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Abstract

A dual reflux PSA process that has two refluxes and an intermediate feed inlet position is
analyzed theoretically by means of a simple analytic model to investigate the effect of the
operating variables such as the feed inlet position and the reflux ratios. The model is based
on the short cycle time approximation and gives a simple semi-algebraic solution. The
optimum feed inlet position is mathematically proved to be the point where the adsorbate
concentration in the column is equal to that in the feed gas. In addition, this optimum
condition is not affected by the operating parameters and a form of adsorption isotherm. The
effect of the reflux ratio is analyzed keeping the feed inlet position optimum. This analysis
can hardly be carried out in experimental studies because the concentration distribution in
the column is changed by the reflux ratio. This result shows that the reflux ratio greatly
affects on the process performance and has an optimum value. The effect of the form of
adsorption isotherm is also examined. This result suggests that there is an optimum form of
isotherm which is related to the operating parameters.

Introduction

Pressure Swing Adsorption (PSA) is a gas separation technology that has rapidly
developed mainly for air drying, air separation and hydrogen purification in the last 30 years".
Recently, the application of PSA processes to other kinds of gases, such as carbon dioxide
or organic compounds has been attracting the attention along with the development of new
adsorbents. Some of the reasons for the rapid development of PSA are that the mechanism
of PSAis simple and the operation of PSA processes is so easy that unattended operation is
possible.

Although PSA is convenient as a gas separation technology like this, it has some
disadvantages. One of them is that the enrichment of adsorbable components has a limit.
The limit is determined by a pressure ratio between an adsorption step and a desorption
step, which is known as a thermodynamic limitation. The enrichment ratio to the adsorbate
concentration in feed gas cannot exceed the pressure ratio. Therefore, the enrichment is
very difficult when the adsorbate concentration in feed gas is low. This is caused by the PSA
cycle steps consisted of a high pressure feed step and a low pressure purge step. These
steps have been applying to most PSA processes. This type of process is called stripping
reflux. PSA (SR-PSA) by analogy with distillation. Generally, there is no limit in the
enrichment of non-adsorbable components in the SR-PSA cycle. Thus, PSA is mostly used
for the purification of the non-adsorbable components. For these reasons, PSA is rarely
used for enriching dilute adsorbate. To produce pure adsorbate gas from a dilute mixture, it
is necessary to increase the number of adsorption columns and utilize more complicated
cycle sequences and a very high pressure ratio. However, these modifications cause an
increase in initial and operating costs.

To solve this problem, an interesting PSA process cycle has been proposed. In this
process, the feed gas is supplied to a column at low pressure and part of the product gas is
supplied to another column at high pressure as purge gas. In other words, this process has
the inverse configuration to the SR-PSA configuration in terms of the pressure. This process



is called enriching reflux PSA (ER-PSA). In the ER-PSA process, the adsorbable component
can be enriched up to very high concentration and the enrichment is not limited by the
pressure ratio anymore?®. This fact has been demonstrated experimentally by some recent
studies® *. Also, it has been analyzed theoretically by a simplified model®. However, contrary
to the SR-PSA, the enrichment of the non-adsorbable components is limited by the pressure
ratio. Eventually, the recovery of the adsorbate in the feed gas does not become high.

Each of the above two processes respectively has a limit caused by the pressure
ratio. The SR-PSA process can not enrich the adsorbable component, whereas, the ER-PSA
process can not obtain high recovery of the adsorbate. Therefore neither of the two
processes can simultaneously achieve the high enrichment and the high recovery of dilute
adsorbate. In order to overcome this limitation, an amazing PSA process called Dual Reflux
PSA (DR-PSA) was proposed by Diagne and co-workers?. This process has two refluxes at
both ends of the column and the feed gas is supplied to an intermediate position of the
column. In a word, this is a combination of the SR and ER-PSA processes. By reprocessing
adsorbate-enriched gas leaving the SR- PSA in ER-PSA and inert-enriched gas leaving the
ER-PSA in SR-PSA, the limitation is removed. Hence, the enrichment and the recovery of
the adsorbate are no longer limited by the pressure ratio and it is determined simply by mass
balance. This fact has been demonstrated experimentally and theoretically by recent
studies®°.

Few published studies on the theoretical analysis of the DR-PSA have considered
the effects of a finite mass transfer rate and a non-linear adsorption isotherm. Therefore, we
analyze the DR-PSA theoretically by means of a method called the short cycle time
approximation. The method is a highly simplified model, but it involves a finite mass transfer
rate and a non-linear isotherm. In the previous experimental studies, the feed inlet position
and the reflux ratio were reported to have a great impact on the performance of the DR-PSA.
These parameters also reported to have optimum values. The principal objective of this
paper is to investigate the effects of the feed inlet position and the reflux ratio. In addition, the
effect of the form of adsorption isotherm is examined.

Process configuration

A schematic diagram of the DR-PSA is shown in figure 1 for the system under
consideration. By analogy with distillation, each column is divided into two sections
(rectifying or enriching section and stripping section) at the feed inlet position. For the sake
of simplicity, the DR-PSA process can be considered as a four-column and two-step
(adsorption and desorption step) process.

In the first step, the high pressure feed gas is supplied to an intermediate position of
the high pressure column, at which this gas is added to the gas stream leaving column 4.
The mixed gas is drawn into column 1, and then inert-enriched gas is obtained at the bottom
of column 1. Part of the inert-enriched gas is recycled to column 2 after depressurization as
a stripping reflux. Then adsorbate-enriched gas is flowed out of the top of column 2 and the
gas is enriched further up to very high concentration in column 3 over the limitation of the
pressure ratio. Part of the adsorbate-enriched gas produced at the top of column 3 is
recycled to column 4 after compression. Next, in the second step, the first step is repeated
with Bed 1, 4 and Bed 2, 3 changing roles. Each of the steps is switched after specific cycle
time.

Since the feed inlet position can be varied at any position, it is not necessary that all
columns (1-4) have the same size. A stripping reflux ratio Rs is defined as the ratio between
the flow rate of the recycled inert-enriched gas and that of the inert-enriched gas product. An
enriching reflux ratio Re is defined as the ratio between the flow rate of the recycled
adsorbate-enriched gas and that of the adsorbate-enriched gas product.
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Figure 1. Schematic diagram of Dual Reflux PSA process: nomenclature for mass balance

Mathematical model

When the cycle time is short and then the change in the amount adsorbed during a
cycle is small relative to the capacity of the column, the distribution of both gas concentration
and amount adsorbed in the column hardly changes with time during each step. In this
condition, a steady-state solution for SR-PSA process was given by Hirose and Minoda™ 2.
This idea is called the short cycle time approximation. It was applied successfully to the
system operating with relatively short cycle time owing to high amount adsorbed such as in
air drying13 and CO, removal™. It can also be applied to DR-PSA process. Here, we need to
make the following assumptions: (1) single-component adsorption of dilute adsorbate. (2)
Ideal plug flow in the sense that axial and radial dispersion are not considered. (3) The
pressure drop through the column is negligible. (4) The mass transfer rate is expressed by
the linear driving force with constant mass transfer coefficient. (5) Isothermal operation. The
short cycle time approximation gives the solutions for each of the enriching section and
stripping section as follows

c
Ly =—2dE J‘ e dCAE* (Enriching section) (1)
Kopam? caer Q (C,z)—0 (Cpp)
c
L= ttas I A0 dCAS* (Stripping section) (2)
Kosam? Cast O (C 5)— 0 (Cpg)
in which
Cp=(pp/py)Cy+uy/up)C,—C,) (Operating line) (3)

U, U U, U
Caso = pCypy +upCp)luyg =—4E.—L5C o+ (1-—2E.—25)C
Upp Uys Upp Uys
Cps1 =(Pp ! P)Cus1s Cppr =Cpsor Cupo =(p4/ Pp)Cpry (Boundary conditions)

Parameters L, u, m, C and Q*(C), respectively, are column length, superficial gas velocity,
adsorption coefficient, dimensionless gas concentration of adsorbate and amount adsorbed



related to C by a dimensionless adsorption isotherm. Koa is overall volumetric mass transfer
coefficient defined as 1/Ko=1/Ka+1/Kp. Subscripts A, D, E, S, 0 and 1 refer to adsorption
step, desorption step, enriching section, stripping section, the top of column and the bottom
of column. Typical examples of adsorption isotherm are

0 (C)=C (Henry type) (4)
O’ (C) = C/{r+(1-r)C} (Langmuir type) (5)

The form of equations (1) (2) and (3) is an analogue of design equations appearing
in classical mass transfer operations, such as gas absorption or membrane separation. So
we can rewrite equations (1) and (2) as follows

Lp=H, Ny (6)
Lg=H ;5N 4 (7)

in which Ha is a height of a mass transfer unit (Ha=ua/(Koam)), and Na is a number of mass
transfer units (a part of integral). Plugging in the numbers, we can easily solve the column
length L.

Result and discussion

Optimum feed inlet position

The optimum feed inlet position is a point where the required total column length
(Le+Ls) for desired product concentration becomes a minimum. The previous experimental
studies on DR-PSA have insisted that the optimum position is a point where the
concentration just above the feed inlet equals feed concentration, i.e. Cag1=Cr. We can
prove that this fact is right by means of the short cycle time approximation.

When all the parameters are fixed except the column length Lg, Ls and the
concentration just above the feed inlet Cagq, Le and Ls can respectively be regarded as a
function of Cag4. If the following equation

dLy+Ls) _ dLy , dly _, @)
dCAE 1 dCAE 1 dCAE 1

is demonstrated when Cae1=Cp, the fact mentioned above will be proved. Equations (1) and
(2) have a complicated form involving an integral, but we can straightforwardly differentiate
the equations by the following Leibniz formula.

S0 = [ P e - i G

otd a; () a(ty ot
The differentiated forms of Equation (1) and (2) are
dlyp _ _ uug — 1 : )
dC g Kogam  Q (Cyp)— 0 (Cppgy)

dCyp Kogam QO (C450) =0 (Cpgp)

Assuming that 1/Kog and 1/Kos are equivalent to each other, the sum of equations (9) and
(10) is given by



d(Lp+Ls) _ uyp { 1 _ 1 } (11)
dCym  Kogam | Q7 (C450)—O(Cpso) O (C ) —O(Cppy)

Differences Q'(Cage1) - Q' (Cper) and Q'(Caso) - Q' (Cpso) can be regarded as driving forces at
the bottom of the enriching section and that at the top of the stripping section. If these two
driving forces have the same value, equation (11) will become zero. From the boundary
conditions, Cpe1 = Cpso. Therefore, the driving forces are equivalent to each other only when

Cupr =Cus0 =Cr

This result proves that d(Le+Ls)/dCae1=0 when Cag1=Ck i.e. the required total column
length becomes a minimum when the concentration just above the feed inlet is equal to the
feed concentration. Interestingly, this optimum condition is not affected by a form of
adsorption isotherm and the other operating parameters.

Figure 2 shows a sample calculation of the required column length Lg+Lg for various
values of Cag1 with other parameters fixed. We can see that the length is a minimum when
Caet equals the feed concentration (Cae1/Cr=1.0) in the figure. We can also see a sharp
rising in the length at a low value of Cag1 (Cae1/Cr= 0.6). This means that the process is not
able to provide the desired performance by any column length at or below the low value of
Cae1. Figure 3 shows a sample calculation of the adsorbate-enriched gas product
concentration Cpgo for various feed inlet positions with other parameters fixed. The column
length is also fixed. The value of Cag¢ related to the feed position also plotted in the figure.
We can see that the concentration has maximum value when Cag¢ equals feed concentration
(Cae1/Ce=1.0). In the case that the column length is fixed, the process shows the maximum
performance when the feed gas is supplied to the optimum point.
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Figure 2. Required column length Le+Ls for various values of the concentration just above
feed inlet CAE1/CF
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Figure 3. Adsorbate-enriched gas concentration Cpgo/Ce at the feed pressure for various
feed inlet positions Lg/(Let+Ls) subject to fixed column length

Effect of reflux ratio

DR-PSA process is characterized by the two refluxes (stripping and enriching reflux),
and the two reflux ratios are very important for the process performance. The enriching
reflux ratio Rg and the stripping reflux ratio Rs are related by

1+ R =Rs(0, /0F) (12)

from the viewpoint of mass balance. Keeping other parameters constant, Re is naturally
determined by Rs, and vice versa. Thus, the variation of one reflux ratio is enough to
examine the resulting effect of the two ratios on the process performance. Superficial
velocity ratios upe/upa and ups/uas correlate with Re and Rs as follows.

upp /g =P/ Pp) R/ Rp)Qp/ OF) (13)
ups uys =(py/ Pp)Rs I(1+Ry) (14)

Figure 4 is the plot of the required column length against the stripping reflux ratio Rs
at various values of pressure ratio pa/pp. The feed inlet position is fixed to be the optimum
value mentioned before (Cae1=Ck). It can be seen that the reflux ratio Rs strongly affects the
required column length and has an optimum value. When Rsis a very low value, the length is
enormously long. This is because the low amount of stripping reflux gas causes insufficient
regeneration of the column. The length becomes shorter with increasing the value of Rs
because the regeneration is improved. However, at higher values of Rs, the length is slightly
increased as Rs becomes larger. Very large values of Rs increases the gas velocity in the
column especially in the enriching section undergoing the adsorption step. The large value
of uae increases Lg as you can see from equation (1) and then it consequently increases the
total length Le+Ls. It can be also seen that the pressure ratio affects the required column
length. As the pressure ratio becomes larger, the length is decreased, but the pace of the
decrease is reduced.
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Figure 4. Effects of Stripping reflux ratio Rs and the pressure ratio pa/pp on the required
column length Lg+Lg

Effect of the form of adsorption isotherm

In PSA processes, a form of adsorption isotherm has an influence on the process
performance, and it is known that non-linear and convex form is favorable for PSA. Here, the
effect of non-linearity of adsorption isotherm on the DR-PSA is examined by using Langmuir
isotherm (equation (5)). The Langmuir isotherm is plotted in figure 5 for some values of
Langmuir parameter r. As the value of r decreases, the non-linearity of the Langmuir
isotherm grows.

Dimensionless amount adsorbed, Q*(C) (-)

0 0.5 1

Dimensionless concentration, C (-)

Figure 5. Langmuir adsorption isotherm for various values of Langmuir parameter r

Figure 6 shows the plot of Le+Ls against Rs at various values of Langmuir parameter r. From
this figure, we can see that the required column length is shortened by increase in the value
of ri.e. the increase in the non-linearity. This is because that the increase in the non-linearity
improves an effective amount adsorbed and enhances the driving force Q (Ca)-Q (Cp).
Contrary to this, an excessive non-linearity reduces the effective amount adsorbed and the
driving force. This tendency will especially becomes more obvious in the enriching section
and at higher stripping ratio Rs, since a relatively large driving force can hardly be obtained
at high concentrations as we can see from Figure 5 and a large value of Rs increases the



contribution of the Lg to the total column length Le+Ls. Figure 7 shows a sample calculation
of the required column length of Lg, Ls and Lg+Ls for various values of Langmuir parameter r.
As expected, the length of the enriching section Lg increases at lower values of r.
Furthermore, the pace of the decrease in Ls is reduced as the value of r decreases.
Therefore, an optimum value of r exists.
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Figure 6. Effects of non-linearity of Langmuir adsorption isotherm r and stripping reflux ratio
Rs on the required column length Lg+Ls
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Figure 7. Required column lengths Lg, Ls and Lg+Ls against Langmuir parameter r

Conclusion

A dual reflux PSA process was analyzed theoretically by means of a simple analytic
model called the short cycle time approximation, which involves finite mass transfer rate and
non-linear adsorption isotherm. The optimum feed inlet position is found to be the point
where the adsorbate concentration in the column was equal to that in the feed gas. This
optimum condition was not affected by the form of adsorption isotherm and operating
parameters. These facts were proved mathematically, not numerically. The effect of the
reflux ratio was analyzed keeping the feed inlet position. This analysis could hardly be
carried out in experimental studies. The result showed that the reflux ratio greatly affected on



the process performance and had an optimum value. The form of adsorption isotherm was
also found to have a great impact on the performance. Relatively high non-linearity of the
isotherm improved the performance, but excessive non-linearity decreased it in the sample
calculation of this paper. Thus, there is an optimum non-linearity there. This suggests that
there is an optimum form of adsorption isotherm in relation to the operating parameters.

Although this study treats a very simplified model, it is helpful in semi-quantitative
understanding of the dual reflux PSA process since simple form solutions give any guide in
correlating the effect of variables. Moreover, mathematical manipulation like the case of the
analysis of the optimum feed inlet position is also possible.

Nomenclature
a = specific surface area in adsorption column, m?m?®
C = dimensionless concentration normalized by adsorbate-enriched product gas
concentration
Q*(C) = amount adsorbed in equilibrium defined by dimensionless adsorption isotherm
H height of a mass transfer unit (H=u/(Koam)), m
overall mass transfer coefficient based on solid phase, kg/(m?s)
Ko = (1/Ka+1/Kp) ™, kg/(m?s)
L = column length, m
m = adsorption coefficient, ratio of amount adsorbed in equilibrium with feed
concentration to feed concentration, m3/kg
= number of mass transfer units
= pressure in column, Pa
= gas flow rate, Nm®/s
R = refluxed gas flow rate, Nm®/s
= Langmuir parameter
= reflux ratio
= superficial gas velocity, m/s

CAX T PP Z

Subscripts

A = adsorption

D = desorption

E = enriching section
S = stripping section
0 = top of column

1 = bottom of column
F = feed inlet
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