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

AND TECHNOLOGY

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

A SIMPLE PARAMETER FOR SELECTING AN ADSORBENT FOR GAS

SEPARATION BY PRESSURE SWING ADSORPTION
Salil U. Rege®; Ralph T. Yang®
2 Department of Chemical Engineering, University of Michigan, Ann Arbor, ML, U.S.A.

Online publication date: 30 November 2001

To cite this Article Rege, Salil U. and Yang, Ralph T.(2001) 'A SIMPLE PARAMETER FOR SELECTING AN ADSORBENT
FOR GAS SEPARATION BY PRESSURE SWING ADSORPTION', Separation Science and Technology, 36: 15, 3355 —
3365

To link to this Article: DOI: 10.1081/55-100107907
URL: http://dx.doi.org/10.1081/SS-100107907

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan 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 conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges 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/10.1081/SS-100107907
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 40 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 36(15), 3355-3365 (2001)

A SIMPLE PARAMETER FOR SELECTING

AN ADSORBENT FOR GAS SEPARATION
BY PRESSURE SWING ADSORPTION

Salil U. Rege and Ralph T. Yang*

Department of Chemical Engineering,
University of Michigan, Ann Arbor, MI 48109, USA

ABSTRACT

A simple parameter is proposed for comparing the performance of
two or more adsorbents for a particular binary gas separation by
pressure swing adsorption. The parameter is most suitable for sep-
arations based on differences in equilibrium adsorption capacity
rather than on differences in adsorption kinetics. The two main
components of the parameter are the ratio of the delta loadings (dif-
ferences in adsorbed amounts at high and low pressures) of the 2
gases (Aqi/Ag,) and the equilibrium selectivity (o) of the sor-
bent for the strongly adsorbed species. A dimensionless sorbent se-
lection parameter (S) is defined. For a given separation, the sorbent
that yields the highest S value is the best sorbent. In the cases of
sorbate-sorbent systems showing Langmuir-type isotherms,

_ Aq (mel)
Ag> \ gsobs

This parameter is simple to calculate and is sensitive to sub-
tle differences in adsorption isotherms. The effectiveness of the
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proposed parameter was demonstrated through two examples of air
separation using molecular-sieve zeolites.

INTRODUCTION

In the recent past, pressure swing adsorption (PSA) has emerged as an eco-
nomical and popular process because it suits a wide variety of gas separation ap-
plications. It is particularly adaptable for low volume production (1,2). The com-
mercial success of the PSA process has resulted in extensive research that has led
to the discovery of a broad range of adsorbent materials for each application.
These adsorbents are typically microporous materials, such as zeolite molecular
sieves, activated carbon, and polymeric resins, either in their original form or as
modified by techniques such as ion exchange. The separation of the gas mixture
into its components occurs either by virtue of a preferential affinity of the adsor-
bent surface for one of the components (equilibrium separation) or due to a dif-
ference in uptake rates due to differing diffusivities (kinetic separation).

During the process development stage, several adsorbents may be identified
as suitable materials to effect a viable separation for a particular application. The
preliminary viability can be judged by a visual comparison of the isotherms and/or
the uptake rates of the pure components of the gas mixture. However, a cursory
visual inspection can be misleading and does not quantify the merit or the effi-
ciency of the sorbent for the separation under consideration. For a detailed com-
parison of adsorbent performances, completion of lab-scale PSA experiments that
use a suitable cycle or computer simulations with a proven mathematical model is
necessary. These techniques are time consuming, and a quick and easily calcula-
ble parameter is highly desirable for selecting the optimum sorbent for a particu-
lar gas-separation application.

A simple method for determining sorbent selectivity, which involved taking
the ratio of Henry’s law constants, was proposed by Knaebel (3). This rough esti-
mate for selectivity can serve as a crude sorbent-selection parameter. A more pre-
cise estimate can be obtained through a comparison of the isothermal, binary,
working selectivity of the sorbents as defined by Gaffney et al. (4). An adiabatic
separation factor, computed by taking the ratio of working capacities determined
under nonisothermal, multicomponent conditions, was proposed by Ackley (5).
By taking the product of working capacity and adiabatic separation factor, Ackley
et al. (6) compared the relative merits of different sorbents for a particular gas-sep-
aration application. An example of a sorbent parameter appears in a patent, as-
signed to Notaro et al. (7), that addresses the separation of N, from air. This pa-
rameter, termed the “adsorption figure of merit” (AFM), was defined as follows:

2
QXads

AFM = AN, —% (1

des
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where AN, was the difference between N, adsorption amounts at high and low
pressures, and o, g5 and oges Were the adsorption selectivities under adsorption and
desorption conditions. The AFM was used to assign the zones in which different
adsorbents would be used in a layered bed configuration. However, the reasoning
behind the AFM was not explained by Notaro et al. (7) and so this parameter is
used as an empirical rule of thumb. Also, this parameter is not dimensionless and
so its general use is restricted.

Building on the various methods described above, we propose a simple pa-
rameter for comparing two adsorbents for a particular binary gas separation on
the basis of their equilibrium adsorption capacities. The parameter is composed
of two factors, including one related to the equilibrium selectivity of the sorbent,
which is an inherent property of the sorbent. The other factor is related to the
working capacity of the sorbent, which is defined as the difference in the ad-
sorbed amount at the adsorption and the desorption pressures. Thus, the latter
factor is related to the particular PSA cycle employed for the separation. The ap-
plicability of the parameter is demonstrated with two examples from an air sep-
aration process.

Theoretical Basis for the PSA Parameter

A parameter for the selection of an adsorbent should have the following at-
tributes: It should be readily estimable without complicated calculations, and it
should incorporate the essential nature of the isotherms under the PSA operating
conditions. The conditions will dictate the selectivities and hence the perfor-
mances of the adsorbents. The PSA parameter discussed in this work applies only
to sorbents with negligible mass-transfer limitations or, at most, those that have
close diffusivity values for both components. We also assumed that the adsorption
isotherms follow Langmuir behavior; that is, the sorbents exhibit monolayer cov-
erage as the saturation pressure is approached and have an energetically homoge-
neous surface. However, this parameter can be easily extended to other isotherm
models as well. The Langmuir equation for a pure component can be written in the
following form:

_ qumbiP;
T T3 bip, @

where ¢; is the molar adsorbed amount.
For a binary mixture, the above equation can be extended to predict mixed
adsorption amounts as follows (1):

_ Gim;bi P; 3
%= T+ b,P, + byP, ©)
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The first factor in the PSA parameter is the equilibrium selectivity (o ) and is de-
fined as follows:

X1 Y2

Q12 X 4)
where x, x, are the mol fractions of the two components on the adsorbent surface,
and yy, y, are the corresponding mol fractions in the gas phase. We assumed that the
components on the adsorbed surface are the more strongly adsorbed species
throughout this work. Using the extended-Langmuir equation (Eq. 3) in conjunction
with the definition given in (Eq. 4), the adsorbent selectivity for the surface adsor-
bents is shown to be a constant for the entire range of partial pressures as follows:

&)

The product (gm;b;) corresponds to the initial slope of the isotherm, or
Henry’s constant, for component i. Hence, the adsorbent selectivity is equivalent
to the ratio of the initial isotherm slopes of the two components. The selectivity
has resulted in a constant value simply because of the nature of the Langmuir
isotherm. However, if a different model, such as the loading ratio correlation
(LRC, also known as the Langmuir-Freundlich model), is used, the selectivity is
likely to be dependent on the operating pressures of the PSA cycle.

Another important factor for PSA separations is the change in the adsorbed
amounts of the two components upon pressure cycling. The working capacity of
a sorbent typically refers to the strongly adsorbed species and is defined as the dif-
ference between the adsorbed amounts at the adsorption (high) pressure and the
desorption (low) pressure. Strictly speaking, the working capacity should be de-
fined with respect to the adsorbed amounts under the mixture conditions (that is,
through the use of a binary component isotherm). However, a pure component
isotherm can be sufficient to make a facile calculation of the parameter. A ratio of
the working capacities of the 2 components would provide information about the
adsorption performance for a particular PSA cycle. Hence, the second factor of the
parameter is the working capacity selectivity ratio and is defined as:

Aql
— 291 6
Ads (6)

With the 2 contributing factors to the parameter, the PSA sorbent selection
parameter (S) can be written as follows:

S = W'OLI,Z (7)
or in its expanded form (using the Langmuir isotherm):

_ Aql . qmlbl

S =
qu szbz

®)
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The above parameter can be used to compare the performances of two sorbents.
The better sorbent will have a higher S value.

The AFM similarity to the parameter S (Eq. 8) now becomes obvious. If the
equilibrium adsorption data seems to give a good fit to the Langmuir equation (as
is usually the case for the common gas-separation applications), then the selectiv-
ity a1 » would not be significantly different under adsorption and desorption con-
ditions. As a result, 02y./0ges would reduce to a2, as is the case with the param-
eter S proposed in this work. Also the AN, (or Ag,) factor is common to both
parameters; the only difference is the addition of the parameter Ag, in the de-
nominator. The latter parameter serves to increase the sensitivity of the S param-
eter, and more important, makes it a nondimensional value.

PSA Cycle Description

To demonstrate the usefulness of the PSA selectivity in comparing adsor-
bent performances, examples from previously published PSA simulation results
were used. Both of these examples deal with the production of O, through its
separation from N, present in atmospheric air. The 2 pairs of sorbents to be
compared were 1) LiX (Al/Si = 1.0, 100% Li* exchange) and NaX, and 2) LiX
(Al/Si = 1.0, 100% Li* exchange) and LiAgX (Al/Si = 1.0, 1.1 Ag™ per unit
cell). These 2 pairs have been previously analyzed for their performances on air
separation by PSA though computer simulations that used a proven model by
Rege and Yang (8) and Hutson, Rege, and Yang (9).

A 5-step PSA cycle was used for both sorbent groups in this study. The steps
involved in each cycle were as follows: 1) pressurization with the feed gas of 22%
O, (mixture of O, with Ar impurity included) and 78% N,; 2) high pressure ad-
sorption with the feed gas (feed step); 3) co-current depressurization; 4) counter-
current blowdown; and 5) countercurrent low-pressure purge with the product of
the feed step (oxygen).

All the above steps were of equal duration (30 seconds). Thus the time re-
quired for the completion of each PSA cycle was 2.5 minutes. The model assumed
only 2 adsorbable components: O, and N,. The less strongly adsorbed species,
such as Ar, were grouped with O,, and all contaminants in air, such as CO, and
water vapor, were assumed to be removed completely through pretreatment beds
prior to feeding. Each cycle product was comprised of a volumetric mixture of the
feed-step output stream and the co-current depressurization step. This product
stream was partly used to purge the bed countercurrently in step no. 5. The gas was
fed to the PSA beds at 298 K.

For the model used, we assumed an adiabatic bed, a negligible pressure drop
in the bed, and axial dispersion. Further details about the simulation model used
as well as the numerical method are discussed in detail in (8,9). The merit of the
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sorbent pairs was judged by subjecting them to similar PSA cycles and studying
the performance parameters, such as product purity, recovery, and throughput.
The cycle parameters were adjusted so that two of these performance parameters
were nearly constant and the third was compared to determine the better sorbent.
The product recovery and product throughput were defined as follows:

(O, from steps 2 and 3) — (O, used in steps 5) 9
(O, fed in steps 1 and 2) ®)

product recovery =

amount of O, produced per hour (kg/h)

product throughput = amount of adsorbent used in the bed (kg) (10)
. Amount of O, used in step 5

Purge-to-feed ratio = Amount of O, fed in steps 1 and 2 an
RESULTS AND DISCUSSION

The first group of sorbents considered included LiX (Al/Si = 1.0, 100% Li*
exchange) and NaX (13X) zeolites. The Langmuir equation parameters for the N,
and O, isotherms at 298 K for this group as well as LiAgX are summarized in
Table 1. The results of the PSA simulation runs with corresponding process pa-
rameters previously given by Rege and Yang (8) are shown in Table 2. The per-
formances of the adsorbents for air separation to give about 95% pure O, product
(with Ar impurity included in the O, product) were determined by keeping the
product throughput fixed at approximately 0.03 kg O,/h-kg sorbent at constant
product purity. Pressure ratios (Py/Py) from 2—-10 were considered. LiX had been
shown to be a superior sorbent to NaX in the entire range of pressure ratios (8).
The sorbent parameter S was computed for each of these cases and was plotted
against the O, product recovery as shown in Fig. 1. The figure clearly shows an
increasing product recovery with an increased value of the sorbent parameter.
More important, the value of S for the LiX sorbent is much greater than that for
NaX, which shows that it is a valid parameter for comparing sorbents.

Table 1. Langmuir Parameters for N, and O, Isotherms at 298 K on Adsorbents

N2 02
Adsorbent g5 (mmol/g) b (atm™ ") gs (mmol/g) b (atm™ ")
LiX (Si/Al = 1) 2.653 0.946 2.544 0.086
NaX 0.982 0.901 0.276 0.624
LiAgX 2.635 1.170 1.863 0.131

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 2. PSA Simulation Operating Conditions, Performance Results (8), and PSA
Parameter S for the Comparison of LiX and NaX Adsorbents for Air Separation

LiX adsorbent

Pressure Purge-to-Feed Pcp O, Product PSA

Ratio Py/Pr. Ratio (atm) Recovery (%) Parameter S
2 0.44 0.80 53.5 201.7
3 0.23 0.70 61.9 220.9
4 0.13 0.70 63.3 232.0
5 0.09 0.70 64.1 239.3
6 0.06 0.65 65.3 244 .4
7 0.04 0.65 65.3 248.1
8 0.03 0.65 64.5 251.0

10 0.02 0.65 64.7 255.2

NaX (13X) Adsorbent

Pressure Purge-to-Feed Pcp O, Product PSA

Ratio Py/Pr. Ratio (atm) Recovery (%) Parameter S
2 0.80 0.85 20.0 110.40
3 0.49 0.80 42.3 118.29
4 0.46 0.70 53.3 122.82
5 0.35 0.70 53.4 125.77
6 0.27 0.70 53.2 127.83
7 0.21 0.70 52.8 129.36
8 0.18 0.67 52.8 130.54

10 0.14 0.67 53.1 132.24

LiX (Al/Si = 1, 100% Li* exchange)
Py = 1.0 atm; Average product purity = 95.5%; average product throughput = 2.7 X 1072
kg O,/h-kg sorbent.

The second group studied consisted of LiX and LiAgX sorbents. The N, and
O, isotherms for these sorbents, as well as a comparison of their performances as
sorbents for air separation, appear in Hutson, Rege, and Yang (9). The parameters
of the PSA cycle as well as the corresponding PSA sorbent selection parameters
are shown in Table 2. Two different cycles were used with different adsorption
and desorption pressures. The product purity and recovery in each run were kept
roughly the same for both the sorbents by manipulating the PSA parameters, and
the product throughputs were compared. As was shown by Hutson, Rege, and
Yang (9), the LiAgX sorbent (with 1 Ag* per unit cell) showed a 12% higher
product throughput than did the LiX sorbent. This is a result of slightly higher N,
loading on LiAgX compared to that on LiX. The product throughput values for the
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Figure 1. O, product recovery (%) versus PSA parameter S for the comparison of LiX
and NaX adsorbents for air separation at different pressure ratios. Refer to Table 2 for ad-
ditional details.

2 runs were plotted against the PSA parameter S and is shown in Fig. 2. Although
the two sorbents showed subtle performance differences, the better performance
of the LiAgX sorbent is reflected accurately by the parameter. In both cases, S was
higher for LiAgX than it was for LiX under the noted operating pressures. Thus,
the proposed parameter is shown to be sensitive to even slight differences in the
adsorption isotherms.

7.5
7.0 7 o
< 7/

== 6.5 A i
g‘i 7 & LiAgX
'508 6.0 o LiX
o=
o=
= 3
- o0 5.5 L
e -~
"Ge 2
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4.0 L t . t
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S= (Aq1 /Aqg)OC].z

Figure 2. O, product throughput (kg O./h-kg adsorbent) versus PSA parameter S for the
comparison of LiX and LiAgX adsorbents for air separation under different cycle condi-
tions. Refer to Table 3 for additional details.
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Table 3. PSA Simulation Operating Conditions, Performance Results (9), and PSA Pa-
rameter S for the Comparison of LiAgX and LiX Adsorbents for Air Separation

Run 1.
02 02 Product
Product  Product Throughput PSA
Py P Pcp Purity  Recovery (kg Ox/h-kg Parameter
Sorbent (atm) (atm) (atm) (%) (%) adsorbent) X 10? S
LiX 1.0 0.33  0.70 96.11 62.03 4.84 220.9
LiAgX 1.0 0.33  0.69 96.42 62.74 5.40 235.6
Run 2.
O, O, Product
Product  Product Throughput PSA
Py Py Pcp  Purity  Recovery (kg Oy/h-kg™'  Parameter
Sorbent (atm) (atm) (atm) (%) (%) adsorbent) X 10? S
LiX 1.2 0.4 0.70 90.68 78.02 6.31 196.9
LiAgX 1.2 0.4 0.71 90.83 78.48 7.01 207.0

LiAgX (1 Ag™ per unit cell) and LiX (Al/Si = 1, 100% Li" exchange). Py = 1.0 atm.

CONCLUSIONS

A new sorbent selection parameter was proposed to discriminate between
two or more candidate adsorbents of a particular binary gas-separation application
by PSA. The parameter applies mainly for separations affected by a difference in
equilibrium isotherms rather than separations driven by a difference in adsorption
kinetics. The two main components of the parameter are the ratio of the delta load-
ings (Ag1/Aq») of the two components and the equilibrium selectivity (a; ») of the
sorbent for the strongly adsorbed species. For sorbents showing Langmuir-type
isotherms, the parameter

5= A6]1 (6151]?1>
Ag> \ gsabr

This parameter is simple to calculate and is sensitive to subtle differences in ad-
sorption isotherms. The effectiveness of the proposed parameter was demon-
strated by 2 examples from air separation processes.

NOMENCLATURE

b; Langmuir parameter (atm ™~ D)
P; partial pressure (atm)
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qi amount adsorbed (mmol/g)
Gmi monolayer saturation amount (mmol/g) = g,;
S sorbent selection parameter for PSA (-)
w working capacity ratio
X; adsorbed phase mol fraction
Vi gas phase mol fraction
Greek Symbols
Q equilibrium selectivity (xy/x;)(yy/yi)
Subscripts
ads adsorption step
des desorption step
H high pressure (adsorption)
L low pressure (desorption)
CDh co-current depressurization pressure
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