addition, the effect of the feed flow rate on the breakthrough time increased

with an increase in the adsorption pressure. This is because the difference of

adsorption amount between high and low adsorption pressures in Fig. 2 was

reflected in the breakthrough time at low feed flow rate conditions, but not at

high feed flow rate conditions.
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In Fig. 4(b), the breakthrough time increased almost linearly with an

increment in adsorption pressure. Moreover, the elongation of breakthrough

time with adsorption pressure at the low feed rate condition was relatively

steeper than that at the high feed rate condition. Comparing Fig. 4(a) and (b),

the feed rate was a more important factor for deciding the breakthrough time

than the adsorption pressure in the experimental range.

Figure 3. Experimental and predicted breakthrough curves of the zeolite (a) 5A, (b)

10X, and (c) 13X beds at 4.5 atm adsorption pressure.
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Comparison of Adsorption Dynamics in Three Different Beds

Figure 5 shows a comparison of the breakthrough curves in three different

adsorption beds in dimensionless form. In this study, the dimensionless time, t,

defined in Eqs. (1) and (2) was proportional to an interstitial velocity. Since the

zeolite 5A bed had larger bed porosity than other beds, the interstitial velocity,

that is, the dimensionless time at the zeolite 5A bed was smaller than those at

other beds at the same feed rate condition. Therefore, in Fig. 7(a), the order of

dimensionless breakthrough time was zeolite 10X, 5A, and 13X beds. With

respect to the adsorption characteristics, the breakthrough curves of each

adsorption bed showed more or less different behaviors. In the case of the zeolite

10X bed, the shape of the breakthrough curves was the steepest of all because the

adsorption isotherm of N2 on the zeolite 10X was relatively more favorable than

others as shown in Fig. 2. Since the zeolite 13X bed showed a relatively long tail

and broad shape of mass transfer zone (MTZ), this would have a bad effect on the

working capacity of a given adsorbent bed even with long breakthrough time

because of the increase of the unused bed area at adsorption step. The

breakthrough curve in the zeolite 5A bed showed slightly shorter tailing and

steeper breakthrough curve than those in the zeolite 13X bed.

Figure 6 shows the dimensionless temperature variation curves in the beds

packed with each adsorbent. While the zeolite 5A bed showed the highest

temperature peak among the three beds, the temperature decrease rate was the

fastest. It was because the relatively low heat capacity of the pellet and high bed

porosity of zeolite 5A in Table 2 caused the rapid change of temperature in the

Figure 4. Effect of (a) feed flow rate and (b) adsorption pressure on the breakthrough

time of the zeolite 5A bed.
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gas phase. Also, the broad temperature profile in the zeolite 13X bed caused a

longer tail of concentration breakthrough curve than that in the zeolite 5A bed. In

the case of the zeolite 10X bed, the tailing of temperature curve was similar to

that in the zeolite 13X bed. However, the lowest temperature increase near to the

isothermal condition in the zeolite 10X bed gave rise to the shortest tail of

breakthrough curve shown in Fig. 5.

Figure 7 confirms the heat effect on the breakthrough curves by comparing

among the isothermal, adiabatic, and nonisothermal/nonadiabatic conditions.

Due to the long tail of temperature profiles in Fig. 6, the predicted breakthrough

curves at nonisothermal/nonadiabatic conditions in all the beds were nearly the

same as those at adiabatic condition. Especially, the differences of the

breakthrough time between nonisothermal/nonadiabatic conditions and iso-

thermal conditions were prominent in the zeolite 5A and 13X beds as shown in

Fig. 7(a) and (c). However, in the zeolite 10X bed in Fig. 7(b), as mentioned

previously, because of its isothermal tendency, the difference among

breakthrough curves at each thermal condition was also nearly the same. In all

the beds, the shape of the breakthrough curve in the experimental range was not

changed by the thermal effect because of the small temperature excursion in Fig.

6. As a result, the adsorption heat effect on the adsorption behavior was not

negligible, but small except in the zeolite 10X bed.

Figure 5. Comparisons of breakthrough curves among three different beds at 4.5 atm and

4 LSTP/min.
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Desorption Characteristics

Effect of Purge Flow Rate and Desorption Pressure on the Desorption

Phenomena

In this study, high pressure purge over ambient pressure was conducted to

compare the desorption characteristics of three different adsorbent beds.[30] The

desorption experiments were conducted by oxygen purge in the range 3–6 atm

desorption pressure. As an initial condition, the bed was saturated by N2 at the

same experimental pressure. Also, desorption time is defined as the elapsed time

that reaches the 99 þ % O2 mole fraction in effluent.

Figure 8 shows the effects of purge flow rate on the desorption curves in the

three different adsorption beds. As shown in this figure, desorption time was

elongated by the decrease of purge flow rate. Similar to the result of the

adsorption behavior, the linear increase in purge rate did not lead to the linear

decrease of desorption time in all the beds because the desorption of N2 and the

adsorption of O2 are limited by mass transfer in the pellet at larger purge rates.

However, unlike the results of breakthrough experiments, the smaller the purge

Figure 6. Experimental and predicted temperature curves of the breakthrough

experiments in the middle of three different beds at 4.5 atm and 4 LSTP/min.
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flow rate and the higher the desorption pressure, the longer the tailing and the

broader the desorption curve. Also, the order of desorption time was zeolite 10X,

13X, and 5A beds at the same purge condition.

The change of the desorption time in the zeolite 5A bed was compared in

respect to the effects of desorption pressure and purge flow rate in Fig. 9. As

Figure 7. Comparisons of experimental and predicted breakthrough curves of the zeolite

(a) 5A, (b) 10X, and (c) 13X beds on the three different temperature conditions at 4.5 atm

and 4 LSTP/min.
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shown in Fig. 9(a), the desorption time drastically decreased with an increase in

the purge flow rate in the range 1–3 LSTP/min. However, the advantage of

increased purge rate disappeared over 6 LSTP/min. This suggests that the

improvement in the regeneration rate by an increase in purge flow rate is limited

by a certain purge flow rate. Figure 9(b) clearly shows that the effect of

Figure 8. Experimental and predicted desorption curves of the zeolite (a) 5A, (b) 10X,

and (c) 13X beds at 4.5 atm desorption pressure.
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desorption pressure on desorption time in the low purge rates was more

prominent than that in the high purge rates. However, the effect of purge flow rate

on desorption time at the same desorption pressure condition was more

significant than that of desorption pressure at the same purge flow rate in Fig.

9(a). Furthermore, this effect became more important with an increase in the

desorption pressure. This implies that the purge rate plays a key role in

determining the regeneration time in the highly adsorbed bed. In addition, in 4–

6 LSTP/min purge flow rate conditions, the difference of the N2 adsorption

amount among the adsorption pressure conditions was not severely reflected in

the desorption time because of the reduced contact time and increased oxygen

purge amount.

Comparison of Desorption Dynamics Among Three Different Beds

Figure 10 shows the dimensionless desorption curves in three different

adsorption beds under the same conditions. Like the dimensionless breakthrough

curves in Fig. 5, the dimensionless time at each bed was calculated by the

interstitial velocity. As shown in this figure, the desorption of N2 by oxygen purge

was easily completed in the zeolite 10X bed. However, the desorption curve in

the zeolite 13X bed showed the longest tail at all the beds. The desorption curve

in the zeolite 5A bed showed intermediate behavior between the zeolite 10X and

13X beds. These phenomena can be explained easily with the shape of MTZ in

the bed and temperature variation.

Figure 9. Effect of (a) purge flow rate and (b) desorption pressure on the desorption time

of the zeolite 5A bed.

JEE ET AL.3482

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The N2 concentration wave fronts in three different adsorption beds are

shown in Fig. 11(a)–(c). As mentioned above, the N2 MTZ in the zeolite 10X bed

propagated fast to the product end by O2 purge in Fig. 11(b), while those in the

zeolite 5A and 13X beds showed slow movement in Fig. 11(a) and (c). Also, the N2

MTZ in the early period of desorption showed favorable shape in all the beds.

However, the N2 MTZ in all the beds changed from nearly linear shape to the

slightly unfavorable shape after sufficient time had passed because of the increased

partial pressure of O2. Especially, the unfavorable shape of desorption was more

prominent in the zeolite 10X bed than in the other two beds because the adsorption

isotherm of N2 on zeolite 10X in Fig. 2 was more favorable than the others.

Figure 12 shows the dimensionless desorption temperature variation in the

three different beds. In all cases, temperature decreased rapidly because of the

heat of desorption by N2 in the bed. However, after temperature excursion had

reached a minimum, heat exchange between bed and surroundings and the purge

gas temperature caused temperature increase toward the entrance temperature.

However, after desorption, the temperature did not reach to purge gas

temperature because of the slow heat transfer rate between the bed and

surroundings, as well as the heat capacities of adsorbent and wall.

Figure 10. Comparisons of desorption curves among three different beds at 3 atm and

4 LSTP/min.
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The temperature decrease was most severe in the zeolite 13X bed and least

in the zeolite 10X bed, which was opposite from the adsorption results in Fig. 6.

This was because, in the desorption experiment, more amount of N2 in the zeolite

13X bed was adsorbed than that in other two beds. However, the temperature

profile in the zeolite 5A bed quickly approached at the purge gas temperature

Figure 11. N2 concentration profiles along the zeolite (a) 5A, (b) 10X, and (c) 13X beds

under the desorption experiments at 3 atm and 4 LSTP/min.
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compared with the zeolite 10X and 13X beds, which was similar to the result of

the adsorption.

Figure 13 shows the heat effect on the desorption curves in the isothermal,

adiabatic, and nonisothermal/nonadiabatic conditions. In contrast to the results of

the adsorption study, the desorption temperature variations did not have any

meaningful effect on the desorption behavior because the desorption of N2 was

mainly conducted by the increase of partial pressure of O2 in the bed.

CONCLUSIONS

The adsorption and desorption dynamics of air were studied theoretically

and experimentally in the zeolite 5A, 10X, and 13X beds. The breakthrough and

desorption characteristics of all the beds were compared with respect to the

breakthrough and desorption times, tailing effect, and temperature variation with

the effects of pressure and flow rate.

The low feed flow rate and high adsorption pressure caused the

prolongation of breakthrough time. However, in high feed flow rate, the effects

Figure 12. Experimental and predicted temperature curves of desorption experiments in

the middle of three different beds at 3 atm and 4 LSTP/min.
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of adsorption pressure on the breakthrough time were weakened with an increase

in the feed flow rate. In addition, the effects of feed flow rate on the breakthrough

time were decreased with high adsorption pressure. As a result, the feed and

purge rates were more important factors for deciding the breakthrough and

Figure 13. Comparisons of experimental and predicted desorption curves of the zeolite

(a) 5A, (b) 10X, and (c) 13X beds on the three different temperature conditions at 3 atm

and 4 LSTP/min.
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desorption times than the adsorption and desorption pressures in the experimental

range. In the case of the heats of adsorption and desorption, the thermal effect in

the adsorption step was small but not negligible while this effect could be

neglected in the desorption step.

The breakthrough curves in the zeolite 5A and 13X beds were similar in

shape, while the breakthrough time was slightly longer in the zeolite 5A bed

than in the zeolite 13X bed. In addition, the breakthrough curve in the zeolite

13X bed showed the longest tail. The MTZs in the zeolite 5A and 13X beds

were not sharp compared with that in the zeolite 10X bed due to the less

favorable N2 isotherms of those adsorbents. The breakthrough curves in the

zeolite 10X bed showed the shortest breakthrough time, but the sharpest MTZ

with the isothermal behavior.

Through the desorption experiments at high pressure conditions, the

desorption characteristics of all the beds were compared. In the high pressure

purge applied for the bed adsorbed in the high adsorption pressure condition, the

desorption time became longer at the bed adsorbed at the low adsorption pressure

condition. Moreover, the effect of the purge flow rate increased with an increase

in the purge pressure. Comparing the zeolite 5A bed with the zeolite 13X bed,

desorption was more easily completed in the zeolite 13X bed than in the zeolite

5A bed. The desorption time was the shortest in the zeolite 10X bed because of

the comparatively small adsorption amount. In addition, the shape of desorption

curve in the zeolite 10X bed was the sharpest, similar to the result of the

breakthrough curve.

NOMENCLATURE

AW cross sectional area of the wall (cm2)

B equilibrium parameter for LRC model (atm21)

B̂ dimensionless equilibrium parameter for LRC model (–)

ci i component concentration in bulk phase (mol/cm3)

Cpg, Cps, Cpw gas, pellet, and wall heat capacity, respectively (cal/g K)

De effective diffusivity defined by solid diffusion model (cm2/sec)

DL axial dispersion coefficient (cm2/sec)

2 DH average heat of adsorption (cal/mol)

k parameter for LRC model

K proportionality parameter for LDF model (–)

KL axial thermal conductivity (cal/cm sec K)

L bed length (cm)

p total pressure (atm)

P dimensionless total pressure (–)

Pe Peclet number of mass transfer (–)
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PeT Peclet number of heat transfer (–)

q adsorbed phase concentration

qm equilibrium parameter for LRC model (mol/g)

Q dimensionless adsorbed phase concentration (–)

R gas constant (cal/mol K)

Rp radius of pellet (cm)

RBi, RBo inside and outside radius of the bed, respectively (cm)

t time (sec)

T temperature (K)

Tf temperature of feed (K)

Tatm temperature of atmosphere (K)

u interstitial velocity (cm/sec)

U dimensionless interstitial velocity (–)

x dimensionless axial distance (–)

yi mole fraction of species i

z axial distance in bed from the inlet (cm)

Greek Letters

1,1t voidage of adsorbent bed and total void fraction, respectively (–)

rg, rp, rB, rw gas density, pellet density, bulk density and bed wall density,

respectively (g/cm3)

t dimensionless time (–)

Q dimensionless temperature (–)

yi mole fraction of i component (–)

v LDF coefficient (sec21)

v̂ dimensionless LDF coefficient (–)

Superscripts

* equilibrium value

– average value

^ dimensionless value

Subscripts

w wall value

0 reference value
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