This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Pressure Swing Adsorption for a System with a Langmuir Isotherm
R s . | Xiaochun Lu? Daniel Rothstein®; Richard Madey?; Jan-Chan Huang®
* DEPARTMENT OF PHYSICS, KENT STATE UNIVERSITY, KENT, OHIO » DEPARTMENT OF
PLASTIC ENGINEERING, UNIVERSITY OF LOWELL, LOWELL, MASSACHUSETTS

To cite this Article Lu, Xiaochun , Rothstein, Daniel , Madey, Richard and Huang, Jan-Chan(1988) 'Pressure Swing
Adsorption for a System with a Langmuir Isotherm', Separation Science and Technology, 23: 4, 281 — 291

To link to this Article: DOI: 10.1080/01496398808060704
URL: http://dx.doi.org/10.1080/01496398808060704

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398808060704
http://www.informaworld.com/terms-and-conditions-of-access.pdf

13: 05 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 23(4 & 5), pp. 281-291, 1988

Pressure Swing Adsorption for a System with a
Langmuir Isotherm

XIAOCHUN LU, DANIEL ROTHSTEIN, and RICHARD MADEY

DEPARTMENT OF PHYSICS
KENT STATE UNIVERSITY
KENT, OHIO 44242

JAN-CHAN HUANG

DEPARTMENT OF PLASTIC ENGINEERING
UNIVERSITY OF LOWELL
LOWELL, MASSACHUSETTS 01854

Abstract

An analytical expression is obtained for the equilibrium relationship between
the enrichment factor of the product stream and the ratio of the pressure in the
feed stream to that in the product stream for a pressure-swing-adsorption system
with a Langmuir isotherm. The enrichment factor is defined as the ratio of the
mole fraction of adsorbate gas in the product stream to that in the feed stream.
The Langmuir isotherm is characterized by two parameters k| and k,, where k is
proportional to the monolayer adsorption capacity and k, characterizes the
nonlinearity of the adsorption isotherm. It is found that the enrichment factor
decreases with increasing values of kj: thus, the nonlinearity of the isotherm
reduces the enrichment factor. A numerical calculation shows that the reduction
of the enrichment factor is significant. Also, the enrichment factor increases with
increasing values of k: thus, the enrichment factor increases as the monolayer
adsorption capacity increases.

INTRODUCTION

Since Skarstrom (/) introduced the heatless adsorption cycle in 1959,
pressure swing adsorption (PSA) has become a well-established in-
dustrial technique for the separation of gaseous mixtures. The PSA
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process is used to enrich hydrogen produced from various hydrocarbon
feedstocks (2-4), separate oxygen from air (5, 6), remove water vapor from
air (I), and enrich isotopes (7, §). PSA has advantages over other
adsorption methods in that its cyclic operation can lead to process
improvements because it requires no separate desorption steps that need
heat input and because it runs continuously with virtually no adsorbent
handling required. Despite the wide commercial application of PSA, its
theoretical understanding remains in a primitive stage. Two different
approaches to the theoretical studies of PSA are apparent. Simulations of
nonequilibrium conditions, based on either diffusion or linear-driving-
force models, have evaluated numerically the steady-state separation that
can be achieved by the PSA process, both with linear (9, 10) and
nonlinear isotherms (//-14). If mass transfer is rapid, the assumption of
local equilibrium is valid throughout the adsorder beds at all times. A
linear isotherm is used in most of these equilibrium studies (/5-19);
however, the assumption of a linear isotherm is valid only at low
concentrations of the adsorbate gas or at high temperatures. The few
equilibrium studies with nonlinear isotherms include those with Lang-
muir (/7, 20), Freundlich (2/-23), and Langmuir-Freundlich (/1)
isotherms.

The purpose of this paper is to deduce an analytical relationship
between the enrichment factor and the ratio of the pressure in the feed
stream to that in the product stream for a PSA system with a Langmuir
isotherm. The enrichment factor is defined as the ratio of the mole
fraction of adsorbate gas in the product stream to that in the feed stream.
This relationship will be based on the assumption of instantaneous
adsorption equilibrium.

MATHEMATICAL MODEL

The basic pressure-swing-adsorption cycle involves four distinct steps,
as shown in Fig. | for a PSA system with two packed beds. During Step 1,
a high-pressure feed gas is introduced into Bed 2, where adsorption takes
place. A small fraction of the product gas is reduced in pressure and used
to purge Bed 1. In Step 2, Bed 1 is pressurized with feed gas while Bed 2 is
subjected to a pressure reduction (blowdown). The blowdown causes the
desorption of some of the adsorbate which is removed during the purge
step. The same cycle is repeated in Steps 3 and 4 with high-pressure flow
and adsorption occurring in Bed 1 and desorption and purging occurring
in Bed 2.

If a packed bed in a PSA system operates under isothermal conditions,
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F1G. 1. The four steps involved in a two-bed pressure-swing-adsorption process.

and if longitudinal and radial dispersion in the gas-phase and solid-
phase diffusion are negligible, then the PSA process can be described by
the following mass-balance equation (I6) for an adsorbate flowing
through a packed bed:

e[0C/at + d(uC)/dz] + (1 — €)dq/dt = 0 (1)

Here C is the concentration of the adsorbate in the gas phase, ¢ is the
concentration of the adsorbate in the solid phase, z is the position along
the bed, u is the interstitial velocity, ¢ is the external void fraction of the
packed bed, and ¢ is the time. For an ideal gas undergoing an isothermal
process, the overall equation of continuity for the carrier gas can be
written (16)

OP/dt + d(uP)/dz = 0 )
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where P is the total gas pressure in the bed. Equation (2) assumes that the
concentration of the adsorbable component is small compared with that
of the carrier component. The Langmuir isotherm for the adsorbate
gas is

qg =k, C/(1 + k,C) 3)

where k, and &, are the two parameters that characterize the particular
gas-adsorbent system. Both paramecters decrease monotonically with
increasing temperature (24). The coefficient k, is a measure of the
nonlinearity of the isotherm. In the Langmuir theory the surface saturates
at the monolayer coverage at high pressures, which requires the
cocfficient k, (= k,q,) to be equal to k, times the monolayer adsorption
capacity g,. The nonlinearity decreases with decreasing values of k., and
as k, becomes zero. the Langmuir isotherm becomes a linear one
(g = kO

By utilizing the continuity equation and Eq. (3), rewriting the mass
balance in Eq. (1) in terms of the molc fraction in the gas phase y (= p/P)
and the parameters of the Langmuir isotherm, we obtain

e[Pdy/0t + Pudy/0:z|
+ [yoP/or + Pay/ot)(1 — e)k /(1 + koyP/RT) = @)

where the ideal gas law p = CRT has been used. Equation (4) can be
rearranged to read as follows:

le + (1 — e)k,/(1 + k,yP/RT)*|0y/0t + gu(dy/0z)

+ [(1 — e)k,y/(1 + k.yP/RT)*|0 InP/dt =0 (5)
Equation (5) is a quasi-linear first-order partial-differential equation
which can be solved by the method of characteristics (25). This method

yields the following pairs of ordinary differential equations:

dz/eu

1]

dt/le + (1 — e)k,/(1 + k,yP/RT)?|

—dy/|(d In P/dt)(1 — g)k /(1 + k,yP/RT)’] (6)

Here the partial derivative of In P is replaced by the total derivative
because the pressure P changes only with time if the frictional pressure
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drop in a single bed can be neglected (/, 13). Rearrangement of the
second equality of Eq. (6) yields:

~dInP/dIny = ¢[(1 + k,yP/RTY* /(1 —e)k,] + 1 )

Introduce the dimensionless variables:
S =P/Py (8)
Y=y/yn 9

Here the subscript H refers to quantities at high pressure in the feed
stream. Let the subscript L denote quantities at low pressure in the
product stream; then, when P = P andy = y,,S, = P,/Pyand Y, = y, /yy.
The quantity 1/S, is the pressure ratio P,/P,, and Y, is the enrichment
factor of the product stream. Equation (9) can be rewritten in terms of
these dimensionless variables:

—diInS/dInY =1+ a[l + ky(yyPy)SY/RT}/k, (10)
where
a=¢g/(l —¢g) (1)
Define the following two dimensionless parameters;
Y = ky(uPy)/RT = k,Cy (12)
B=oa/k,=aCy/lgs(1 +¥)] (13)

The quantity y is the product of the nonlinearity factor k, and Cy, the
adsorbate gas concentration at high pressure. The right-hand member of
Eq. (13) follows from the Langmuir isotherm Eq. (3) and the fact that the
coefficient k, is independent of concentration. If y <1, the system
behaves as a linear system. If y > 1, the solid phase will be saturated by
the adsorbate. When y = 1, the order of magnitude of parameter B is
given by the volume of the bed divided by the volume of the gas
processed. Equation (10) can now be written in dimensionless form:

~dInS/dInY = 1+ (1 + ySY)? (14)

In order to solve Eq. (14) for S as a function of Y, let
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V=SY (15)
Then Eq. (14) can be rewritten:
—dInV/(1+yV)Y=BdInY (16)
Integration of Eq. (16) from Py to P results in

~InSY+In[(1+yS/A+7)] -1/ +yS)=BInY—1/(1 +7)

(17)
Since Y = Y, when S = §,, Eq. (17) becomes
=In(S,.Y,) + In[(1 + S, Y)/(1 +v)] — 1/(1 +vS.Y,)
=BInY, - 1/(1+7) (18)

or

(1 +v8,Y,)/(1 =S8, Y)] In[(1+7vS,Y,)/(1+ Y)YEHSL] =v/(1 +v)
(19)

Equations (18) and (19) are the required relationships between enrich-
ment factor ¥, and the pressure ratio 1/S; for a PSA system with a
Langmuir isotherm. For a linear isotherm, &, (or y) equals zero, and Eq.
(18) reduces to

Y, = §pVrekp (20)

which is the result of Shendalman and Mitchell (16).

DISCUSSION

To examine how the nonlinearity of the Langmuir isotherm affects the
enrichment factor, the enrichment factor is plotted in Fig. 2 versus the
pressure ratio with three values of y for two different values of B. A value
of y = 0 yields a linear isotherm at all pressures; for | = y =k,Cy, one
can see from the isotherm Eq. (3) that one-half of the available surface is
occupied at the high pressure py; for y = 10, the adsorbent is virtually
saturated at the high pressure. The values of y are typical of Langmuir
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Fi1G. 2. The enrichment factor versus the pressure ratio in a PSA system for three different
values of v at B = 0.05 and B = 0.005.

isotherms (26-28) which show considerable departure from linearity. The
values of 8 were chosen at the upper end of the literature range to
exaggerate the effects of y. An increase of ¥ above unity quickly reduces
the efficiency of the bed. The linear case gives the maximum enrichment
factor for the given values of § and the pressure ratio. As can be seen in
Fig. 2, the effect on the enrichment factor of increasing the nonlinearity
parameter y is much larger for the larger value of . For y=1, at a
pressure ratio of 10, the enrichment factor is reduced by 20% from the
linear case for B = 0.05; however, at B = 0.003, the reduction is only 4%.

In Fig. 3 the enrichment factor for two values of v is plotted as a
function of the pressure ratio with three values of the parameter § (viz.,
different values of k,). The adsorption of 105 ppm methane on activated
carbon at 298 K has a linear isotherm (29) with a dimensionless
adsorption capacity of 40; thus, since a = 1.3 for this adsorbent, the value
of B is 0.032. The adsorption capacity increases with the molecular weight
of the adsorbate; therefore, the value of B for heavier gases will be smaller.
Considering the use of different adsorbents, an upper limit of 0.05 for the
value of B was chosen. For a given pressure ratio, the enrichment factor
decreases with increasing B; that is, the enrichment factor decreases as
the monolayer adsorption capacity decreases, which means that a smaller
adsorption capacity implies a smaller enrichment factor. Also, as shown
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FIG. 3. The enrichment factor versus the pressure ratio in a PSA system for three different
values of B at y = 1.0 and y = 10.

in Fig. 2, the enrichment factor decreases with increasing values of the
nonlinearity parameter y. For values of y > 1, the surface saturates and
the enrichment factor becomes quite small; physically, very little gas can
be desorbed since the isotherm is nearly flat near saturation. For this
reason, the PSA system should be operated away from the saturated
condition and close to the linear region. The enrichment factor versus
pressure ratio curves for § <0.001 are virtually indistinguishable. For
sufficiently low values of B, the enrichment factor is equal to the pressure
ratio.

The separating ability of the PSA system with a Langmuir isotherm
can be compared to that for a PSA system with a Freundlich isotherm
(23). For both isotherm types the relation between the pressure ratio and
the enrichment factor can be described in terms of a nonlinearity
parameter and the adsorption capacity at the feed pressure. For the
Langmuir isotherm, the dimensionless nonlinearity parameter is the
quantity (1 + vy); for the Freundlich system, it is the exponent of the
Freundlich isotherm. These two nonlinearity parameters are not com-
parable quantitatively because the Freundlich coefficient cannot exceed
unity, and the parameter y has an explicit pressure dependence which the
Freundlich exponent does not. In each case, a second dimensionless
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parameter § is inversely proportional to the product of the adsorption
capacity and the nonlinearity parameter. The enrichment factor depends
strongly on the pressure range. A PSA system with a Langmuir isotherm
does not show a significant improvement in separating ability over the
Freundlich system. At high pressures the saturation of the adsorbate
reduces the enrichment factor. Even at low pressures where the Langmuir
is essentially linear, the difference in separating ability between the two
types is not large (23).

Both k; and k, decrease monotonically with increasing temperature
(24), and an increase in k,; increases the total gas processed in unit time,
while an increase in k, decreases the enrichment factor; therefore, there is
an optimum operating temperature for enriching a gas in an inert carrier.
When two adsorbate gases are present, the situation will be more
complicated depending on whether the two gases interfere with each
other (30).

CONCLUSION

We examined the pressure-swing-adsorption process for a system with
a Langmuir isotherm and instantaneous adsorption equilibrium, and
obtained an analytical relation between the enrichment factor of the
product stream and the ratio of the pressures in the feed and purge
streams. The enrichment factor for a Langmuir system is reduced
significantly compared with a linear system.
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SYMBOLS

gas-phase concentration of adsorbate (mol/cm’®)
Langmuir isotherm constant

Langmuir isotherm constant (cm’/mol)

partial pressure in adsorbate gas (mmHg)

total pressure in the bed (mmHg)

high pressure in feed gas stream (mmHg)

low pressure in product stream (mmHg)
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solid-phase concentration of adsorbate (mol/cm’®)

monolayer adsorption capacity (mol/cm?)

inverse of pressure ratio

time (s)

interstitial velocity (cm/s)

constant defined in Eq. (15) (= SY)

gas-phase mole fraction of adsorbate

gas-phase mole fraction of adsorbate in the high-pressure feed
stream

gas-phase mole fraction of adsorbate in the low-pressure product
stream

enrichment factor of product stream

longitudinal position in bed (cm)

constant defined in Eq. (11)

void fraction of adsorber bed

constant defined in Eq. (13)

constant defined in Eq. (12)
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