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An isothermal equilibrium theory analysis, based on linear isotherms and a binary
feed stream, was carried out to evaluate the feasibility of a rectifying PSA process for
producing a pure heavy component at high recovery. Analytic expressions were derived
to describe the performance of this process at the periodic state. The performance was
also analyzed in terms of the different concentration and velocity profiles exhibited dur-
ing various cycle steps that included the analysis of complex shock and simple wave
interactions. Based on a parametric study, periodic behavior was established for a wide
range of process conditions; and a design study with the PCB activated
carbon—H,—CH, system at 25°C further demonstrated the feasibility of a rectifying
PSA cycle for producing a 100% CH, stream from a dilute feed stream (y, u, = 0.01 )
with a respectable recovery (80%), and reasonable process conditions. It also demon-
strated the potential usefulness of an actual rectifying PSA process for bulk gas separa-

Equilibrium Theory Analysis of Rectifying PSA for

tion and purification.

Introduction

The easiest way to describe the essential features of a
modern pressure swing adsorption (PSA) process, which can
consist of multiple trains of columns processing a multicom-
ponent feed, is to limit the discussion to a two-column system
processing a binary feed mixture (Ruthven et al.,, 1994). A
vast search of the patent literature revealed that nearly all
PSA processes have been designed to produce a very pure
light component at one end of the PSA unit and a mixture of
the light and heavy components at the other end. This is ac-
complished mainly by using a small fraction of the light com-
ponent product as purge. In essence, these kinds of PSA pro-
cesses utilize a stripping reflux (purge) stream to remove the
heavy component from the light product end of the column.
There is no limitation on the purity of the light component;
however, the enrichment of the heavy component is limited
by the pressure ratio and rarely approaches it. A few PSA
processes (Chue et al., 1995; Kikkinides et al., 1993; Kumar
et al,, 1992; Liu et al., 2000; Ruthven and Farooq, 1994; Sir-
car, 1990; Sircar and Hanley, 1993; Suh and Wankat, 1989;
Yang and Doong, 1985) have been developed to produce two
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relatively high-purity products from a binary feed, but they
necessarily require a high concentration of the heavy compo-
nent in the feed, moderate to high pressure ratios, more
complex cycle sequencing, or multiple trains of coupled PSA
columns to achieve the separation. It is noteworthy that even
in these special cases, the pressure-ratio constraint on the
enrichment of the heavy component is not exceeded.

Hirose and coworkers (Diagne et al., 1994, 1995, 1996) and
then, more recently, Ritter and coworkers (Mclntyre et al.,
2002a,b) developed and showed the potential of a two-bed
PSA process that utilizes not only a stripping reflux stream at
one end of the column, but also an enriching or rectifying
reflux stream at the other end, with an intermediate feed po-
sition somewhere between the two ends. Hypothetically, this
process has the potential to produce two pure products from
a binary feed with the enrichment of the two components
being constrained only by the mass balance. Diagne et al.
(1994) also briefly mentioned that the rectifying section could
be used alone to produce a pure heavy component at one
end of the column and a mixture of the light and heavy com-
ponents at the other end. This is accomplished mainly by us-
ing a large fraction of the heavy-component product as purge.
In essence, this kind of PSA process utilizes an enriching re-
flux (purge) stream to remove the light component from the
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heavy product end of the column. There is no limitation on
the purity of the heavy component; however, the enrichment
of the light component is once again limited by the pressure
ratio. It is interesting, however, that the feasibility of a recti-
fying PSA process to produce a pure heavy component has
never been demonstrated; it has only been explored for en-
riching trace components (Yoshida et al., 1998, 2000).

Therefore, the objective of this work is to analyze a simple
twin-bed rectifying PSA process based on the isothermal, lin-
ear isotherm, equilibrium theory developed by Knaebel and
Hill (1985) for a binary feed mixture. Analytic expressions for
all of the important process performance indicators are de-
rived and periodic operation is established. A design study is
also carried out, which convincingly demonstrates the ability
of a rectifying PSA process to produce a pure heavy compo-
nent with high recovery from a binary feed stream containing
mostly the light component.

Rectifying PSA Process Description

The rectifying PSA process is shown in Figure 1. This pro-
cess consists of two columns operating in tandem and a four-
step cycle. Each column undergoes the following four steps
in sequence: (1) feed at constant low pressure (LHS bed Fig-
ure la), (2) pressurization (LHS bed in Figure 1b), (3) purge
at constant high pressure (RHS bed Figure 1a), and (4) blow-
down (RHS bed in Figure 1b). Two of the steps are carried
out simultaneously at constant pressure (feed and purge, Fig-
ure 1a), and two of them are carried out simultaneously at
varying pressure (pressurization and blowdown, Figure 1b).
In this particular rectifying PSA cycle, products are with-
drawn only during the feed and purge steps.
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Figure 1. Operation of a rectifying PSA cycle.
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Once the periodic state is reached and during the con-
stant-pressure feed step, the feed (Nj) enters the top of the
low-pressure bed (that is, LHS bed) while a completely en-
riched heavy product stream leaves the bottom. Some of this
stream is taken as heavy (pure) product, but most is recycled
to the high-pressure bed (that is, RHS bed) as purge. During
this time, the high-pressure bed produces a light product de-
pleted in the heavy component. At the beginning of the feed
step, the low-pressure bed is completely saturated with the
heavy component, but as the feed enters the top with a
heavy-component mole fraction y, r, a downward-moving
simple wave front develops. The feed step is stopped just prior
to breakthrough of this front (that is, breakthrough of the
light component into the heavy-component product stream).
The valves at the tops of the beds are then closed and the
pressure-changing steps begin. The LHS bed is pressurized
from the bottom by pumping pure heavy component from the
bottom of the RHS bed, which is initially saturated with heavy
component at high-pressure and is now undergoing blow-
down. A shock wave front moving upwards in the LHS bed
starts to form, which depending upon the pressure ratio, ei-
ther partially or fully develops. Due to pressurization, the
gas-phase concentration upstream of this moving front, which
is initially uniform and identical to y, , decreases to y, p
and becomes the constant light-product effluent concentra-
tion during the next step. Once the pressures of the two beds
are perfectly reversed, the valves at the tops of the beds are
reopened, and the purge and feed steps begin in the LHS
and RHS beds, respectively. Here, the purge recycle, which is
pure heavy component, is taken from the product of the RHS
bed, now undergoing the feed step, compressed, and fed into
the bottom of the LHS bed. By the end of this step, the shock
wave front is fully developed and located exactly at the top of
the LHS bed, leaving this bed completely saturated with heavy
component. Finally, the valves at the tops of the beds are
again closed and the pressure-changing steps begin, where
the effluent from the bottom of the LHS bed now undergoing
blowdown is used to completely pressurize the RHS bed, and
so on. Although this cycle has many similarities to a typical
Skarstrom-type stripping PSA cycle, some very subtle differ-
ences exist, like feeding the low-pressure column while purg-
ing the high-pressure column and totally pressurizing one
column with the blowdown gas from the other column.

Mathematical Model

Following the equilibrium theory analysis presented by
Knaebel and Hill (1985), a single bed is assumed to operate
isothermally, at pressures for which the gas behaves ideally
and with no dissipative effects such as that due to diffusion
or dispersion. The continuity equations for the heavy compo-
nent A and total mass are, respectively, given by
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where u is the interstitial velocity, p is the absolute pressure,
p; is the partial pressure of species i, which is either A or B,
€ is the interstitial volume, n; is the moles of species i per
unit volume of bed, T is the absolute temperature, and R is
the universal gas constant. The linear isotherms are given by

kipi _ kipyi
nl-=—p=ﬂ i=AorB, ©)
RT RT

where k; is the Henry’s law constant of species i. By assum-
ing no pressure drop in the bed (that is, dp/dz = 0), the inter-
stitial velocity in the bed varies according to

B -z 1 dp
‘T Bsl[1+(B =1y ] p ot

)

for the pressurization and blowdown steps when the bed is
assumed closed (that is, u=0 ) at z=0; whereas, for the
constant pressure, feed, and purge steps

ﬂ_[l"'(ﬁ_l))’/{,z] (6)
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are satisfied for any two locations 1 and 2 in the bed. The
parameter B varies between 0 < 8 <1 and represents the
degree of selectivity of the adsorbent toward the two species
and is defined as
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The concentration profiles are determined according to the
method of characteristics. Diverging profiles (that is, corre-
sponding to simple waves) are defined according to the fol-
lowing differential equations

dz Bu
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Solving these equations for the pressure-varying steps leads
to the following characteristic equations that can be used to
map the concentration profiles
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The subscript o stands for any given point (z,, P,, y,) of the
characteristic. When the pressure is constant, the characteris-
tics are defined with constant values of concentration (that is,
dy/dt = 0 from Eq. 12), and thus from Eq. 11

, o Paw
21+ (B-1y,’

(13)

where u, according to Eq. 6, is also constant for every charac-
teristic under constant-pressure conditions. Under converg-
ing profiles (that is, corresponding to shock waves) and as-
suming no mass accumulation at the shock wave, the velocity
of the shock wavefront for varying pressures is given by

dz - Bz 1 dp
U,=—|\ = PP (14)
d | [1+(B _1))’/1,1][1"'(3 _1)}’/1,2] p dt
and for constant pressures it is given by
dz u u
us:_ _ IBA 1 _ BA 2 , (15)
dils 1+(B=Dys, 1+(B—Dya,

where the subscripts 1 and 2 denote the material immediately
in front of and behind the shock wavefront.

The preceding developments are now combined with sim-
ple mass balances over each step to obtain the important pro-
cess performance parameters. To obtain the purge-to-feed
ratio, y, which is defined here as the ratio between the veloc-
ity of the recycle gas entering the high-pressure bed to the
velocity of the feed entering the low-pressure bed, an overall
balance on all the mass entering and leaving the two-bed PSA
unit while the four-step cycle is carried out. The calculation
procedure entails a pursuit of the total mass of adsorbate
that is present within a single bed at the end of each cycle
step and assumes that the system has already reached the
periodic state. Since the mass flows only from one bed to the
other during the blowdown or pressurization steps, the total
mass transferred is not evaluated and is defined simply as
Ng, or N, respectively. The cycle starts with the feed step,
with the bed at low pressure and saturated with the pure
heavy component. It is relatively easy to show that for this
situation the total mass of adsorbates, M, p ,, in the bed is

EACSL 123
My p, = L= 16
o= T (B - 6. (16)

where for simplicity M, p , is redefined as ¢. Notice that dur-
ing the feed step, the concentrations of the flows entering
and leaving the bed (that is, y, =y, and y, =1, respec-
tively) remain constant (LHS bed in Figure 1a). As a conse-
quence, the interstitial velocities remain constant at the
boundaries and thus the total mass entering the bed during
this step is

At Pr PL
Ny _fo Up €Ay di =up €A At = pAT, (17)
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and the total mass leaving the bed is

u 1+(B -1

N, = pAT— = ¢AT—( War : (18)
Ur B

where u, and u,; are the interstitial velocities at the en-

trance and exit of the bed, respectively, and are related ac-

cording to Eq. 6. The dimensionless time, 7, is defined as

(19)

It is easy to show from Egs. 9 and 6 that A7 is related to the
concentration of the feed according to

2
Up B

Ar=—pB At = ——F.
L™ 1+(B_1)yA,F

(20)
At the beginning of the purge step (RHS bed in Figure 1b),
the total mass of adsorbates in the bed is equal to the total
mass accumulated at the end of the feed step plus the mass
that entered the bed during the pressurization step, that is,

@)

Since the pressure of the bed is at pj, the total mass enter-
ing the bed during this step is

Mypo=M;p,+ Np— N, + Np,.

Uy PH Uy
Ny = pAT— — = pAT— 7, 22
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whereas, the total mass leaving the bed is
Up Pu B Up
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where 4 is the pressure ratio (that is, 74 = py/p;), and uy
and up are the interstitial velocities at the entrance and exit
of the bed, respectively, for the purge step, which are related
through Eq. 6. Notice also that during this step, the concen-
trations of the heavy component at the entrance and exit of
the bed are constant and equal to 1 and y,, (that is, the
purge concentration), respectively. Finally, during the blow-
down step, mass Ny, leaves the bed, and at the end, the total
mass in the bed returns to its initial total mass that was pre-
sent at the beginning of the feed step, that is

Mip,=M;p,+Np— N +Np,+ Ny—Np,— Ny. (24)

It is easy to deduce from Eq. 5 that, at z= L and for linear
systems (that is, 8, and Bj constant), the mass that enters or
leaves the bed during the pressure-varying steps depends only
on the characteristics of the flow at the open end of the bed;
hence, the mass leaving the bed during blowdown (Ng,) is
identical to the mass entering the bed during pressurization
(Np,). After considering this fact and eliminating similar
terms and replacing Eqgs. 17, 18, 22 and 23 into Eq. 24, the
purge-to-feed ratio becomes

M_H= l_yA,F 1+(:B_1)yA,Pi
l_yA,P B

; (2%

y=
Up mr
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where the concentrations of the feed and purge (that is, y, p
and y, , respectively) are related through Eq. 11 with 7 =
7p. Four additional performance parameters are now de-
fined. The ratio of the purge concentration to the feed con-
centration, defined here as the degree of depletion (D), is
given by

Ya,p ( I=y4p

B
Dy=""= — ) W(Tﬁfl), T = Pu/Pr- (26)
1 Ya,r

The recycle ratio (Ry) is defined as the ratio between the
moles of gas recycled into the high-pressure bed and the total
moles of gas that leave the low-pressure bed, that is,

Ny B

U
A ———a
R N, 1+(B_l)yA,F T”F

_ 1+(B_1)yA,P 1_yA,F
1+(B_1)yA,F 1_yA,P.

(27)

The extent of recovery (Eg) is simply the fraction of heavy
component in the feed that is recovered as pure product, that
is,

Np NL_NH_ 1 Yar—Ya,r

E, = =
K yA,FNF yA,FNF 1- Ya,p

(28)

Ya,F

Finally, the throughput (6) is defined as the volumetric flow
rate (at standard conditions, STP) of feed that is processed
per unit mass of bed and is calculated from

Up 1 pr Tsrp

€
1—e(1+x) Lo, psrp T

6(STP) = % (29

where y is the ratio between the duration of the pressure-
varying steps and that of the constant-pressure steps, that is,

A,

XA

(30)

Another variable that is important to the design of a recti-
fying PSA process is the maximum interstitial velocity that
takes place during the four-step cycle. This variable is used
later to determine the velocity of the feed. For a rectifying
PSA unit, the maximum interstitial velocity during the con-
stant-pressure steps occurs at the bottom of the bed (that is,
at the most enriched zone in the low-pressure bed) during
the feed step. Because the gas phase at this location contains
only the heavy component, Eq. 6 gives the maximum intersti-
tial velocity simply as

_ 1+(B_1)yA,F

Mmax,c - Up.
v B

D
During the pressure-varying steps, the maximum interstitial

velocity also occurs at the bottom of the bed where the gas is
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flowing into or out of the bed and at the moment when the
pressure in the bed is at a minimum, that is, at the end of the
blowdown step or at the beginning of the pressurization step.
From Eq. 5, the maximum interstitial velocity during the
pressure-varying steps with the pressure varying linearly with
time and identically in both columns is given by

L(my—1)
B4At,

umax,pv -

(32)

Results and Discussion
Periodic and parametric behaviors

The first point that must be addressed concerns establish-
ing periodic behavior in a rectifying PSA process. In other
words, it must be shown that in all cases a shock wave of the
fullest strength develops prior to the end of the purge step to
ensure that the bed is completely saturated with the heavy
product at the end of this step (as assumed in initiating the
material balances around the cycle). The propagation of the
concentration profiles, including the development of the
shock wave, during the cycle was used to establish this peri-
odic behavior. Figure 2 shows the moving fronts at different
pressure levels during pressurization and different times dur-
ing purge within the bed for 8§ =0.5, y, r =0.05, and three
different pressure ratios. The profiles were obtained by solv-

ing Eqgs. 5 through 15 numerically for each of the cycle steps
(Ebner et al., 2003), and the pressure ratios were selected to
ensure that the shock wave that forms during the pressuriza-
tion step becomes only partially developed (4 = 2.0), just
fully developed (7, = 3.82), and past fully developed (7, =
6.0) at the end of the pressurization step. The blowdown step
was not included in this graph, as the bed always remains
saturated with the heavy component during this step.

These results show very clearly that periodic behavior is
easily established in a rectifying PSA cycle. Many other cases
were also examined and in every one the shock wave is fully
developed at the end of the purge step, thereby leaving the
bed completely saturated with the heavy component. This is
true even when the shock wave of the fullest strength formed
during the purge step, as shown in Figure 2 for the case with
7= 2.0. These results not only confirm that A7 is indepen-
dent of the pressure ratio, as Eq. 20 shows, but they also
confirm that the external overall macroscopic mass balances
that were used to derive the performance parameters com-
pletely agree with the differential mass balances that were
used to obtain the various expressions that describe the mov-
ing simple and shock wavefronts that exist within the bed
during a cycle (Ebner et al., 2003). Trends in the perfor-
mance parameters can also be used to show the feasibility of
a rectifying PSA process, especially Rp.

First note that four of the performance parameters, to wit,
¥, Dp, Ry, and Ey depend only on B, y, r, and m (refer
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Figure 2. Bed concentration profiles during the feed, pressurization, and purge steps of a rectifying PSA cycle for
three different pressure ratios with y, , =0.05 and g =0.5.
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to Egs. 25 through 28). Despite the fact that Eq. 20 must still
be satisfied, this result is particularly remarkable, because it
sets a thermodynamic limit that is independent of variables
such as bed length, feed velocity, and cycle time. A graphical
dependency of these performance parameters on 8, y, r and
my is depicted in Figure 3 with y,  fixed and B varying,
and Figure 4 with 8 fixed and y, p varying. The feasibility of
a rectifying PSA process is clearly observed from all the Ry
values being less than unity (Figures 3a and 4a). This means
that the process contains enough gas to pressurize and purge
the columns and still deliver a positive recovery of the pure
heavy product. In other words, at the periodic state and for a
range of practical process conditions, Ry is always less than
unity, which indicates that a rectifying PSA process is entirely
feasible.

Moreover, except for Ry in Figure 3a and vy in Figures 3b
and 4b, the trends exhibited by the performance parameters
are as expected and easily explained. For example, Figure 3c
shows that when y,  is fixed, Ey increases monotonically
and asymptotically from 0 to around 0.9 at the extremes with
increasing 7, and decreasing S for these particular condi-
tions. A similar behavior is observed in Figure 3d with D), in
that with increasing 7, and decreasing B, D, varies from
unity to a limiting value of around 0.1 at the extremes. Clearly,
as the pressure ratio and the selectivity both increase, the
process becomes more thermodynamically efficient, thereby
making it easier to recover more of the heavy component,
which in turn leaves less of it as a contaminant in the light-
product stream. Figure 4 shows similar trends with fixed S,
that is, Rg, Eg, and Dj all exhibit monotonic and asymp-
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Figure 3. Effect of pressure ratio and selectivity on (a) recycle ratio, (b) purge-to-feed ratio, (c) extent of recovery,

and (d) degree of depletion for y,  =0.01.
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Figure 4. Effect of pressure ratio and heavy component feed concentration on (a) recycle ratio, (b) purge-to-feed
ratio, (c) extent of recovery, and (d) degree of depletion for g =0.5.

totic behavior. For example, Figure 4a shows that essentially
for any 7, Ry varies from zero to unity rather sharply as
Y4.r decreases from unity, indicating that most of the heavy-
product gas must be recycled as high-pressure purge to
achieve separation in a rectifying PSA cycle. Also E and D,
both increase with increasing 7 and y, p, as shown in Fig-
ures 4c and 4d, respectively. Clearly, the separation becomes
exceedingly more difficult as the thermodynamics becomes
less favorable; in other words, for a fixed B, as y,  de-
creases, it takes a higher 7, to achieve the same E; and D,
simply because it becomes increasingly more difficult to re-
cover a pure heavy component from an increasingly more di-
lute feed stream.

In contrast to this monotonic behavior exhibited by most of
the performance parameters, it is surprising that R exhibits

AIChE Journal August 2002

a global minimum with respect to 8 in the proximity of g =
0.6 for a y, = 0.01 (Figure 3a); similar results are realized
for any other concentration. An explanation for this behavior
becomes clear when using Eqgs. 25, 27, and 31 to reexpress
Ry in terms of the purge-to-feed ratio, pressure ratio, and
maximum-velocity-to-feed-velocity ratio

max,cp

Re= wTﬁ. (33)

Up

When B decreases, the adsorbent becomes more selective to-
ward the heavy component, so that when the feed step be-
gins, more heavy component desorbs and increases the gas-
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phase flux toward the exit; this results in a larger vy, as is
observed in Figure 3b. Because Ry is proportional to vy, the
net effect of decreasing B is to increase Ry through vy. For
identical reasons the maximum-velocity-to-feed-velocity ratio,
in the denominator of Eq. 3, also increases. However, in this
case, the Ry is forced to vary in the opposite direction, that
is, to decrease. The result of these compromising trends is
the existence of a minimum between the Ry and B: when B
is small, the effect of y is dominant and the first of the be-
haviors described earlier is observed, whereas when B is large
or close to unity, the effect of the maximum-velocity-to-feed-
velocity ratio is dominant and the second of the previously
described behaviors is observed.

Another unusual and unexpected feature of this rectifying
PSA cycle is its ability to establish periodic behavior with
purge-to-feed ratios () being less than or greater than unity,
as shown in Figures 3b and 4b. This means that the high-
pressure purge velocity can be higher or lower than the low-
pressure feed velocity, and that a critical limiting value of y
does not seem to exist in a rectifying PSA process, as it does
in some stripping PSA processes (Subramanian and Ritter,
1997). As stated earlier, when the selectivity of the adsorbent
toward one of the species increases (that is, smaller 3), the
increase in the gas-phase flux caused by the heavy compo-
nent desorbing during the feed step can be so strong that the
recycled volumetric flow entering the high-pressure bed as
purge can become larger than that of the feed, despite the
compression influence of the larger pressure (that is, pg).
This explains why vy increases with decreasing 8 and y, r, as
shown in Figure 3b with y, p fixed and Figure 4b with g
fixed, respectively. In contrast and similarly to a stripping PSA
cycle, y decreases with increasing 7, as shown in both Fig-
ures 3b and 4b, because higher pressure ratios compensate
for lower purge-to-feed ratios. Again, thermodynamics dic-
tates the performance, wherein more purge gas is required at
smaller pressure ratios, higher selectivities, or lower feed
concentrations.

One final comment about Figures 3 and 4 concerns the
constancy of these performance parameters with respect to
y4.r in the low concentration region (that is, y, » <0.15). In
particular, D, and Eg (Figures 3c and 4c, and Figures 3d
and 4d, respectively) approach unitary, complementary limits,
that is,

lim D,=xF"! (34)
Yar—0
lim Ep=1-aF"1, (35)
Yar—0
where
lim Ep+ Dp=1. (36)
Yar—0

These inherent thermodynamic limits provide simple rules of
thumb for these two variables when dealing with gas mixtures
that are dilute in the heavy component.

Design study with the PCB activated carbon— H,-CH,
system

A brief design study with the PCB activated carbon-—
H,-CH, system at 25°C (Ritter and Yang, 1987) is carried

1686

August 2002 Vol. 48, No. 8

Table 1. Process Parameters, and Adsorbent and Bed
Properties Used in the Design Study™

Ya.r 0.01
V 5%107* m*s~! (STP)
T 296 K
Pu 1.5x10° Pa
U ax 1 ms!
At 60 s
L/D 5
€ 0.4
Py 500 kg-m?®
k 4 1.048 X 10~ ® kmol-kg™"-Pa™!
kg 4.577x107 1% kmol-kg ™ !-Pa~!
B 0.0492
Bz 0.5420
B 0.0907
*ki=P,RTk,.

out to show that a rectifying PSA cycle is not only feasible,
but also potentially useful for bulk phase separation and pu-
rification. To start, it is assumed that a rectifying PSA pro-
cess is required to treat 5.0x10™* m? (STP) s~ ! of a gas
mixture containing 1.0 vol. % CH, in a balance of H,, with
an extent of recovery of 80%. The concentration of the light-
product stream, the performance parameters such as Dy, Ry,
0, and vy, the pressure ratio, and the bed dimensions are to
be determined. The adsorbent physical properties, and other
conditions and operating parameters for the process are sum-
marized in Table 1. The duration of the constant-pressure
steps is arbitrarily assumed to be 60 s. It is also desirable to
restrict the maximum interstitial velocity during any part of
the PSA cycle to be less than 1 m-s™! and to use an aspect
ratio (L/D) of 5 for the beds. The adsorption isotherms for
this system are shown in Figure 5; the corresponding values
of B; for each component are given in Table 1. Clearly, CH,
represents the heavy component (A) and H, represents the
light component (B). The Henry’s law regions for these com-
ponents persist at most up to around 150 kPa (~ 1.5 atm);
hence, p,; for this design study is fixed at 150 kPa.

With y, »=0.01, and from the definition of Ej, (that is,
Eq. 28), the concentration of the light-product stream be-

ks

1 [ H2

0 2000 4000 6000 8000
Pressure (kPa)

Amount Adsorbed (mol/kg)
w

Figure 5. Adsorption isotherms for H, and CH, on PCB
activated carbon at 25°C (Ritter and Yang,
1987).
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comes
1-Eg
Yar=Yar =0.00202, (37)
T 1-y4rER
and thus
Ya,p
Dj,=—==0.202. (38)
Ya,rF

Now, since B = 0.0907 for this system,

—5.82 (39)

T

_ -1
_p_H_(yA,P)l/(B 1)(1_yA,F)B/(B !
PL Ya,r 1=y4p
and
_ I+(B=D)yap 1=yar
* 1+(B_1)yA,F 1_yA,P

=0.9993, (40)

using Egs. 11 and 27, respectively. Consequently,

py =2~ 95,760 Pa, (41)
T

and from Eqgs. 25 and 20, respectively,

”_H_ l_yA,F 1+(B_1)yA,Pi

up  l=y,p B mr

y = 1875 (42)

and
B 2

Ar=——————
1+(B_1)yA,F

= 0.00830. (43)

According to Eq. 19, the required interstitial velocity of the
feed that ensures a 60-s duration for the constant pressure
steps is governed by the following relationship

ATL

=—, 44
Up AB, (44)
where L is obtained from the specified aspect ratio of the
column (that is, L/D =5) and the known relationship be-
tween D and the volumetric flow, namely,

4VF(STP) Pstp T

TEUR P Tstp

L=5D=

0.5
) . (49)

Combining Eqgs. 44 and 45 and solving for u, gives

AT v
up=15

5 .
& 4Vp(STP) pgrp T

mE pr Tste

AtB,

=1.10X10"2 m's™!, (46)
which limits the maximum velocity of the feed step to be

1+(B _1)yA,F

Umax,cp = 3 up=1205x10"" m-s™1. (47)

Note that this is well below the specified maximum velocity
of 1 m's™!. The corresponding column diameter and length
are

0.5

4V, (STP T
p— | rCTP) pswe =0.7804m  (48)

TEUR P Tsrp

and
L=5D=392m. (49)
Since it is desirable to carry out the pressurization step as

fast as possible, the duration of the pressure-varying steps is
obtained from Eq. 32, that is,

L(my—1
At,= LD se4a9s (50)
BAumax,pu
with 0,0 =1 m-s~ L. Hence, y =6.41 and the throughput
is
1 € u 1 T
6(STP) = — F_ 1 PrL Zstp
21-e(+x) Lp; psrp T
m? (STP
=5.94X% 10’8(—). (51)
kg-s

The results from this design are summarized in Table 2,
along with other designs carried out at (E) varying from 50%

Table 2. Performance Parameters and Column Design Variables for Different Extent of Recoveries™®

Eg 0.50 0.70 0.90 0.95 0.98
Yap 0.0050 0.0030 0.0020 0.0010 0.0005 0.0002

D, 0.5025 0.3021 0.2016 0.1009 0.0505 0.0202

Ry 0.9995 0.9994 0.9993 0.9992 0.9991 0.9991

T 2.1325 3.7324 5.8237 12.4687 26.7090 73.1409

pr. (Pa) 70341 40189 25757 12030 5616 2051

y 5.1209 2.9253 1.8746 0.8755 0.4087 0.1492

Ar 0.0083 0.0083 0.0083 0.0083 0.0083 0.0083

up (ms™) 0.0079 0.0095 0.0110 0.0142 0.0183 0.0256
Upay.cp (M5 71) 0.0862 0.1039 0.1205 0.1553 0.2002 0.2801

D (m) 05611 0.6762 0.7843 1.0109 1.3031 1.8231

L (m) 2.8056 33812 3.9217 5.0545 6.5156 9.1157

At, (s) 64.5782 187.7750 384.4940 1,178.2182 3,404.6873 13,366.1591

Y 1.0763 3.1296 6.4082 19.6370 56.7448 222.7693

9 [m* (STP)-kg s~ '] 5.785%1077 1.662x1077 5.937x1078 9.954%10~° 1.661x10° 1.565x 10710

*Table 1 lists the fixed process parameters, and adsorbent and bed properties.
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to 98%, while keeping all other conditions and parameters
presented in Table 1 fixed. The separations achieved with
this new rectifying PSA cycle are actually quite remarkable.
For example, for the case with E, = 0.8, a pure CH, stream
can be produced with 80% recovery from a feed stream con-
taining only 1.0 vol % CH,. This can be achieved with two
columns, each 3.92 m in length and 0.78 m in diameter utiliz-
ing a half-cycle time of about 445 s [A¢ (1+ x)] and a pres-
sure ratio () of only 5.82. Note that only one pump is re-
quired, as it serves as both the compressor and vacuum pump.
Moreover at a Dj, =0.202, the mole fraction of CH, in the
light product stream is reduced considerably to a y, =
0.00202 (that is, 2,020 ppm). It is instructive to view the con-
centration and velocity profiles corresponding to this rectify-
ing PSA design to illustrate some of the unique features of
this kind of cycle, especially during the pressure-changing
steps.

the bed. For identical reasons (with the exception of the ini-
tial and final conditions for the feed and purge steps, respec-
tively), when the plots either coincide with the frame of the
figures or are impossible to represent in a log-log scale, the
initial and final conditions of each cycle step are plotted with
thick and discontinuous lines, respectively. The letter L indi-
cates the location of the lower end of the bed (that is, L = 3.92
m); and the numbers indicate different time and pressure
events during the constant-pressure and pressure-varying
steps, respectively, and are explained in the first two columns
of Table 3. The direction of the flow is also indicated. The
concentration profiles were obtained with the equations and
analysis presented elsewhere (Ebner et al., 2003), and the ve-
locity profiles were obtained from slightly modified forms of
Eq. 6 for the feed and purge steps, that is,

1+ (B-Dyar]

Figure 6 shows the time evolution of the heavy-component u= —[1 +(B-1y,] Up (52)
concentrations and interstitial velocities in the bed for the A
feed, pressurization, and purge steps for this design (Eg = and
0.8). Again, the blowdown step is not included here because
the bed is saturated with the heavy component. The graphs
. e . B B
are plotted in a log-log scale to help visualize the profiles u= Uy = yup, (53)
because the main features occur in the last-fifth fraction of [1+(B=1)y.] [1+(8=1)y.]
PURGE
3a) \ — 1
2
3
4
L 5
«Flow L
3b)
............... \ 1
“l 2
3
4
L 5
L
Flow 1 Fi
0.01
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~ 1000F }
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Figure 6. (a) Bed concentration and (b-c) interstitial velocity profiles during (1) feed, (2) pressurization, and (3)
purge steps for the design conditions in Table 1 and design results in Table 2 with E;=0.8.

The pressures and times for each of the numbers assigned to the profiles are given in Table 3.
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Table 3. Pressure and Times for Each Label in Figure 6, and Design Results for Two Different Constant-Pressure
Step Durations (i.e., At)

Figure Label* T=p/p, p (Pa) T t(s) T t (s)
Feed

1 1.00 25,757 0.00000 0.0 0.00000 0.0

2 1.00 25,757 0.00208 15.0 0.00208 30.0

3 1.00 25,757 0.00415 30.0 0.00415 60.0

4 1.00 25,757 0.00623 45.0 0.00623 90.0

5 1.00 25,757 0.00830 60.0 0.00830 120.0
Pressurization

1 1.00 25,757 0.00000 0.0 0.00000 0.0

2 1.13 29,233 0.00149 10.8 0.00094 13.6

3 1.40 36,168 0.00446 322 0.00281 40.6

4 1.97 50,686 0.01067 77.1 0.00672 97.2

5 3.20 82,381 0.02425 175.2 0.01527 220.8

6 5.82 150,000 0.05320 384.5 0.03351 484.4
Purge

1 5.82 150,000 0.00000 0.0 0.00000 0.0

2 5.82 150,000 0.00207 15.0 0.00207 30.0

3 5.82 150,000 0.00500 36.2 0.00500 72.3

4 5.82 150,000 0.00623 45.0 0.00623 90.0

5 5.82 150,000 0.00830 60.0 0.00830 120.0
Design Parameters
L (m) 3.922 4.941
up (m-s™1) 0.011 0.007
X 6.408 4.037
Az, (9) 384.494 484.432

*As shown in Figure 6 for each cycle step.

respectively, and a slightly modified form of Eq. 5 for the
pressurization step, that is,

-z 1 -1

B Bs[1+(B—1)y,] ™ Az,

u

(54

The dimensionless time (that is, 7) for each pressure ratio
listed under pressurization in Table 3 was obtained from Eq.
19 and the linear relationship between time and pressure for
the pressure-varying steps, which in analogy to Eq. 32, is given
by

uFﬁAtzuFBA L(7m—1) _ L(mpy—1) (7—1)

T=

L L BAumax,pu IBAumax,puAt (7TT _1)
u At T—1
L Pa =XAT( )| (55)
L (mr=1)

It is remarkable that during the first 32.2 s of the pressur-
ization step, which is less than one-tenth of the entire step
duration, the shock wave advances through almost 80% of
the column while significantly slowing down. This is a direct
consequence of the shock wave passing through zones in the
bed that are ever less saturated with the heavy component,
which makes the shock wave slow down as adsorption occurs.
Also, the velocities are continuously decreasing as a result of
the upper end of the column being closed (see section 2b of
Figure 6). Figure 6 also shows how a purge to feed ratio larger
than unity (y =1.875) is manifest. Due to desorption of the
heavy component during the feed step the velocities at the
end of the bed are more than ten times higher than the feed
velocity; note the steep velocity gradients in section 1b of Fig-
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ure 6. These high velocities, although reduced by approxi-
mately the pressure ratio (7, =5.82, R =1) when entering
the bed during the purge step, are still y times higher than
the feed velocity, which again is due to the significant desorp-
tion that takes place during the feed step. Clearly, if the
change in velocity during the feed step is less than that asso-
ciated with the pressure change, then the corresponding 7y
would be less than unity.

It is worth insisting that the relative location of the concen-
tration and velocity profiles are independent of the specified
At. Table 3 shows, for example, the results for the same de-
sign, but with Afr =120 s. In such a case, even though new
values of L, up, and y are obtained, the relative locations of
the velocity and concentration profiles are identical to those
shown in Figure 6 for the same numbered labels. Also, the
duration of the pressure-varying steps, although fixed in this
design study by the arbitrarily chosen maximum velocity of 1
m-s~!, can be independently changed without affecting the
results of the design. In other words, increasing or decreasing
Az, only affects the velocities in the beds during the pres-
sure-varying steps; it does not affect the position of the final
concentration profile in section 1a of Figure 6 (No. 5) or the
position of the initial concentration profile in section 3a of
Figure 6 (No. 1). Nor does it affect any of the profiles in
section 2a of Figure 6, as the pressure swing is dictated solely
by the thermodynamic limits set by the high and low pres-
sures. For example, for the same design with E, = 0.8 and
At =60 s, section 2c of Figure 6 shows the velocity profiles
during pressurization for x =1.282 (uy,,, =5 m's™'). A
comparison of these profiles with those in section 2b of Fig-
ure 6 with y = 6.41 (u,, ,, =1 m-s~") reveals that the veloc-
ity gradients in section 2c of Figure 6 are much steeper for
the shorter At,, because the time available to progress from
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the initial to the final concentration profiles shown in section
2a of Figure 6 decreases by a factor of 5 in this example. Of
course, this would require a larger pump to handle the in-
creased blowdown and pressurization rates and an adsorbent
that can handle the specified maximum velocity.

Overall, it is noteworthy that all the trends observed in Ta-
bles 2 and 3 are intuitively consistent. For example, when the
system is subjected to more demanding separation require-
ments (larger E, values), the thermodynamics starts to play
its role by demanding larger columns, larger pressure ratios,
and larger cycle steps, to the point where 6 is seriously af-
fected. In this regard, the exceedingly long duration (almost 4
h) for the pressure-varying steps (that is, large y) for the
design with E, = 0.98 is an interesting result. Although these
steps are carried out at the specified maximum velocity of 1
m-s~!, a value that is approximately 36 times larger than the
maximum velocity observed during the feed step (that is, 0.28
m-s~ 1), the large y is simply a consequence of the enormous
pressure ratio (7, = 73.14) that is needed to achieve such a
high Ej. Of course, as shown earlier, allowing for a larger
maximum velocity in the design would decrease the value of
x considerably. Also, all the maximum interstitial velocities
during the constant-pressure steps (that is, u,,,, .,) for the
broad range of conditions reviewed in Table 2 are far below
the specified maximum velocity of 1 m-s~!, which strongly
suggests that under reasonable time durations for the con-
stant-pressure steps (that is, longer than a minute) the flows
are expected to be low.

Conclusions

A model describing the behavior of a pressure-swing ad-
sorption process designed for the rectification and purifica-
tion of a heavy component from a binary gas mixture has
been presented based on isothermal, linear isotherm, equilib-
rium theory. The resulting expressions were used to describe
the performance of this process at the periodic state. More
complex expressions (given elsewhere) requiring numerical
solution were used to analyze the behavior of this process in
terms of the evolution of the concentration and velocity pro-
files during the feed, purge, and pressurization steps. Inter-
esting shock- and simple-wave interactions were revealed
during the pressurization step and also during the purge step
if the shock wave did not become fully developed during the
pressurization step.

Periodic behavior was established for a wide range of pro-
cess conditions, and the feasibility of this twin-bed rectifying
PSA process was demonstrated based on a parametric study,
and a design study with the PCB activated carbon—-H,-CH,
system at 25°C. Typical design results with 80% CH, recov-
ery showed that a pure CH, stream could be produced from
a feed stream containing only 1.0 vol. % CH, in H,. The
column size, pressure ratio, and cycle time were also very
reasonable.

It should be emphasized, however, that these very ideal
equilibrium theory results represent the upper thermody-
namic limit on the separation that can be achieved with a
rectifying PSA process. In other words, in reality the separa-
tion will always be worse. Nevertheless, this analysis very con-
vincingly showed that a rectifying PSA process is entirely fea-
sible for producing a pure heavy component from a relatively

1690 August 2002

dilute feed stream. In fact, under the right conditions, a recti-
fying PSA process has the potential to produce two relatively
pure products from a binary feed stream, as shown in the
design study. This analysis should also foster the develop-
ment of other novel rectifying PSA cycles, and even com-
bined rectifying—stripping PSA cycles, potentially mimicking
the kinds of cycles so widely used in distillation processes.

Acknowledgments

The authors gratefully acknowledge financial support from the
Westvaco Charleston Research Center and the Separations Research
Program at the University of Texas at Austin.

Notation

A.,= bed cross-sectional area, m
D = column diameter, m

Dy, = degree of depletion defined in Eq. 26

ER = extent of recovery defined in Eq. 28
k=Henry’s law constant of species i, kmol kg~! Pa™!
k= Henry’s law constant of species i, m> gas phase m~> ad-

sorbent
L = column length, m
My p , = total mass of adsorbates at the beginning of the purge step,

2

mol
M p,= tota}l mass of adsorbates at the beginning of the feed step,
mo
n;= concentration of species i in the adsorbed phase, mol m~3
adsorbent

Np,;= total mass of adsorbates leaving the bed during the blow-
down step, mol
Np, = total mass of adsorbates entering the bed during the pres-
surization step, mol
Ny = total mass of adsorbates fed into the bed during the feed
step, mol
N, = total mass of adsorbates leaving the bed during the feed
step, mol
Ny = total mass of adsorbates fed into the bed during the purge
step, mol
Np = total mass of adsorbates leaving the PSA unit during a half
cycle, mol
Np, = total mass of adsorbates conveyed from one bed to the
other during the pressure-varying steps, mol
Np, = total mass of adsorbates leaving the bed as light product
during the purge step, mol
p=total pressure, kg:m !-s2
Py = purge-step pressure, kg-m’1~s’2
p; = feed-step pressure, kg:m 1572
p;= partial pressure of species i, kg'm~!-s72
Pstp = atmospheric pressure, 101,350 kgrm ™ !s~2
R=ideal gas constant, 8.314 Pa-m*K !
R = recycle ratio defined in Eq. 27
t=time, s
Trp = standard temperature, 273.15 K
T=bed temperature, K
u = interstitial velocity, m-s™
u = interstitial velocitly of the gas entering the bed during the
purge step, m-s~
up= interstitial velocity of the gas entering the bed during the
feed step, m-s ™!
u; = interstitial velocity of the gas leaving the bed during the
feed step, m-s~!
Umax,cp = Maximum interstitial velocity during the constant-pressure
steps, m-s !
Umax,pp = Maximum interstitial velocity during the pressure-varying
steps, m-s!
y; = gas phase mol fraction of species i
¥;.p= gas phase mol fraction of species i in the light product
¥; p= gas phase mol fraction of species i in the feed
z=distance from the top of the bed, m

1
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Greek letters

B=selectivity of the adsorbent defined in Eq. 7
B; = specific selectivity of species i defined in Eq. 8
X = pressure-varying step duration to constant-pressure step
duration ratio
€= bed porosity, m* gas phase m > bed
y= purge-to-feed ratio defined in Eq. 25
¢= total mass of adsorbate in the bed saturated with heavy
component at the beginning of the feed step, mol
7= ratio of bed pressures at different times during a
pressure-varying step
7= high-to-low-pressure ratio
0= thr]oughput defined in Eq. 29, m® feed gas kg~ ! adsorbent
S

p, = apparent adsorbent density, kg:m =3
7= dimensionless time defined according to Eq. 19
Ar= dimensionless time duration of a constant pressure step
At = time duration of a constant pressure step, s
At, = time duration of a pressure-varying step, s

Subscripts and superscripts

A= heavy component
B = light component
o= state at the beginning of a pressure-varying step
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