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A dynamic model is developed based on the preliminary set of assumptions to determine
the viability of a pulsed Ultra-Rapid Pressure Swing Adsorption (URPSA) air-separation
process using a 5A zeolite monolith adsorbent. The new model was shown to predict the
performance of the Rapid PSA process investigated experimentally in 1986 by Pritchard
and Simpson. The model predicts that single-stage URPSA is capable of producing oxygen
purities of 85%, product recoveries of around 60%, and a bed-size factor of around
0.00073. A very small bed-size factor and large product recoveries are characteristic of
this novel process, which implies improved efficiency of separation per unit mass of
adsorbent material. The model developed here provides the first assessment of the viability
of ultra-rapid cycles and thin monolithic adsorbents for air separation by PSA. © 2004
American Institute of Chemical Engineers AIChE J, 50: 953–962, 2004
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Introduction

Conventional PSA is responsible for 20% of the world’s
oxygen production. The conventional PSA process is shown in
Figure 1. The conventional PSA process consists of two ad-
sorption beds, packed with adsorbent material, and operates on
a Skarstrom cycle. The basic Skarstrom PSA cycle involves
four distinct steps. During step 1, a high-pressure feed is
supplied continuously to bed 2 in which preferential adsorption
of the more strongly adsorbed component occurs. The less
strongly adsorbed component is collected as a product. In step
2, bed 1 is pressurized with feed, whereas bed 2 is blown down
in the reverse flow direction. The same cycle is repeated in
steps 3 and 4 with bed 1 being pressurized and bed 2 purged.
The Skarstrom cycle ensures continuous product collection.
Modeling of the conventional two-bed process started in the
early 1960s. Carter (1966) and other pioneers of PSA modeling
assumed the bulk gas is in instantaneous equilibrium with the
adsorbent during all four steps in the cycle. Shendalman and
Mitchell (1972) were the first to replace the gas/adsorbent

equilibrium assumption by a linear driving force approxima-
tion, suggested by Glueckauf and Coates (1947). This linear
driving force approximation took into consideration mass-
transfer limitations in the pores of the adsorption bed. Since
then, a multitude of mathematical models for conventional
PSA have been developed [Farooq et al. (1989); Hassan and
Ruthven (1986); Liow and Kenney (1990); Mendes and Costa
(1999); Raghavan et al. (1985); Shin and Knaebel (1987);
Singh and Jones (1987); Teague and Edgar (1999)]. They differ
in the type of assumptions made: isothermal or nonisothermal
process, the presence or absence of axial dispersion, assump-
tions regarding rate limiting or equilibrium adsorption rate,
whether the pressure drop ascribed to viscous forces is ac-
counted for, and the nature of the boundary and initial condi-
tions. The interested reader is referred to the comprehensive
review of conventional PSA modeling by Ruthven et al.
(1994).

The conventional PSA process suffers from low separation
efficiency per unit mass of adsorbent material, large capital
investments for replacement of adsorbent material attributed to
the particle attrition, and complexity of the piping network.
Current trends in PSA research involve addressing these limi-
tations of conventional PSA by investigating the concept of a
pulsed PSA process. Development of the conventional two-bed
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PSA process is directed toward improving the separation effi-
ciency per unit mass of adsorbent material by reducing the size
of the adsorbent particles, reducing the complexity of the
piping network by using a single adsorption bed, and reducing
the impact of the pressure drop by making the adsorption bed
shorter than that of conventional design. Figure 2 shows a
pulsed PSA. The operation cycle of the pulsed PSA process
involves four steps: pressurization, delay, depressurization, and
purge. The first published account of a pulsed PSA process was
by Turnock and Kadlec (1971). Jones and Keller (1981) pat-
ented the Rapid PSA (RPSA) process in 1980. These two
researchers found that a short bed, filled with small adsorbent
particles (20–120 mesh), allows for faster cycling and substan-
tially higher product recovery. Their intensified PSA process
improved oxygen productivity per unit mass of adsorbent five
times when compared to a conventional two-bed PSA process.
Jones and Keller also proposed short pressurization times (tpres

� 1.0 s) and long depressurization times (tdepres � 5–20 s).
With the publication of a patent by Jones and Keller in 1980
came a new wave of modeling studies. These include the
following publications: Alpay et al. (1993); Hart and Thomas
(1991); Pritchard and Simpson (1986); and Rota and Wankat
(1990). These models relax most of the assumptions made in
conventional analyses including negligible pressure drop in the
bed and insignificant axial dispersion. The combination of
rapid cycling and small particles leads to steep and cyclically
varying pressure gradients within the bed, which dictates the
use of the Ergun equation to account for viscous drag in the
bed. Alpay et al. (1993) developed a comprehensive theoretical
model of the pulsed RPSA process. Their work concluded that
the separation capabilities of the pulsed RPSA cycle are the
best for adsorption beds packed with 250- to 350-micron par-
ticles.

For reasons similar to those for the conventional two-bed

PSA process, pulsed PSA suffers from low efficiency of sep-
aration per unit mass of adsorbent material, particle attrition,
and low throughputs arising from a larger pressure drop in the
packed bed of smaller particles. Ultra-Rapid PSA is investi-
gated here as a possible solution to the limitations of conven-
tional and pulsed pressure swing adsorption. The potential of
this process for air separation has not been investigated before.

URPSA is shown in Figure 3. URPSA involves using a thin
bed (2 mm) of monolithic adsorbent (5A zeolite) and ultra-
rapid PSA cycles that consist of two steps: pressurization and
depressurization (�3 s). During a typical pressurization step in
the cycle for air separation, an absolute pressure of 150 kPa is
applied to the surface of the adsorbent bed for 1 s. Because the
product side of the bed is at atmospheric pressure, a pressure
gradient is created and air flows through the adsorbent. The
more strongly adsorbed component is retained in the bed and
oxygen-enriched gas is collected as a product. During the
depressurization step of the cycle, the feed surface of the
adsorbent is typically exposed to atmospheric pressure for 2 s,
which ensures bed regeneration. The purpose of this article is
to develop a mathematical model for this process. Once the
model is developed, this article will show the effectiveness of
scaling analysis in justifying the assumptions frequently made
by others based on pure intuition. Then, the scaled and simpli-
fied model is used to assess the viability of URPSA as more
efficient technique for air separation by determining the fol-
lowing model performance characteristics: oxygen purity,
product recovery, and bed-size factor. In addition, this article
will show the impact of feed pressure, pressurization time, and
depressurization time on predicted performance characteristics.

Theoretical Model

To develop a mathematical model for this process the fol-
lowing assumptions are introduced:

(1) The system is assumed to be isothermal. In conventional
large-scale systems this would be a tenuous assumption. How-
ever, in this study the small adsorption bed and the high heat
capacity of the material that surrounds it minimize the temper-
ature fluctuations.

(2) Darcy’s law describes the gas flow. In conventional PSA
the frictional pressure drop in the bed is often assumed to be
negligible without any justification. However, in this research,
the pressure drop attributed to the viscous drag is important
because of the mesoporosity of the adsorption bed.

(3) The monolithic 5A zeolite adsorbent bed is assumed to
have uniform voidage, zeolite particle size, and spherical zeo-
lite particles.

Figure 1. Conventional two-bed PSA process.

Figure 2. Schematic of pulsed PSA.

954 AIChE JournalMay 2004 Vol. 50, No. 5



(4) The adsorption rate is described as being either instan-
taneous or mass-transfer-limited.

(5) There is no pressure gradient in the radial direction. The
pressure at the feed entrance is uniformly applied throughout
the whole cross-sectional area of the bed.

(6) The ideal gas law is obeyed.
(7) The equilibrium relationships for both oxygen and ni-

trogen gases are represented by binary Langmuir isotherms.
(8) The boundary conditions at the feed and product ends of

the adsorption bed are assumed to be constant during both the
pressurization and depressurization parts of the cycle.

(9) The presence of argon, which is adsorbed with the same
affinity as oxygen and therefore appears in the product, is
ignored.

(10) The molecular weight of the gas is assumed to be
constant. This assumption is reasonable, given that the differ-
ence in molecular weights of nitrogen and oxygen is small.

(11) The viscosity of air is assumed to be constant. Al-
though the viscosity of a fluid is a function of temperature and
pressure, the ranges of temperature and pressure that are in-
vestigated here do not have a significant impact on the viscos-
ity.

Based on these assumptions, the following system of equa-
tions describes the cyclic operation of the URPSA process.

Overall material balance

�P

�t
�

�1 � �� RT

�Mair
�q̇1 � q̇2� � �

��PUx�

�x
(1)

Species component balance

�p1

�t
�

�1 � �� RT

�
q̇1 � DL1

�2p1

� x2 �
�� p1Ux�

� x
(2)

Mass-transfer-controlled adsorption rate

q̇1 � k1�q1
E � q1� (3)

q̇2 � k2�q2
E � q2� (4)

or equilibrium-limited adsorption rate

q̇1 �
�q1

�t
� q̇1

E (5)

q̇2 �
�q2

�t
� q̇2

E (6)

Adsorption isotherms

q1
E �

q1satl1p1

1 � l1p1 � l2p2
(7)

q2
E �

q2satl2p2

1 � l1p1 � l2p2
(8)

Gas flow velocity

Ux � �
b

�

dP

dx
(9)

Boundary conditions:

(a) Species conservation:

At x � 0, the following boundary conditions apply

�p1 � y1PH 3 ntcycle � t � ntcycle � tpres 3 pressurization
p1 � y1PL 3 ntcycle � tpres � t � ntcycle � tpres � tdepr

3 depressurization

(10)

At x � L, the following boundary condition applies

p1 � y1PL (11)

(b) Total mass balance:

At x � 0, the following boundary conditions apply

�
P � PH 3 ntcycle � t � ntcycle

� tpres 3 pressurization
P � PL 3 ntcycle � tpres � t � ntcycle

� tpres � tdepres 3 depressurization

(12)

Figure 3. URPSA.
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At x � L, the following boundary condition applies

P � PL (13)

The initial condition is assumed to be a clean bed with zero
adsorption of both nitrogen and oxygen; accommodating a
nonzero initial adsorption is trivial to incorporate into the
model. The next step in the model development involves in-
troducing dimensionless variables for each of the relevant
dependent and independent variables and their relevant deriv-
atives in the describing equations. This is accomplished by
employing arbitrary scale and reference factors. Scale factors
are introduced to normalize the dimensionless variables to be
of order one. Reference factors are introduced to reference the
dimensionless dependent or independent variables to zero. The
dimensionless variables are then inserted in the describing
equations. Then, all terms in the total and species mass-balance
equations are divided by the dimensionless coefficient of a term
that should be retained (convection term in this case), to ensure
that the model has physical significance. This scaling analysis
technique has been described in detail by Krantz (1970) and
Krantz and Sczechowski (1994). Note that in an earlier article
by Kopaygorodsky et al. (2001), the insignificance of mass-
transfer limitations inside the monolithic bed has been verified
by scaling analysis. Scaling analysis leads to the following
minimum parametric representation of the process model for
the special case of equilibrium-limited adsorption

�L2

b�PH � PL�tpres

�P̂

� t̂
� �

��P̂Ûx�

� x̂
�

L2��1 � ��RTq1satl1

�b�PH � PL�tpres
q̂̇1

E

�
L2��1 � ��RTq1satl1

�b�PH � PL�tpres
q̂̇2

E (14)

At x̂ � 0

� P̂ � 1 for 0 � t̂ � 1 for pressurization
P̂ � 0 for 1 � t̂ � 2 for depressurization (15)

At x̂ � 1

P̂ � 0 (16)

�L2

tpresb�PH � PL�

�p̂1

� t̂
�

DL1�

b�PH � PL�

�2p̂1

� x̂2 �
�� p̂1Ûx�

� x̂

�
L2�1 � �� RTq1satl1�

�b�PH � PL�tpres
q̂̇1

E (17)

At x̂ � 0

� p̂1 � 1 for 0 � t̂ � 1 for pressurization
p̂1 � 0 for 1 � t̂ � 2 for depressurization (18)

At x̂ � 1

p̂1 � 0 (19)

q̂1
E �

� p̂1 � PL/�PH � PL��

1 � l1�PH � PL�� p̂1 � PL/�PH � PL��
(20)

q̂2
E �

� p̂2 � PL/�PH � PL��

1 � l2�PH � PL�� p̂2 � PL/�PH � PL��
(21)

q̂̇1
E � �1 � l1�PH � PL�� p̂1 � PL/�PH � PL��	

�2
dp̂1

dt̂
(22)

q̂̇2
E � �1 � l2�PH � PL�� p̂2 � PL/�PH � PL��	

�2
dp̂2

dt̂
(23)

Process Parameter Values

The equilibrium and kinetic parameters for URPSA are
summarized in Table 1, along with bed dimensions, particle
size, and cycle times. For the purpose of comparison, param-
eter values typical for conventional PSA are also shown in
Table 1, where L is the thickness of the adsorption bed; PL is
the pressure at the product side of the bed; PH is the feed
pressure; DL2 is the intracrystalline diffusion coefficient, ob-
tained from Ruthven and Xu (1993); ki is the mass-transfer
coefficient for species i; b � �3(2Rp)2/150(1 � �)2 is the
Darcy’s law constant; tpres and tdepres are the pressurization and
depressurization times, respectively; Rp/c is the radius of the
zeolite crystal; and q1sat 
 l1 and q2sat 
 l2 are equilibrium
adsorbent properties for N2 and O2 gases, respectively, ob-
tained from the publication by Liow and Keeney (1990). DL1 is
the axial dispersion coefficient determined by the following
approximation

DL1 � �1Dm � �2ud (24)

where �1 and �2 are constants having values of approximately
0.7 and 0.5, respectively; d is the diameter of the zeolite
crystal; u is the velocity through the porous medium; and Dm is
the molecular diffusivity calculated by the Chapman–Enskog
equation [for example, Bird et al. (1960); Brodkey and Hershey
(1988); Ruthven (1984)]:

Table 1. Parameter Values Used in the Simulation
of URPSA

System Parameters Conventional PSA Ultra-Rapid PSA

L (m) 1.0 2.0 
 10�3

PL (Pa) 1 
 105 1 
 105

PH (Pa) 1.3 
 105 1.5 
 105

DL2 (m2/s) 10�10 10�10

b (m2) 6.76 
 10�10 2.71 
 10�15

ki (s�1) 0.006 1.5 
 103

q1sat 
 l1 (mol/m3 � Pa) 0.0014 0.0014
q2sat 
 l2 (mol/m3 � Pa) 0.0004 0.0004
T (K) 293 293
� 0.35 0.35
tpres 50 1
tdepres 50 2
DL1 (m2/s) 10�5 10�6

Rp/c (m) 0.5 
 10�3 1 
 10�6
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Dm �

0.00158T3/ 2� 1

M1
�

1

M2
� 1/ 2

P	12
2 �

(25)

where M1 and M2 are the molecular weights of nitrogen and
oxygen respectively, P is the total pressure in atmospheres,
	12 � (	1 � 	2)/2 is the collision diameter from the Lennard–
Jones potential, � � 
�1�2/kBT where �i is the force constant
of species i, and kB is Boltzmann’s constant.

The mass-transfer coefficient ki characterizes the mass-trans-
fer limitation inside the adsorbent particles in the context of
conventional PSA and inside the zeolite crystals in the context
of URPSA. If the adsorption rate is described by Eqs. 3 and 4,
the mass-transfer coefficient has to be estimated using the
following expression, which is valid for both conventional PSA
and URPSA, according to Alpay and Kenney (1993)

ki � 15
DL2

Rp/c
2 (26)

These values of the process parameters permit determining
the coefficients in front of various terms in the describing
equations. The resulting values of the dimensionless groups in
these equations then permit assessing when certain approxima-
tions, frequently made in modeling the conventional PSA pro-
cess, apply to the URPSA process. This is done in the next
section.

Justifying Approximations

The six dimensionless groups emanating from Eqs. 14�25
and the group characterizing the relative importance of intra-
particle mass transfer are summarized below

N1 �
�L2

tpresb�PH � PL�
(27)

N2 �
RT�1 � ��q1satl1�L2

tpres�b�PH � PL�
(28)

N3 �
RT�1 � ��q2satl2�L2

tpres�b�PH � PL�
(29)

N4 � l1�PH � PL� (30)

N5 � l2�PH � PL� (31)

N6 �
DL1�

b�PH � PL�
(32)

N7 �
1

kit1
(33)

The group N1 permits assessing the relative importance of the
unsteady-state term in the overall and component mass bal-
ances. The group N2 permits assessing the importance of mass
loss attributed to adsorption in the nitrogen mass balance.

Groups N2 and N3 permit assessing the importance of adsorp-
tion of nitrogen and oxygen, respectively, in the overall mass
balance. Groups N4 and N5 permit determining when the Lang-
muir adsorption isotherms reduce to linear relationships, that is,
Henry’s law type approximations. The group N6 is a measure of
the importance of axial dispersion in the bed. The group N7,
derived by Kopaygorodsky et al. (2001), is a measure of the
significance of the mass-transfer limitation inside the adsorbent
particles. By inserting the values of the process parameters
(Table 1) into Eqs. 27–33, the groups N1, N2, N3, N4, N5, N6,
and N7 can be calculated to assess the relative importance of
the various terms in the describing equations for both the
conventional PSA and URPSA processes. Table 2 summarizes
the values of these seven dimensionless groups.

One sees that these two processes are markedly different.
The magnitude of N1 indicates that the conventional PSA
process is quasi-steady state; that is, one can safely neglect the
unsteady-state term in the overall mass balance when deter-
mining the pressure distribution in conventional packed beds.
However, this assumption cannot be made for URPSA. The
magnitude of N2 indicates that in the conventional PSA process
one can ignore the rate of nitrogen adsorption when solving the
nitrogen mass balance. It is important to note that nitrogen is
still getting adsorbed in the conventional columns; it is just that
the adsorption rate is not sufficient to significantly influence the
partial pressure of nitrogen in the bed. However, the nitrogen
adsorption term is important in the species conservation equa-
tion for the URPSA process. The magnitudes of N2 and N3

determine the importance of the nitrogen and oxygen rates of
adsorption in the overall mass balance. One sees that in the
context of conventional PSA, the nitrogen and oxygen adsorp-
tion rates are not important in determining the total pressure
profiles in the bed. However, in the context of URPSA, these
terms have to be retained to accurately determine the total
pressure distribution in the bed. The magnitudes of the groups
N4 and N5 indicate that the adsorption equilibrium can be
described by a simple linear relationship for both the conven-
tional PSA as well as for URPSA processes. The magnitude of
N6 indicates that axial dispersion is not important in the context
of conventional PSA. However, this term is important for
URPSA. The magnitude of N7 shows the significance of the
mass-transfer limitation inside the adsorbent particles for con-
ventional packed columns and justifies the assumption of equi-
librium adsorption for the novel URPSA process reported in
this study.

The magnitude of the dimensionless groups in front of the
various terms in the describing equations indicates that none of
the usual simplifying approximations made in the species con-
servation equation and total mass balance can be justified for

Table 2. Characteristic Dimensionless Groups for
Conventional PSA and URPSA

Dimensionless Group Conventional PSA Ultra-Rapid PSA

N1 0.011 0.54
N2 0.11 3.4
N3 0.03 0.9
N4 0.015 0.025
N5 0.0054 0.009
N6 9.0 
 10�6 0.136
N7 3.3 0.0007
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the URPSA process. The only approximation justified for the
URPSA process is that the adsorption isotherm can be modeled
by a linear Henry’s law type approximation. Thus, based on the
value of dimensionless group N4, Eqs. 22 and 23 can be
simplified as follows

q̂̇1
E �

dp̂1

dt̂
(34)

q̂̇2
E �

dp̂2

dt̂
(35)

Inserting Eqs. 21 and 34 into Eq. 17 and combining the
adsorption with the unsteady-state term in the species mass-
balance equation results in the following

� �L2

tpresb�PH � PL�
�

L2��1 � �� RTq1satl1

�b�PH � PL�tpres
� �p̂1

� t̂

�
DL1�

b�PH � PL�

�2p̂1

� x̂2 � ��p̂1

� x̂ ���P̂

� x̂� � p̂1

�2P

� x2 (36)

Inserting Eqs. 21, 34, and 35 into Eq. 14 then results in the
following form for the total mass-balance equation

�L2

tpresb�PH � PL�

�P̂

� t̂
� �����P̂

� x̂�
2

� P̂
�2P̂

� x̂2�
� �RT�1 � ��q1satl�L2

tpres�b�PH � PL�

�p̂1

�t̂
�

RT�1 � ��q2satl�L2

tpres�b�PH � PL�

�p̂2

�t̂ � (37)

Solution Methodology

Visual Simulation version 5.0 (VisSim™) of Visual Solu-
tions, Inc. (487 Groton Road, Westford, MA 01886) is a
comprehensive software for solving real-world engineering
problems and simulating the dynamics of linear and nonlinear
systems. There are several advantages to using Visual Simu-
lation software when trying to generate a solution to the
URPSA process model. First, VisSim runs on PCs and com-
patibles. Because VisSim operates on Windows, it allows the
user to construct block-diagram models using familiar point-
and-click commands and requires no knowledge of UNIX or
any programming language. Second, VisSim contains numer-
ous features that are necessary to generate a solution to the
mathematical model of the process under investigation in this
research. For example, any simulation on VisSim can be run in
real or dimensionless time. Because the model constructed for
the URPSA process is scaled and expressed in dimensionless
form, this feature is very important. In addition, VisSim can
exchange information with other Windows applications. This
capability was used to report the results of the simulation. One
of the most important features for this work is the ability of
VisSim to integrate stiff problems. Visual Simulation offers
seven integration methods. One of these integration methods is
the Backward Euler (Stiff). This integrator takes very small
steps in time and handles steep time derivatives very well. The
aforementioned advantages and the accessibility of this soft-
ware package contributed to a decision to use it in this research.

Partial differential equations can be solved on VisSim by the
finite-difference method. The finite-difference method is a
transformation that reduces two continuous independent vari-
ables (x and t) to a discrete variable x and a continuous variable
t. Replacing the continuous variable x with the number of
discrete axial points in Eqs. 36 and 37 allows converting these
partial differential equations into ordinary differential equa-
tions. This means that the solution will be in terms of discrete
space and continuous time. Because VisSim is capable of
exchanging information with other Windows applications, the
output in terms of continuous time and discrete space can be
converted to continuous space at discrete times.

Model Consistency Study

Before attempting to use the model developed here to assess
the potential for URPSA, it is essential to establish the validity
of this new model. Unfortunately there are no experimental
data for URPSA because this is an entirely new concept.
However, there are data available for the performance of Rapid
Pressure Swing Adsorption (RPSA), those of Pritchard and
Simpson (1986), that can be used to assess the consistency of
the model developed here. Pritchard and Simpson’s experimen-
tal apparatus consisted of interchangeable columns, 38 mm in
diameter and having different lengths, a surge tank with a
product takeoff regulating valve and flow meter, and a series of
associated valves. The operating cycle of their apparatus con-
sisted of five steps: pressurization (0.1 s), feed (1 s), delay (0.5
s), depressurization (0.1 s), and exhaust (4 s). In their experi-
ment, a chromatographic grade of 5A zeolite was used as the
adsorbent, with 60–80 mesh (250–177 �m) particle size. Their
study was directed toward investigating the potential of the
RPSA process to provide high (85%) and low (30%) enriched
air. Table 3 lists the values of the process parameters used in
Pritchard and Simpson’s experiments for the low enrichment
RPSA process along with the values of the seven dimensionless
groups characterizing PSA that were identified in the present
study. The process parameters listed in Table 3 were used as
input parameters in the model developed here. The resulting
predicted oxygen purity of 33% is higher than the experimental

Table 3. Process Parameters and Dimensionless Groups for
the Experiments of Pritchard and Simpson (1986)

System Parameters Rapid PSA

b (m2) 6.76 
 10�11

l (m2/N) 5.15 
 10�7

ki 0.05
L (m) 0.23
PH (Pa) 1.68 
 105

PL (Pa) 1 
 105

� 0.35
t1 (s) 1.5
t2 (s) 4
DL1 (m2/s) 10�5

DL2 (m2/s) 10�10

Rp (m) 1.77 
 10�4

N1 0.14
N2 0.9
N3 0.26
N4 0.037
N5 0.012
N6 4.0 
 10�5

N7 13
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value of 28%. The reason for this disparity is because the
model developed here ignores any mass-transfer limitations
and assumes an equilibrium adsorption rate. Although this is
justified for URPSA, it is a tenuous assumption for RPSA
because of the fact that the dimensionless group N7, which is a
measure of the relative importance of mass-transfer limited
adsorption, is not small enough to justify neglecting this term.
Indeed, ignoring this term for RPSA will result in overestimat-
ing the oxygen purity. On the basis of this agreement between
the model predictions and RPSA performance data, we can
proceed with confidence to use this model to assess the poten-
tial of URPSA.

Results and Discussion

The following model performance characteristics were re-
ported: oxygen purity, product recovery, and bed-size factor
(BSF). Product recovery and the bed-size factor are defined as
follows

RO2 �
yO2�productQproduct

yO2�feedQfeed

 100% (38)

where yO2
� feed and yO2

� product are the oxygen mole fractions
in the feed and product, respectively, and Qfeed and Qproduct are
the feed and product flow rates, respectively

BSF �
mad

mO2

(39)

where mad is the mass of adsorbent in tons and mO2
is the mass

of produced oxygen in tons per day. For the sake of compar-
ison, oxygen purity, recovery, and the bed-size factor deter-
mined by the model for URPSA process and the same perfor-
mance characteristics, determined by Farooq et al. (1989) for
the conventional PSA process, are reported in Table 4. For this
comparison, typical parameters were used to model the PSA
process and currently feasible parameters were used for the
URPSA process. However, no attempt was made to optimize
either the PSA or URPSA process. Table 4 shows that the two
processes are markedly different. There is a significant differ-
ence in the bed-size factor and product recovery. The high
product recovery and smaller value of the bed-size factor
obtained for URPSA process are a result of the increased
efficiency of separation per unit mass of monolithic adsorbent
material.

It is convenient to study the effects of the adsorbate/adsor-
bent properties, monolithic adsorbent bed characteristics, and
operating conditions on the URPSA process by casting the
results in dimensionless form. This permits representing the
model results by a minimum parametric representation and
thereby generalizing the predictions. However, the six dimen-

sionless groups (N7 drops out of the analysis if mass-transfer
limitations to adsorption can be ignored) that were obtained by
scaling analysis, although convenient for assessing the appli-
cability of the various simplifying assumptions, are not optimal
for presenting the model results. The latter are presented opti-
mally in dimensionless form by isolating the parameters that
characterize the adsorbent/adsorbate properties and monolith
adsorbent bed characteristics into dimensionless groups that do
not contain any of the operating conditions. Moreover, if pos-
sible, it is desirable to isolate each major operating condition
into one dimensionless group. A systematic method for doing
this is described by Krantz (2000). Application of this system-
atic method yields the following set of independent dimension-
less groups that are optimal for representing the predictions of
the URPSA model developed here

N�6 �
N2

N3
�

q1satl1

q2satl2
(40)

N�7 � N4N5 �
DL1�l

b
(41)

N8 �
N1

N3
�

�

RT�1 � ��q2satl2
(42)

N9 � N1N4 �
�L2l

tpresb
(43)

N4 � l1�PH � PL� (44)

N10 �
N7

N9
�

tpresDL1

L2 (45)

N�10 �
N7

N9
�

tdepresDL1

L2 (46)

Note that N6, N7, and N8 depend only on the adsorbate/adsor-
bent bed properties and monolith adsorbent bed characteristics
and hence are constant once the air/adsorbent system is spec-
ified. The dimensionless group N10 isolates the bed length and
pressurization time, whereas N�10 isolates the adsorbent bed
length and depressurization time. The group N4 isolates the
pressure swing.

The dimensional analysis is performed in this section under
the assumption of constant physical and equilibrium properties
of the adsorbent material. That is, the values of dimensionless
groups N6, N7, and N8 are kept constant. The effect of feed
pressure on product recovery and product purity at different
pressurization times is illustrated in Figures 4 and 5. According
to the results of the model, an increase in the dimensionless
group N4 leads to an increase in the product recovery. This can
be explained by the fact the higher values of group N4 results
in larger pressure gradients across the bed and, thus, higher
throughputs. An increase in the value of dimensionless group
N10 results in lower product recoveries. This can be explained
by the decreased throughput caused by the higher gas loading
on the surface of the adsorbent material at longer pressurization
times. An increase in the dimensionless group N4 results in

Table 4. Comparison of Predicted Performance for
Conventional PSA and URPSA

Process
Oxygen

Purity (%)
Product

Recovery (%) Bed-Size Factor

Conventional PSA 92 19 0.2
Ultra-Rapid PSA 85 56 7.1 
 10�3

AIChE Journal 959May 2004 Vol. 50, No. 5



smaller values of the product purity, which can be explained by
decreased contact times. Product purity is also inversely related
to the dimensionless group N10. Longer pressurization times
limit the adsorbent capacity on the bed. Note that an increase in
the dimensionless group N10 can also be attributed to a decrease
in the bed length.

The same dimensional analysis has been performed here to
determine the impact of dimensionless groups N4 and N�10 on

the predicted performance characteristics while keeping the
other groups constant. Because groups N4 and N�10 are func-
tions of feed pressure and depressurization time, respectively,
the impact of these important process parameters on product
recovery and product purity can be determined. Figures 6 and
7 shows the impact of dimensionless groups N4 and N�10 on
product recovery and product purity, while keeping groups N6,
N7, and N8 constant. The increase in the value of the dimen-
sionless group N�10 has a negative impact on the product
recovery because at longer depressurization times, the adsor-
bent is regenerated to a greater extent. More gas molecules are
adsorbed on the surface during pressurization, which causes
smaller throughput. However, at longer depressurization times
(larger value of dimensionless group N�10), the product purity is
improved. This is also attributed to the greater regeneration of
the adsorbent material.

Figure 4. Product recovery vs. N4 at different values of
N10.

Figure 5. Product purity vs. N4 at different values of N�10.

Figure 6. Product recovery vs. N4 at different values of
N10 and N�10.

Figure 7. Product purity vs. N4 at different values of N10

and N�10.
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Conclusions

Scaling analysis has been used to achieve the minimum
parametric representation for the PSA process. The resulting
minimum parametric representation permits assessing the va-
lidity of simplifying assumptions that have been invoked to
describe PSA processes. The various dimensionless groups
emanating from the scaling analysis have been evaluated for
the special case of using both conventional PSA and URPSA to
produce oxygen from air using a 5A zeolite adsorbent. The
scaling analysis indicates that the novel URPSA process pro-
posed here differs markedly from conventional PSA for the
production of oxygen from air. In particular, whereas conven-
tional PSA can usually be assumed to operate under quasi-
steady-state conditions, this is never true for URPSA because
of the rapid pressurization and depressurization times. More-
over, although the effect of nitrogen and oxygen adsorption has
a negligible effect on the total pressure for conventional PSA,
it has a significant effect for URPSA because of the markedly
increased adsorption capacity of the monolithic adsorbents
used in URPSA. Finally, although the rate of adsorption in
conventional PSA is usually limited by intraparticle mass trans-
fer, it is essentially dictated by equilibrium adsorption for the
small 5A zeolite crystal monolith adsorbent used in URPSA.

The most important conclusion emanating from this study is
that URPSA is capable of producing an oxygen purity of 85%
with a product recovery of 56% from an air feed using a
pressure swing of 50–80 kPa, a pressurization time of 0.8–1.2
s, a depressurization time of 1.6–2.4 s, with a 5A zeolite
monolith adsorbent bed having a thickness of 2 mm and a
diameter of 20 mm. The predicted product recovery is signif-
icantly higher than that achieved by conventional PSA. It is
noteworthy that URPSA can achieve comparable oxygen purity
with a bed-size factor more than two orders of magnitude
smaller than typical values for conventional PSA. This is of
particular importance to the economics of URPSA, given that
the bed-size factor is the ratio of the mass of adsorbent required
per unit mass of oxygen produced per day.

The results of this study suggest that URPSA is a viable
process that should offer significant advantages over conven-
tional PSA as well as other separation technologies for pro-
ducing oxygen from air. The potential of URPSA for other gas
separations needs to be explored as well. This study provides
strong support to research efforts to develop the monolith
adsorbents required in the URPSA process.
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Notation

A � area of the adsorption bed, m2

b � characteristic of a particular adsorbent, m2

BSF � bed-size factor defined by Eq. 39
d � diameter of zeolite crystals, m

DL1 � axial dispersion coefficient, m2/s
DL2 � intraparticle diffusivity, m2/s
D2L � diffusivity within the micropores of a zeolite crystal, m2/s
Dm � molecular diffusivity, m2/s
kB � Boltzmann’s constant, J/mol�K
ki � intraparticle mass transfer coefficient for species i, s�1

L � thickness of adsorbent bed, m

l1 � equilibrium van’t Hoff constant for N2, m2/N
l2 � equilibrium van’t Hoff constant for O2, m2/N

Mair � molecular weight of air, kg/mol
M1 � molecular weight of N2

M2 � molecular weight of O2

mad � mass of adsorbent, tons
mO2

� mass of produced oxygen, tons
n � number of PSA cycles
P � total pressure in the bed, Pa

PH � total feed pressure, Pa
PL � total pressure at the product side of adsorbent bed, Pa
p1 � partial pressure of nitrogen, Pa

p1H � partial pressure of nitrogen at the feed surface of adsorption
bed, Pa

p1L � partial pressure of nitrogen at the product end of adsorption
bed, Pa

Qfeed � feed flow rate, mol/s
Qproduct � product flow rate, mol/s

q̇ � amount of property generated or depleted, mol/m3�s
q̇1 � rate of nitrogen adsorption per unit volume of adsorbent bed,

mol/m3�s
q̇2 � rate of oxygen adsorption per unit volume of adsorbent bed,

mol/m3�s
q̇1

E � equilibrium nitrogen adsorption rate, mol/m3�s
q1

E � equilibrium adsorbed phase nitrogen concentration, mol/m3

q1 � actual adsorbed phase nitrogen concentration, mol/m3

q1sat � saturated value of adsorbed phase nitrogen concentration,
mol/m3

q2
E � equilibrium adsorbed phase oxygen concentration, mol/m3

q2sat � saturated value of adsorbed phase oxygen concentration,
mol/m3

R � gas constant, Pa�m3/mol�K
RO2

� oxygen product recovery defined by Eq. 38
Rp/c � radius of a particle or a crystal, m

T � absolute temperature, K
t � time, s

tcycle � total cycle time, s
tpres � pressurization time, s

tdepres � depressurization time, s
t1 � time of pressurization step in the cycle, s
t2 � time of depressurization step in the cycle, s
u � velocity through the porous medium, m/s

Ux � velocity of mass in the axial direction, m/s
x � axial direction, m

y1 � mole fraction of nitrogen
y2 � mole fraction of oxygen

yO2
� feed � oxygen mole fraction in the feed

yO2
� product � oxygen mole fraction in the product

� � bed voidage
�i � force constant of species i, J/mol

�1, �2 � constants in Eq. 24 having values of 0.7 and 0.5, respec-
tively

� � shear viscosity of air, Pa�s
	i � molecular collision diameter from the Lennard–Jones po-

tential, m

Definitions of dimensionless variables

x̂ �
x

xs

t̂ �
t

ts

Û �
U

Us

�U

� x
�

1

Uxs

�U

� x
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P̂ �
P � Pr

Ps

q̂̇ �
q̇

q̇s

q̂ �
qP

E

qs

where the subscript s denotes a scale factor and the subscript r
denotes a reference factor. Scale factors are introduced to
normalize the dimensionless variables to be of order one.
Reference factors are introduced to reference the dimensionless
dependent or independent variables to zero.

Definitions of dimensionless groups

● N1 permits assessing the relative importance of the un-
steady-state term in the overall and component mass balances.

● N2 permits assessing the importance of mass loss attrib-
uted to adsorption in the nitrogen mass balance.

● N2 and N3 permit assessing the importance of adsorption
of nitrogen and oxygen, respectively, in the overall mass bal-
ance.

● N4 and N5 permit determining when the Langmuir adsorp-
tion isotherms reduce to linear relationships, that is, Henry’s
law type approximations.

● N6 is a measure of the importance of axial dispersion in
the bed.

● N7 is a measure of the significance of the mass-transfer
limitation inside the adsorbent particles.

● See text for definitions of additional dimensionless groups
N�6, N�7, N8, N9, N10, and N�10, according to Eqs. 40–46.
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