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Preface

i

Although pressure swing adsorption (PSA) is not a new process, (t 15 really
only durmg the past decade that such processes Have achieved widespread
commercial acceptance as the technology of choice for more than a few
rather specific applications. Nowadays, however, PSA processes are widely
used, on a very large scale, for hydrogen recovery and air separation, and
further important applications such as recovery of methane from landfli gas
and production of carbon dioxide appear to be smminent. The suggestion for
a book on this subject came from Attilio Bisio, to whom we are aiso mdebted
for his continuing support and encouragement and for many helpful com-
ments on the draft manuscript.

The authors also wish to acknowiedge the seminal contributions of two
pioneers of this field, the late Frank B. Hill and Robert L. Pigford. Several of
their publications are aited in the present text, but their influence ts far
broader than the citations alone would suggest. Suffice 1t to say that much of
the book would not have been written without their encouragement and the
stimulus provided by their widsom and insight. Several graduate students and
post-doctorais ttave made mator contributions, most of which are recognized
explicitly by citations. Fowever, they, as well as others whose work may not
have been directly referenced, also contributed 1n a very real way by helping
the authors, through discussion and argument, to understand and appreciate
some of the subtleties of PSA systems. It would be remiss not to mention by
name M. M. Hassan, J. C. Kayser, N. S, Raghavan, and H. S. Shin.

This book i not mtendéd as an exhaustive review of PSA technology,
neither is it a design manual. Rather, we have attempted to present a
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coherent general account of both the technology and the underlying theory.
Perhaps more than in other processes the rational design and optinuzation of
a pressure swing adsorption process requires a reasonably detailed mathe-
matical model. The two commonly used approaches to PSA modeling,
equilibrium theory, and dynamic numerical simulation are discussed 1n some Contents
detail in Chapters 4 and 5. Inevitably these chapters are somewhat mathe-
matical m approach. The details may be mmportant only to those who are
involved n process design and optimization but we hope that the more
general reader will still be able to gain some insight concerning the underly-
1ng principles and the strengths and iimitations of the various approaches.

A three-way collzboration between authors mevitably raises some diffi-
culties since it becomes hard to mantain consistency m style and emphasts
and to avoid repetition between different sections of the text. We hope,
frowever, that the advantages of a more authoritative treatment of the subject
will more than compensate for any such deficiencies. From our perspective
the collaboration has proved interesting and instructive, and we have encoun- |
tered no serious disagreements amongst ourselves.

UNB, Fredericton, Canada

D. M. Ruthven
National University of Singapore S. Farooqg
June 1993
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CHAPTER

1

Introduction

Pressure swing adsorntion (PSA) 13 not a new process and, like most good
mventions, with the advantage of hindsight the priaciple appears obvious. As
m all adsorption separation processes, the essential requirement 1s an adsor-
bent that preferenualiy adsorbs one component {or one family of related
components) from a mixed feed. This selectivity may depend on a difference
i adsorption equilibrium or on a difference i sorption rates (kinstic
selectivity). In certain cases the difference i rates may be $0 great that the
stower-diffusing species 18 in effect totally excluded from the adsorbent
(size-selective sieving), and in this siuation a verv efficient separation can
obviously be achieved.

All adsorption separation processes involve two praipal steps: (1) adsorp-
trion, during which the preferentially adsorbed species are picked up from the
feed; (2) regeneration or desorption, duning which these species are removed
from the adsorbent, thus “regeneratning” the adsorbent for use in the next
cycie. The general concept 15 shown in Figure 1)1, 1t is possible 1o obtain
useful products from either the adsorption or regeneration steps or from
both steps. The effluent durtng the adsorption step is purified “raffinate™
product from which the preferentially adsorbed species have been removed.
The desorbate that 15 recovered durmg the regeneration step contamns the
more strongly adsorbed species mn concentrated form (relative to the feed)
and 1s sometimes called the “extract” product.

The essential feature of a PSA process 15 that, during the regeneration
step, the preferentally adsorbed species are removed by reducing the total
pressure, rather than by raising the temperature or purging with a displacing
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ageni {although a low-pressure purge step 1s commonly tnctuded in the cycle).
The process operates under approximately isothermat conditions so that the
useful capacity 18 the difference i loading between two pomts, corresponding
to the feed and regeneranion pressures, on the same sotherm [Figure 1. 1(a)l.
Figure 1.1(b) shows schematically the movement of the concentration profiles
during the high-pressure feed and low-pressure regeneration steps. The feed
step 1s normally terrminated before the more strongly adsorbed component
breaks through the bed, while the regeneration step 1s generally terminated
before the bed is fully desorbed. At cyclic steady state the profile therefore
oscillates about a mean position in the bed.

A major advantage of PSA, rciative to other types of adsorplion process
such as thermal swing, 18 that the pressure can be changed much more
rapidly than the temperature, thus making 1t possible to operate a PSA
process on a.much faster cycle, thereby mcreasing the throughout per unit of
adsorbent bed volume. The major limitation s that PSA processes are
restricted to components that are not too strongly adsorbed. If the preferen-
tially adsorbed species is too strongly adsorbed, an uneconomically high
vacuum is required to effect desorption during the regeneration step. Thus,
for very strongly adsorbed components thermal swing is generally the pre-
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farred option since a modest change of temperature produces, in gen@ﬂl, a
relatively large change n the gas—solid adsorption equilibrium constam. .

PSA processes are no more complex than most of the more c_onvennon_al
separation processes, but they are different in one essential teznurle:. the
nrocess npe-ra(cs under transient conditions, wherf_:as MOost Processes m_Jch as
:dhsormioh, extraction, and distiltation operate undér steady-state conditions.
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Figure 1.2 The growth of PSA iechnology from 1975 to 1990 as shmfvln hy 15::3
numbers of patenis and (b) numbers of publications, (Courtesv of Dr. S. Sircar,
Products and Chemicals, Inc.)
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As a result, both the concepfual framework and the destgn proceduses are
quite different. This difference can best be explained in mathematical terms,
A steady-state process can be described mathematically by an ordinary
differential equation (or a set of ordinary differential equations), and to
obtain the relationship between the operating variables and the process
performance reaquires only the integration of this set of equations. By
contrast, a transient process 18 described by a set of partial differential
equations and this requires a more complex solution procedure. As a result
the relationship between the process performance and the operational vari-
ables 1s generally less obvious. Procedures for the design and scaleup of PSA
units are for the most part available i the open hiterature. However, they
have not yet been generally accented as part of the normal chemical engi-
neening curriculum and, as a resuit, a certain air of mystery persists.

Despite thew early inception, 1t was really only during the 1980s that PSA
processes gamed widespread commercial acceptance. This s illustrated
Figure 1.2, which shows a plot of the annual numbers of publications and
U.S. patents relating to PSA processes against the year, The reasons for this
unusually long delay between the mmvention and commercialization of such
processes are not entirely clear, but it seems likely that the opposition of
entrenched nterests in the cryogenic gas industry and the lack of familiarity
with the underlying principles among practicing engineers were probably
significant factors. Duning the 1970s nterest in alternative separation pro-
cesses was stimulated by the escalation of energy costs associated with
the nising price of crude oil. Although energy costs fell during the 1980s, the
impetus fo examine alternative processes and to match the technology to the
product specifications has continued,

1.1 Historical Development of PSA Processes

The mtroduction of PSA processes 1s commonly attributed to Skarstrom' and
Guerin de Montgareuil and Dommne? 1n 1957-1958, However, many of the
essential features of this type of process were delineated much earlier in the
papers of Kahle*? and in the pioneering patents of Hasche and Dargan,’
Perfey,® and Finlayson and Sharp.™ which were filed between 1927 and 1930
but have been largely overlooked by more recent authors. The Air Liguide
process, deveioped by Guerin de Montgareuil and Domine, utilized a vacuum
swing, whereas the Esso process, pioneered by Skarsirom, used a low-pres-
sure purge to clean the adsorbent bed following the blowdown step. Details
of both cyctes, which are still ;m common use, are given in Chapter 3. Some
other key dates wmn the chronological development of PSA technology are

* The authors are grateful to Dr. Norman Kirkby of the University of Surrey for pomting out
this reference.
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Table 1.1. Milestones in the Historcal Developrment of PSA Processes®

Date

1630-1933  First PSA palents ssued to Finlayson and Sharp (UK. 365,092),
Hasche and Dargan (U.S. 1,794,377}, and Perlevi(U.$, 1,896,916)

1953954 Papers by H. Kahle™* outlining the principle of PSA (including heat storage?
and giving delails ot a PSA process for removal of CO,, hydrocarbons. and
water vapor from aw

1955-1956 Svathetic zeolites produced commercially ‘ _

19571958 French patent 1,223,261, P. Guerin de Montgarewil and D. Domine (Air
Liguide)?; the * vacuum swing” PSA cvele is described. U.S. Patent
2,944,627, C. W. Skarstrom (Esso Research and Engineering)'; the low-pressure
purgé step 15 miroduced, and the importance CORLAMING the thermal wave 15
emphasized

1960-1965 Development and commercialization of the “Heatless Drier” for sma.Hvscale ar
drying and earlv verstons of the " Isosiy” process tor separatson of linear
hvdrocarbons i

1965-1970 Development and commercialization of PSA hvdrogen purification

1970-1972 First large-scale O, PSA processes :

1972-1973 O, selective carbon sieves produced commercially:

1976 PSA nitrogen process using CMS adsorbent
19761980 Smali-scale medical oxygen umis
1982 Large-scile vacium swing processes for air separation
1988 Second generation zeolite adsorbents for air separalion by vacpum Swing,
making VSA competitive with crvogenic distilauon up to 100 1ons /day

4 Gee also R. T. Cassidv and E. S. Holmes, AIChE. Symp. Sertes RO(233) 6875 (1984).

summarized in Table i.!. The patents mentioned are discussed m greater
detail in Appendix C.

1.2 General Features of a PSA Process

There are five general features of a PSA system that to a large extent explam
both the advantages and limitations of the techndlogy and hence determine
the suitability for a given application:

1. Product purity. The raffinate product (the less strongly adsorbed or
slower-diffusing species} can be recovered In veéry pure form, whereas the
extract product {the more strongly adsorbed or faster-diffusing sgecies) 1S
generally discharged in impure form as a byprotiuct. Vanous madifications
ta the cycle are possible to allow recovery of the preferentially adsorbed
species. However, these all add complexity to the cycle: so the process fits
best where a pure raffinate product is required.

2. Yield or fractional tecovery. In a PSA process, the fractional recovery
(i.e., the fraction of the feed stream that is recovered as pure p.zfo.cluct) 15
generally relatively low compared with processes such as distillation,




PRESSURE SWING ADSORPTION
ubm.n'ptinn. or extraction. The recovery can be nereased by ncluding
_acldnlnqnul steps an the cvele and by snereasing the number of adsorbent

beds, bu_t both these modifications mcrease the capital cost, A PSA
process therefore fits best when the feed is relatively cheap so that a high
product vield is not a matter of primary concern.

. Cor?centration of trace impurities. Where a highly selective adsorbent 1s
available a PSA process can provide a valuable means of cone :
frace impuritics, but this
significant extent,

: enfrating
application has not yet been dgeveloped to any

. Energy requirements. Like most scparation processes, the energy effi-
ciency of a PSA process 1s refatively low. The First Law efficiency (sep-
aration work relative to energy consumed) 15 1n {act comparable with that
of processes such as distillation or extraction, but a PSA system uses
mechamcal energy, which is in general more expensive than heat. The
POWET cost is the major component of the operating cost for a PSA sysiem.

PSA
Totat Process
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Operating Cost PSA
I {Power} P
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Figure 1.3 Variation of cost with throughput for PSA and crvogenic air separation
Processes,
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However, if the feed is already available at hugh pressure, these costs may
be greatly reduced, since not only are the capital cosis and power
requirement reduced, but the cost of product recompression will generally
be much jower than the cost of compressing the feed to the higher
operating pressure. A PSA system 1s therefore especiallv useful where the
feed is available at elevated pressure.

5. Scaling charactenstics. The operating costs of most separation processes
increase approximately lincarly with throughput. The caputal cost of a PSA
process 8 also approximately linear with throughput, but for most other
processes the capital cost curve 15 highly nonlinear, with the incremental
cost betng smaller for the larger units (Figure 13), As & result, when the
overall costs are constdered, the economucs tend to faver PSA at fow o
moderate throughputs and to favor other processes such as crvogenic
distillation for very large-scale operanons. Of course the actual costs and
the crossover point vary considerably depending on the parucular separa-
tion and the process configuration, but the form of the cost versus
throughput curve 1s generally similar. ’

6. Pressure range. The term racuum swing adsorpiron (VSA) s often used to
denote & PSA cycle with desorption at subatmospheric pressure. This 1s a
semantic chowee. The performance of any PSA process 1s governed by the
ratio of absolute (rather than gauge) pressures. That desorption at subat-
mospheric pressure often leads to mproved performance 1s due to the
form of the equilibrium isotierm rather than to anv intrinsic effect of a
vacuuin.,

1.3 Major Applications of PSA

Some of the major commercial PSA processes are listed in Table 1.2, and a
summary of the chronology is given in Table i.1. The first three applications
(air separation, air drying, and hydrogen purification) were n fact foreseen
and demonstrated by Skarstrom."® These remam the most important practi-
cal applications for this technology, although newer processes such as carbon
dioxide recovery and natural gas purification are gaining mcreased accep-
tance. In all three of the mayor processes the feed is reiatively cheap, so that
the relatively low recovery is not an overriding economuc factor. In both air
drying and hydrogen recovery a pure raffinate product 1s required. and m
hytirogen recovery the impure hydrogen 1s often available at elevated pres-
sure. Purity of the product 15 important i mtrogen production, bui generally
somewhat less so In oxygen productson. In a typical hvdrogen purification
process the product purity is commoniy 99.9959% or even higher. For nitrogen
production a purity of 99.9% 15 easily attamable, but it s generally more
economic to produce 99.5% N, by PSA with final polishing by a “de oxo”
unit. The commoniy quoted oxygen product purity of 93-95% 15 somewhat
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Table 1.2, Some Major PSA Processes

Process Producy Adsorbent Type of Syslem
H, recoverv from Ultrapure H, Act. T or zeolite Multiple-bed system
fuel gas
Healless drier Dry asr (for Act. AlLO, Two-bed Skarstrom
tnstruments) cyele (ot vacuum-—
pressure swing cycle
Air separation O, (+ Ar) SA Zeolite Fwo-bed Skarstrom
cvcle
Alir separation N, (+ A1) CMS Two-bed self-
' purging cvele
Air separation N and O, 5A Zeolite Vacuum swing
cor CaX system
Isosiv Linear,/Branched SA Zeolite Molecular sieve separation
hydrocarbons ‘with vacuum swing
Landfll gas COy and CH, CMS Vacuum swing
separation

misleading since the impurity 15 almost entirely argon—which 15 adsorbed
with the same affinity as oxygen on most adsorbents.

The largest-scale PSA processes are generally to be found m petroleum
refinery operations—hydrogen purification and hydrocarbon separation pro-
cesses sucht as Isosiv. In such processes product rates up to 10% SCFH (> 100
tons /day) are not uncommon. in the other main areas of application (drying
and air separation) PSA units are generally economic only at rather smaller
scales. For example, for large-scale oxygen or nitrogen production (> 100
tons /day) it 15 difficult to compete economically with cryogenic distilation.
However, there aré many small-scale uses for both oxygen and nitrogen {e.g.,
home oxygen units for asthmatic patients and nitrogen units for purging
the fuel tanks of fighter awrcraft or for purging the interiors of trucks
and warchouses to prolong the shelf life of fruit and vegetables). For
such applications the robustness and portability of a PSA system provide
additional advantages that reinforce the economic considerations. In these
applications the most direct competition comes from small-scale membrane
systems, which offer many of the same advantages as a PSA system. A bnef
companson of these two classes of process 1s mcluded in Chapter 8.

To understand the process options and the factors involved 1n design and
optimization of PSA systems, some background m the fundamentals of
adsorption and the dynarnic bechavior of adsorption columns is required.
These aspects are considered in Chapter 2, A wide variety of different cycles
have been developed in order to increase energy efficiency, improve product
purity, and improve the flexibility of the operation. The basic cycles and a few
of the more advanced cycles are reviewed in Chapter 3, while more detailed
aspects of process modeling are discussed in Chapters 4 and 5. Chapter 6 18
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devoted to a detailed description of some current PSA processes, while some

. .
of the future trends 1 process development are discussed in Chapter 7.
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CHAPTER

’

Fundamentals of Adsorption

To understand the design and operaiton of PSA process requires at feast an
clementary knowledge of the principles of adsorption and the dynamig
behavior of an adsorption column. A brief review of these subjects is
therefore tncluded 1n this chapter. More detailed information can be found
i the books of Ruthven,' Yang,” and Suzuki.”

The overall performance of a PSA process depéends on both equilibrium
and kinetic factors, but the refative mnportance of these factors varies greatly
for different systems. The majority of PSA processes are “equilibrium driven”
in the sense that the selectivity depends on differences in the equilibrium
aflinities. In such processes mass transfer resistance generally has a deieten-
ous effect and reduces the performance relattve to an ideal (equilibrium)
system. There are, however, several processes in which the setectivity is
entirely kinetic (i.e., the separation depends on differences in adsorption rate
rather than on differences m equilibrium affinity). In such systems the roie
played by mass transfer resistance 1s clearly pivotal, and a more fundamentaj
understanding of kincuc effects s needed in order 1o understand and maodel
this class of process.

2.1 Adsorbents

2.1.1 Forces of Adsorption

A gas molecule near a solid surface experiences a reduction in potential
energy as a conseauence of interaction with the atoms (or moiecules) 1n the

11
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solid. The result 1s that gas molecules tend to concentrate 1in this region so
that the molecular density 1n the vicinity of the surface is substantially greater
than in the free-gas phase. The strength of the surface forces depends on the
nature of both the solid and the sorbate. If the forces are relatively weak,
involving only van der Waals interactions supplemented in the case of polar
or quadrupolar species by electrostatic forces (dipole or quadrupole mterac-
tions), we have what is called “physwicai adsorption™ or “physisorption.” By
contrast, if the interaction forces are strong, wvolving a significant degree of
electron transfer, we have “chemisorption.” Chemisorption 1s limited to a
monolayer, whereas, 1n physical adsorption, muitiple molecular layers can
form. Most practical adsorption separation processes (including PSA) depend
on physical adsorption rather than on chemisorption, since, excepi for 4 few
rather specialized applications, the capacities achievable in chemisorption
sysiems are too small for an economic process. Since the adsorption forces
depend on the nature of the adsorbing molecuie as well as on the nature of
tite surface, different substances are adsorbed with different affinities. It 1s
this “selectivity’’ that provides the basis for adsorption separation processes.

The role of the adsorbent is to provide the surface area required for
selective sorption of the preferentially adsorbed species. A high seiectivity 15
the primary reqguirement, but a high capacity 15 also desirable since the
capacity determines the size and therefore the cost of the adsorbent beds. To
achieve a high capacity commercial adsorbents are made from microporous
materials. As a result the rate of adsorption or desorption s generally
controlled by diffusion through the pore network, and such factors must be
considered in the selection of an adsorbent and the chowce of operating
conditions. Certain materials (zeolites and carbon molecular sieves) that have
very fine and uniformly sized mcropores show significant differences m
sorplion rates as a result of steric hindrance to diffusion within the micro-
pores. Such adsorbents offer the possibility of achieving an efficient kinetic

separation based on differences in sorption rate rather than on diflerences in
sorption equilibriuvm.

2.1.2 Hydrophilic and Hydrophobic Behavior

For equilibrium-controlled adsorbents, the primary classification is between
“hydrophilic” and “hydrophobic’™ surfaces. If the surface 1s polar, generally
as a result of the presence of ions in the structure but possibly also as a result
of the presence of ions or polar malecules strongly bound to the solid
surface, 1t will preferentially attract polar molecuies—in particular water.
‘This 15 because the field-dipole and/or field gradient-quadrupole interac-
tions provide additional contributions to the energy of adsorption. This
additional ensrgy will arise only when both conditions are fulfilled (ie., a
polar or auadrupolar moiccule and a polar adsorbent). If either of these s
lacking there can be no signilicant ciectrostatic contribution to the energy of
sorption. Thus, on highly polar adsorbents such as zeolites or activated
alumina, water {a small polar molecule) is strongly adsorbed while methane
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Table 2.1.  Limiting Heats of Sorption 1or CH,; and H,0 (kcal / mole)

Act. carbon {nonpotar) 4A Zeolite {poiar}

CH, (nonpolar} 4.3 4.5
H,0 (potar) 6.0 18.0

{a small nonpolar molecule of similar molecular weight and therefore with
comparable van der Waals interaction energy) 1s:only weakly adsorbed. In
contrast, on a ciean activated carbon {a nonpolar surface) both these com-
pounds are adsorbed 1o a comparable extent. Furthermore, while the affinity
of the zeolite surface for water 1s much higher than that of the carbon
surface, methane 15 retained with comparable affimity on both these adsor-
bents (see Table 2.1). Clearly the polar zeolite surface 1s “hydrophilic” and,
by comparison, the nonpolar carbon surface is “hydrophobic.”

lonic adsorbents such as the zeolites owe their hydrophilic nature to the
polarity of the heterogeneous surface. However, when the surface contains
hydroxyl groups (e.g., silica gel, ailumina, or some polymeric resins) molecuies
such as water can also mteract strongly by hydrogen bond formation. As with
polar adsorbents, water s therefore preferentially iadsorbed, but in this case
the hydrophilic selectivity 15 attributable mainiy to the hvdrogen bond energy
rather than to surface polarity,

It should be noted that hydrophobic surfaces do not actually repel water.
In generai water will be adsorbed on any surface with at {east the affinity
‘dictated by the van der Waais forces. The point 15 that on a hvdrophilic
surface water (and other polar molecules) will be adsorbed much more
strongly than would be expected simply from the van der Waals forces alone,
Furthermore, while hydrophilic adsorbents generally also show selectivity for
other polar molecules relative to similar nenpolarspecies, this 18 not always
true. Where the hydrophilic selectivity comes from hydrogen bonding, pofar
molecules with no “active” hvdrogens will be held only with an affimity
comparable to nonpolar sorbates. _

The possibility of creating polar selectivity by pretreatment of the surface
is well illustrated by activated carbon adsorbents (see Figure 2.1} On a clean
carbon surface n-hexane 1§ adsorbed much more strongly than sulfur dioxide
{a polar sorbate), but on an oxidized surface this selectivity is reversed.
Control and modification of surface polarity is indeed the most important
practical tool i the tailoring of equilibrium selectivity.

2.1.3 Pore Size Distribution

According to the TUPAC classification, pores are divided nto three cate-
gories by size:

Micropores < 20;\; Mescopores 20-500 A; Macropores > 500 A

Ak
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Figure 2.1  Equilibnium sotherms for S50, and n-hexane on activated carbon show-
ing the effect of surface modification. (Data from Mastsumara.?)

In a micropore the guest molecule never escapes from the force field of the
solid surface, even at the center of the pore. It is therefore reasonable to
consider all molecules within a micropore to be in the “adsorbed” phase, By
contrast, in mesopores and macrepores, the molecules in the central region
of the pore are essentially free from the force field of the surface; so it
becomes physically reasonable to consider the pore as a two-phase system
contatning both adsorbed molecules at the surface and free gaseous molecules
n the central region. Of course the TUPAC classification is arbitrary, and it s
clear from the description presented that the distinction between a micron-
org and mesopore really depends on the ratio of pore diameter to molccular
diameter rather than on absoiute pore size. Nevertheless, for PSA processes
that deal 1 general with relatively small molecuies, the arbitrary figure of 20

15 a reasonable choice, .

Macropores contain very little surface area relative to the pore volume
and so contribute little to the adsorptive capacity. Their mamn role 15 to
facilitate transport (diffusion) within the partcie by providing a network of
super highways to allow molecules to penetrate rapidly into the intenior of
the adsorbent pariicle.

Representative pore size distributions for several different adsorbents are
shown 1n Figure 2.2. Many commercial adsorbents {e.g., most zeolitic adsor-
bents and carbon molecular sieves) (see Table 2.2) consists of compostte
particles crystals (or char particles) aggregated together and formed into a
macroporous pellet, often with the aid of a binder. Such particles have a
well-defined bimodal pore size distribution m which the first peak represents
the micropores within the microparticles and the second peak represents the
large intraparticte pores resulting from the pelletization process. The mpli-
cations for mass transfer are discussed in Section 2.3,
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Figure 2.2 Pore size distributions for (a) typical achivated carbons; (b) carbon
molecular sieve; {¢) typical activated alumina.

2.1.4 Kinetically Selective Adsorbents

While most adsorbents have a relatively wide distribution of pore size, kinetic
seleetivity depends on steric hindrance and therefore reguires a very narrow
distribution of pore size. This 15 a characteristic feature of zeolitic adsorbents
since these materials are crystalline and the dimensions of the micropores are
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Figure 2.2 (d). Pore size distribution {or pelleted 3A zeolite (only the extracrysialline
pores are shown),

determined by the crystal structure. Some control of pore size can be
achieved by procedures such as silanation and by ion exchange, since, In
many zeolites, the cations parttally (or even totally) obstruct the mtracrys-
tailine micropores.® By contrast, the carbon molecular sieves are amorphous
materials similar to high-area activated carbons but with a much narrower

Table 2.2. Classification of Commerciat Adsorbents

Equilibrivm selective Kinetically selective
Lydrophilic Hydrophobic Amorphous Crystatling
Activated alumina Activated carbon Carbon molecular Small-pore zeolites
sieves (CMS) antf zeolite anaiops
Silica gel Micropurous silica
Al-rich zeolites Siticalite,

dealuminated
mordenite, and
other silica-rich

zeolites
Polymenic resins Other pelvmenc
contaiming -OH TESENS

groups or ¢ations

“ For a detadied discussion of this 1opic, see: E. F. Vansant, Pore Size Engineering 11 Zeolites,
Witey Chichester, UK. (1990).
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distribution of pore size. This uniformity of pore size 15 achieved in two wavs:
by careful contrel of the conditions during the activatton step and by
conirolled deposition of easily crackable or polymernizable hydrocarbons such
as acetytene. Control of these processes provides the means by which the
pore size can be adjusted.®® In this respect there 1s somewhat greater
flexibility than with crystalline microporous materials in which the pore
dimensions are fixed by the crystal structure. In Kinetically selective adsor-
bents the primary parameters determining the selectiaty are the pore size
and pore size distributtion. The nature of the imaterial 15 generally of
secondary importance. Thus, despite the difference 1in chemical nature,
small-pore zeolites and molecular sieve carbons exhibit very sumilar kinetic
selectivities.

2.1.5 Physical Strength

Repeated pressurization and depressunization of an adsorbent bed tends fo
cause attrition of the adsorbent particles. Physical strength 1s therefore a
prime consideration m the choice of an adsorhent for a PSA process. Such
considerations may ndeed preciude the use of an otherwise desirable adsor-
bent m favor of a matenal that, from kinetic and eauilibrium consideratons
alone, may appear to have mferior properties. Both the “crush strength” and
the “abrasion resistance” are strongly dependent on the way in which the
adsorbent particles are manufactured, inciuding such factors as the nature of
the binder and the pretreatment conditions, but only very limited information
1s available in the open literature.*

2.1.6 Activated Carbon and Carbon Molecular Sieves

Actrvated carbon is produced 1n many different forms that differ mainiy o
pore size distribution and surface polanty. The nature of the final product
depends on both the starting material and the acuvation procedure. For
liquid-phase adsorption a relatively large pore swize ts required, and such
matertals can be made by both thermal and chernical activation procedures
from a wide range of carbonaceous starting materials. The activated carbons
used in gas adsorption generally have much smaller pores, with a substantial
fraction of the total porosity 1 the micropore range. These adsorbents are
generally made by thermal activation from a relatively dense form of carbon
sach as bituminous coal. High-area small-pore ciarbons may alse be made
from sources such as coconut shells, but the produéi generally has insufficient
physical strength for PSA applications.

* A useful reference 1s: C. W. Roberts, "Molecuiar Sieves for Industrnial Applicaiions.” In
Properties and Applications of Zeolites, R. P. Townsend, ed., Special Publ. No. 33, The Chemicai
Society, London (1930)).
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The thermal activation procedure 15 a two-step process in which volatile
material 15 first driven off by controlled pyrolysis followed by a controlied
“burnout” of the pores using oxidizimg gases such as steam or CO, at 800°C
{or even higher temperatures).” The surface of such activated carbons is
partially oxidized; so where a nonpolar surface 15 required, a further step 1s
often included, involving either evacuation or purging with an inert gas at
elevated temperature. This eliminaies most of the oxides as CO or CO,,

In many liquid-phase applications activated carbon is used m powder
form, -but for gas-phase applications larger particles are needed. These are
made either directly by crushing and screening or more commonly by granu-
lation of the powder using binders such as piich, which can be activated to
some extent during the final thermal treatment. The preparation of activated
carbon in fiber form 1s a relatively new development which holds consider-
able promuse for the future, The diameier of the fibers s small (~ 10 wm) so
diffusional resisiance 1 reduced to an insignificant level, To date such
materials do oot appear to have been used in PSA processes, but the rapid
kinetics make this an intriguing possibility.

The nreparation of carbon molecular sieves (Figure 2.3} is broadly similar
but often includes an additional treatment with species such as benzene or

Caal
Grinding
Oxidation by Air
<
Oxicoal
HBindar
Con
Shaping
<
Carbomzation
Unilgrm initial Material
Steam Aclivation Treaiment under
< Cracking Conditions
CMs H2 O aof Hydrocarbony
Activaled Carbon <
CMS N2
cMs 02

Figure 2.3 Schematic diagram showing the processes invalved in the manufaciure of
carbon molecular sieve adsorbents. (From Jinigen et al.,” with permission.)
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Figare 2.4 Effect of controlled carbon deposition on sorption rates for oxygen and
nitrogen in a carbon molecular sieve. (From Chihara and Suzuki,” with permission.)

acteivlene that are easily poiymerized or cracked on the surface (Figure 2.4).
By careful control of the conditions a very uniform pore size 15 achieved, It
appears that such control 15 more easily achieved by carbon deposition than

m the burnout step. Brief details of some representative carbon adsorbents
are included in Table 2.3.

2.1.7 Silica Gel

A pure silica surface 15 mactive and *hydrophobic,” but if hydroxv! groups
are present the surface becomes hydrophilic as a result of the possibilities for
hydrogen bond formation. Silica “gel’” 18 formed as a colloidal precipitate
when a soluble silicate 1s neutralized by sulfunc acid. The size of the coilidal

particles and the nature of their surface are strongly influenced by trace .

components present in the solution. When water is removed from the “gel,”
an amorphous microporous solid s formed, but the size of the silica particies
and therefore the pore size depend on the conditions duning the water
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Table 2.3.  Physical Properties of Some Common Adsorbents

Sp. pore Av. pore Pore Sp. Particle

vol. diam. size area density

Adsorbent (em g™ ") (A) distrib. (mig™") {pom™ %)
Silica gel (1) (.43 22 Unimodal 8§00 109
Sifica gel (D 1.15 146} Unsmodal 340 .62
Act, alumuna (L50 A0-3000 Unomodil 320 1.28

Acl, carbon 0.15-0.5 Wide Bimodat 200~ 0.6-0.9

runge 2000

CMS 0.25 — Bimodat 400 0.98

removal step. Briel details of two representative matenals are snciuded
Table 2.3. The large-pore matenal is used in many liquid-phase applications,
while the small-pore matenial 1s widely used as a desiccant in vapor-phase
systems.

Adsorption sotherms for waier vapor on silica gel, activaied alumina, and
4A zeolite are compared i Figure 2.5, Silica gel does not retamn water vapor
as strongly as the other adsorbents, but it has a higher nlhimate capacity.
Furthermore, it can be regenerated at moderate temperatures (150-200°C).
It 15 therefore a useful desiccant where the moisture foad is high and the dew
point required is not too low, If silica gel is heated above about 300°C, most
of the hydroxyls are removed. The adsorbent loses surface arca and the

40
Silica gel/.-—"‘
-
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30— » /
/
B Al O
/// 273
*® V4 pal g
¥ 200~ ra v N
o // ‘/
S
10 // -/
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Relative hurnidity, %

Figure 2.5 Comparative 1sotherms showmng the adsorption of water vapor on silica
gel, activated alumina, and 4A zeolite. (When plotted in terms of relative humidity,
the sotherms are approximately independent of temperature.)
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resulting surface is no longer hydrophilic. Desnite i3 widespread use as a
desiecant silica gel 15 not commonly used 1In PSA processes as us physical
strength 15 mfenior to that of alumma or zeolite based desiccants.

2.1.8 Activated Alumina

Activated alumina 1s essentially a micraporous {amorphous) form of A1,0,
and 18 made by scveral different methods. The most common route s by
controlled dehydration of the trihvdrate Al,O, - 3H,0 formed 1n the Baver
process but some aluminas are made by preciprtation from a soluble salt in a
manner similar to the production of silica gel.

2.1.9 Zeohtes

In contrast to the other adsorbents so far considered, the zeolites are
crystalline rather than amorphous, and the micropores are actually intracrys-
talline channels with dimensions precisely detersnined by the crystal strue-
ture. There 1s therefore virtually no distribution of micropore size, and these
adsorbents show well-defined size-selective modecuiar sieve properties—
exclusion of molecuies larger than a certain critical size and strong steric
restriction of diffusion for molecules with dimensions approaching this limit.
The framework siructures of three of the most important zeolites are shown
schematically in Figure 2.6. The frameworks consist of tetrahedrally con-
nected assemblages of S5i0, and AIO, umts. To transtate the schematic
diagrams into actual structures one must consider that the lines represent the
diameters of oxygen atoms (or ions), while the much smaller Si or Al atoms
are located at the apices of the poivhedra. Within rather broad limits Si and
Al atoms are interchangeable n the lattice, but each Al ntroduces z net
negative charge that must be balanced by an exchangeable cation. In many
structures, notably zeolite A, the exchangeable cations partially (or totally)
obstruct the micropores. The equilibrium distribution of the exchangeable
cations among the various possible catjion “sites” has been extenswvely stud-
ted and is well established for most of the common zeolites.® For example, 1n
zeolite A there are three types of site, as indicated in Figure 2.6{a). The most
favorable are the type I sites (eight per cage) so m the Ca®* form (six cations
per cage) all cations can be accommodated. in the type | sites where they do
not obstruct the channels. The effective dimension of the channel 1s then
limited by the aperture of the eight-membered oxygen ring {window), which
has 2 free diameter of about 4.3 A. Since molecules with diameters up o
about 5.0 A can penetrate these windows, this 1s referred to as a “5A" sieve.

The Na™ form contains 12 cations per cage; so not only are all exght type |
sites filled, but all window sites (3.0 per cage} are also filled. (The twelfth
Na™ cation 15 accommodated in the relatvely unfavorable type I site.) The
Na* cation partially obstructs the windows, reducing the effective size cutoff
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12.3 A

Fig{l.re 2.6 Schematic diagrams showing the framework structures of three common
zeolites, {a) Zeolite A (the three exchangeable cation sites are indicated), (b) Zeolite

X or Y, (o) silicalite or ZSM-5. More detailed descriptions of these structures are
given by Breck® as well as 1n more recent reviews.

to about 4 A—hence the term 4A sieve. Replacement of Na™ by the larger
K" cation reduces the dimensions even further so that only water and other
very small molecules such as NH, can penetrate at an appreciable rate (3A).

The framework structures of X and Y zeolites are the same, and these
materials differ only in the Si-to-Al ratio—and therefore 1 the number of
exchangeable cations. The pore structure is very onen, the constructions
being twelve-membered oxygen rings with free diameter ~ 7.5 A. Molecules
with diameters up to abour 8.5 A can penetrate these channels with little
stetic hindrance, and this inciudes all common gaseous species. Size-selective
sieving 1s observed for larger molecules, but such effects are not relevant to
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Figure 2.7 Size-selective sorplion in silicalite at half-saturation vapor pressure, 298 K.
{Data of Harrison et al.'")

PSA processes. The nature of the cation can have a profound effect on the
adsorption equilibria 1n these materials, but channel-blocking effects are
much less important than in the A zeolites.

Silicalite and HZSM-$ are essentially the same material. They are high
silica structures. HZSM-5 normally coniains measurable alummum (Si-to-Al
ratio ~30-100) with a corresponding proportion of cations. This 15 impor-
tant since partial obstruction of the pores as well as strong modification of
the adsorption equilibria can resuit from even a small concentration of
cations. “Silicalite™ typically has a Si-to-Al ratio of 1000; so the Al may be
regarded as an adventitous mmpurity rather than a true component. The pore
network is three dimensional, and the dimensions:of the channels are limlteotl
by ten-membered oxygen rings having a free aperture of abour 6.0 A
Size-selective sieving 15 therefore observed for molecules such as the Cq
aromatics, as illustrated in Figure 2.7 In contrast to most Al-rich zeolites,
silicalite (and even HZSM-3) are “hydrophobic,” but this property appears (o
be associated with the very high Si-to-Al ratio rather than with the nature of
the channel structure, since at high Si-to-Al ratios zeolites of the Y or
mordenite type also become hydrophobic.

2.2 Adsorption Equilibrium

2.1.1 Henry’s Law

The adsorbed Tayer at the surface of a solid may be regarded as a disunct
“phase” m the thermodynamic sense. Equilibrium with the surrounding gas
(or Hauid) 18 governed by the ordinary laws of thermodynamics. Physical
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adsorpn_on from the gas phase 15 an exothermic process; so equilibrium favors
adsorption at lower temneratures and desorption at higher temperatures. At
sufficiently low concentration the equilibrium relationship generally ap-
proaches a linear form (Henry’s Law):

a=Kp or g=Kc (2.1)

and the constant of proportionality (K’ or X) 1s referred to as the “Henry's
Law” constant or simpiy the Henry constant, It 1s evident that the Henry
constant is simply the adsorption equilibrium constant, and the temperature
dependence can be expected to follow the usual vant Hoff relations:

K= Kée-AH/RT; K = KﬂewﬁU/RT (22)

where AH = AU ~ RT 15 the enthalpy change on adsorption. {For an
e‘xothcrmlc process AH and AU are negative, and the Henry constant
therefore decreases with increasing temperature.) Representative plots show-

ing conformuty with Ea. 2.2 (for oxygen, nitrogen, and methane 1n zeolite A)
are shown m Figure 2.8.
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Figl;re 2.8 Temperature dependence of Henry constants for oxygen, nitrogen, and
methane on type A zeolites.)?
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Figure 2.9 The Brunauer classification of isotherms,

2.2.2 Brunauer's Classification

At higher concentrations the equilibrium relationship becomes curved.
Brunauer ciassified the commonly observed forms of isotherm into the five
types illustrated in Figure 2.9, Reference to the isotherm for water vapor
(Figure 2.5) shows that H,0-4A 1s type 1, H,O—alumina 15 type 11, while
H,O-silica gel 1s type IV. Type 1 is charactenstic of chemisorption, where
the saturation limit corresponds to occupation of all surface sites, or to
physical adsorption in a microporous material where the saturation limit
corresponds to complete filling of the micropores. Type 111 behavior corre-
sponds to the situation where the sorbate-sarface mteraction is weaker then
the sorbate—sorbate mteraction, as, for example, in the adsorption of water
vapor on a carbon surface. In a PSA system the 1sotherms are generally of
type I or type I1 form, and further discussion is therefore resiricted to these
cases.

2.2.3 “Favorable” and “Unfavorable” Equilibria

In the analysis of adsorption cofumn dynamics it is convement to classify
adsorption equilibria as “favorable,” “linear,” or “unfavorable” depending
on the shape of the dimensionless (x-y) equilibrium disgram. The meaning
of these terms 15 evident from Figure 2.10. (In the “favorable™ casc the
dimensionless adsorbed phase concentration s alwavs greater than the di-
mensionless fluid phase concentration.) This classification assumes that the
direction of mass transfer is from fluid phase to adsorbed phase (ie., an
adsorption process). Since for desorption the initial and final states are
reversed, an isotherm that 1s “favorable” for adsorption will be *unfavorable™
for desorption and vice versa.

2.2.4 Langmuir Isotherm

Far microporous adsorbents the isatherm can often be represented, at least
approsimately, by the ideal Langmuir modei:

q _ . be
g, T1+bc

(2.3)




26 PRESSURE SWING ADSORPTION

1.0

r  Favorable

0.8F
.- DbF .
9% r &

: 5
a9~ qg 04F
0.2t
Unfavorable

O S S T SR S T N |
6 02 04 06 08 10
L‘—Cg;
eg-cg
Figure 2.10 Dimensionless cquilibrium 1sotherm showing the meaming of the terms
“favorable.” “linear,” and “unfavorable.”

This form may be derived from simnie mass action considerations by consid-
ering the balance between occupied and unoccupied sites. Equaiion 2.3
clearly shows the correct asymptotic behavior simee 1t approaches Henry's
Law in the jow-concentration region and the saturation timit (¢ — ¢,) at high
concentrations. In the onginal Langmuir formulation the saturation limit was
assumed to coincide with saturation of a fixed number of identical surface
sites and. as such. 1t should be mdependent of temperature. In fact a modest
decrease ol ¢, with temperature s generally observed and is indeed to be
expected if the saturation limit corresponds with filling of the mucropore
volume, rather than with the saturation of a set of surface sites. b 1s an
equilibrium constant that 1s directly related to the Henry constant (K = bg,).
Since adsorption s exothermic, it follows that b, like K, will decrease with
temperature s$0 at higher {emperature the isotherms become less sharply
curved, as illustrated in Figure 2.11.
The isosteric enthalpy of sorption is given by:

{dlnp ) AH
i - 2.4
\ (24)

‘7 ), = "

and it follows from Eqgs. 2.3 and 2.4 that if ¢, 1s independent of temperature,
the isosteric heat will be independent of concentration—a well-known fea-
ture of ideai Langmuir behavior. '

Although there are relatively few systems that conform accurately to the
Langmuir model, there are a great many systems that show approximate
conformity, and this model has the further advantage that n reduces to
Henry's Law 1 the low-concentration linut, which 15 a requirement for
thermodynamic. consistency in any physical adsorption system. For these
reasons the Langmuir moedel has become widely accented as the basis for
mosl qualitative or sermguantitative studics of PSA systems.
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Figure 2.11 Eauiliboium data for oxygen and nirogen on carbon molccular sicve
showing the similarity ‘between the isolherms and the: effect of temperature on
1sotherm shape. '

2.2.5 Freundlich and Langmuir — Freundlich [sotherms

An alternative expresswion that is sometimes used to represent a favorable
(type D) 1sotherm 15 the Freundlich equation:

a = bc'/", n> 1.0 {2.5)

This form of expression can be dernved from plausible theorctical arguments
based on a distribution of affinity among the surface: adsorption sites, but 1t is
probably better regarded simply as an emprical expression. Both the
Freundlich and Langmuir equations coniain two parameters, but, unlike the
Langmuir expression, the Freundlich form does not reduce to Henry's Law in
the low-concentration limit. Nevertheiess, Eq. 2.5 can represent the behavior
of several systems over a wide range of conditions. To obtain greater
flexibility as an empirical correlation the Langmuir and Freundlich forms are
sometimes combined:

g bel/#

E: - + bet/m (26)
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Equation 2.6 contams three constants (b, g, and n), but it should be stressed
that this form is purely empirical and has no sound theoretical basis.

2.2.6 BET lsotherm

Both the Langmutr and Freundlich 1sotherms are of type [ form (in Brunauer's
classification). This i$ the most commonly observed form of isotherm, particu-
larly for mucroporous adsorbents. However, maternials such as activated alu-

mina and silica gel commonly show type 11 behavior. This form 15 commonly
represented by the BET equation!':

a _ - b(p/p,) (2.7)
a. ~ (T=p/p)(1 = p/p, + bp/p,) v

where p, 15 the saturation vapor pressure, although the physical model from
which this expression was originally derived is probably not realistic, particu-
larly for microporous solids. The BET model 1s most commonly encountered
in connection with the experimental measurement of surface area by nitrogen
adsorption at cryogenic temperatures, but it has also been used to represent

the 1sotherms for moisture on activated aiumna, where the 1sotherms are of
the well-defined type 11 form.'?

2.2.7 Spreading Pressure and the Gibbs Adsorption Isotherm

To understand the Gibbs adsorption isotherm requires a short digression into
the formal thermodynarmnics of adsorption and an introduction to the concept
of “spreading pressure.” It is convenient to adopt the Gibbsian formuiation
and consider the adsorbent simply as an inert framework that provides a
force field that alters the free energy (and other thermodynamic properiies)
of the sorbate—sorbent system, The changes in the thermodynamic properties
are ascribed entirely to the sorbate. Since the adsorbed layer 15 a condensed
phase, its thermodynamic properties are relatively insensttive to the ambient
pressure.

If we consider #, moles of adsorbent and n, moles of sorbate, the
chemical potential of the adsorbed phase 1s given by:

86, ,
Ha (-S;i-:]‘r,ﬂn ’ (28)

Just as for a binary bulk system containing n, moies of component s and n,

moles of component a. We may also define a specific energy & by the partial
derivative:

4G,
®= m{r"_f}, (2.9)

This quantity has no dircet analog for o bulk phase. For example, for 4
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vapor-phase system, the differentiation would have to be performed at
constant total pressure, mamtaiming the same number of moles of s and
changing the number of moles of a by adding or removing an inert compo-
nent to maintain the total moles {and total pressuve) constant. This would
vield a measure of the parhial molar interaction energy between components
a and §, which would be very small. For an adsorbed phase ¢ can be

regarded as the change In internal energy, per umt pf adsorbent, due to the

spreading of sorbate over the surface. This change in energy may be regarded
as a work term—the product of a force and a displacement. Thus, depending
on whether one chooses to regard the adsorbed phase as a two-dimensionat
fluid (area A per mole) or a three-dimensional fluid contammed within the
pare volume (I per moig):

Gdn,=wd4d =HdV (2.10)

where 7 15 the “spreading pressure” and ¢ the three-dimenstonal analog. It
15 evident that ¢ {or ) fulfills the roie of the pressure in a bulk system and
the relevant free energy quantity for an adsorbed phase (£) 15 given by:

F=A +®n,=A, +7A =G, +7A (2.11)

(since G, = A,). The similarity with the definiiion of Gibbs free energy, for a
bulk phase (G = 4 + PIY) 15 obvious,

Following essentially the same logic as i the derivation of the
Gibbs-Duhem eauation leads directly to the Gibbs adsorptton isotherm:

(6‘1‘-‘) _ RT ny (aﬁ" ~ RT ng
- J»

9 ar 212
ap pon, ap

v 1)
By mserting different equations of state for the adsorbed phase tar(a,, A, T,

corresponding forms for the ecquilibrium adsorption isotherm g{p) may
therefore be found.

2.2.8 Binary and Multicomponent Sorption

The Langmuir modei (Ea. 2.3) yields a simple extension to binary {and
multicomponent) systems, reflecting the competition between species for the
adsorption sites:

94 bair,

4. " T+ b,p, +bypp ¥ (2.13)

Tt is clear that at a gjven temperature {(which determines the vaiue of b} and
at given parfial pressures the quantity of component 1 adsorbed will be lower
than for a single-component system at the same partial pressure. Like the
single-component Langmwir equation, Eq. 2.13 provides a wseful approxima-
twon to the behavior of many svstems, but it is quantitatively accurate only for
a few systems. It s however widely used in the modeling of PSA systems
largely because of its simplicity but also because many PSA svstems operate

dald
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Figure 2.12  Equilibrum isotherms for oxygen, nitrogen, and binary O,-N, mixtures
on 3A zeolite showing (a) single-component 1sotherms and (b) vanation of separation

factor with loading and X -Y diagram for the binary mixiure from Sorial et ab.2* with
pernussion,

under conditions where the loading 1s relatively fow (g/q, < 0.5), Under
these conditions, as a first-order deviation from Henry’s Law, the Langmuir
model s relatively accurate,

1t follows from Eq. 2.13 that the equilibrivm separation factor (a') corre-
sponds simply to the ratio of the equilibrium constants:

3 — \
agﬂs(f@iJ(————-l yf‘)mf-i (2.14)
L Ya 1 - X4 bB
This 18 evidently independent of composition and the ideal l.angmuir modei
15 therefore often referred to as the constant separation factor model.

As an examiple of the applicability of the Langmuir model, Figure 2.12
shows equilibrium data for N, O,, and the N,-Q, binary on a SA molecular
sieve. I oas evident that the separation factor 15 aimost mdependent of
loading, showing that for this system the Langmuir model provides a reason-
ably accurate representation.

When the Langmuir model fails, the multicomponent extension of the
Langmuir-Freundlick or Sipps eauation {Fgq. 2.6) is sometimes used:

4a by py/ "

4 V4 b pl/™ 4 bypl/"n + bopl/ic 4+ -

(2.15)

with similar expressions for components B and C. This has the advantage of
providing an explicit expression for the adsorbed phase but suffers from the
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disadvantage that it is essenualiy an empirical data. fit with little theoretical
basis.

2.2.9 Ideal Adsorbed Sciution Theory'®

A more sophisticated way of predicting binary and multicomnponens equilibna
from single-component 1sotherms s the ideal adsorbed solution theory. For a
single-componeni system the relationship between spreading pressure and
foading can be found directly by integration of the Gibbs 1sotherm (Eq. 2.12)

Y f_{f)_ (216
®T =, a;(P)— (2.16)

where A 15 now expressed on a molar basis. The Gibbs satherm for a binary
systern may be written as:

A_Rc%g =g dlnp, +gydinpy, (2.17)
or, at constant total pressure (P):

Ad .

e =g d iy, + qudiny, (2.18)

where y, 15 the mole fraction in the vapor phase.
If the adsorbed phase 1s thermodynamcally ideal, the parual pressure p,
at a specified spreading pressure (w) 1$ given by:

pi=pl(m)x, =y, P (2.19)

where x; 15 the mole fraction 1n the adsorbed phase and p’? 15 the vapor
pressure for the single-component system at the same spreading pressure,
caleulated from Eq. 2.16. In the mixture the spreading pressure must be the
same for both components for a binary system; so we have the following set

of equaiions:

Wg = lfiA(])j:) = r,f:”(])ﬁ) = W;;

Pa=Py,=pyx,

py =Py, = PHX”
yqa=yg= 10
Xgtag =10 (2.20)

This is a set of seven eguations relating the nine vanables (x . vg, v,.
Vg Py, 75, PS5, PR); SO with any two vanables (e.g., P and y,) specified
one may caiculate all other variables,

The total concentranion i the adsorbed phase 15 given by:
i Xy Yp

=70 0
Qe g4 4y

—
)
[y
[y

—
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where g, gy are the adsorbed phase concentrations of components A and
B, at the same spreading pressure, in the single-component systems. To
achieve this spreading pressure in the smgle-component system the actual
pressure for the less strongly adsorbed component must be higher (in some
cases rouch higher) than the total pressure in the binary system. The
deveiopment outlined here s for a binary system, but the extension to a
multicomponent system follows naturally. :

It should be stressed that the assumption of ideal behavior defined by Ea.
2.20 does not require a linear equilibrium relationship and does not preclude
the possibility of interactions between the adsorbed molecules. The imnplica-
tion, however, is that any such interacttons in the mixed adsorbed phase are
the same as m the single-component systems. Such as assumption is in fact
less restrictive than it mght at first appear. However, it s difficuit to tell a
a prior1 whether or not this approximation 1s valid for any particular system.
To confirm the validity requires at least limited experimental data for the
binary system. From the perspecuive of PSA modeling a more serious
disadvantage of the ideal adsorbed solution theory (1AST) approach is that
provides the equilibrium relationship 1 1mplicit rather than explicit form.

This makes it tnconvement for direct incorporation mto a numerical simula-
tion code,

2.2.10 Adsorption of Atmospheric Gases

Since air separation 15 one of the major applications of pressure swing
adsorption, a brnief summary of the available equilibrium data for sorption of
argon, oxygen, and nitrogen on some of the more commonly used adsorbents
15 included here. Table 2.4 lists the Henry constants and heats of sorption,
while Table 2.5 gives a summary of the available single and multicomponent

Table 2.4. Henry Constants and Heals of Adsorplion for Atmospheric Gases
on Some Common Adsorbents

Ky % 107 ~Ali
Sorbute Adsorbent (mmole /g Torr) (keal /mole)

Q- 4M 684 32
S5A 83 33
CMS 10.5 38

N, 4A 3.6 4.35
: 5A 24 340
CMS 10,5 38

Ar SA 5.82 3.36
CMS 8.0 4.0

Ky s expressed per gram of zeolite crvstal. To estimate the value for pelleted adsorbent 13

necessarv to correct for the presence ot the binder (assumed incrt). Binder content s typicatly 15-209%
by weight. Data are from Derrah et al.™ and Ruthven and Raghavan.™ Values are approximate, since,
particulaily for CMS adsorbents, there is considerable variation berween different materials.
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Table 2.5. Published Equilibnum Data for Sorption of Atrmosphernc Gases
on Common Adsorbents®
Temp. range Press. range
Sorbent Sorbate {K) (afm) Reference
4A Zeolite Ar 200-300 0-0.8 Ruthven'®
200-300 0-0.7 Fagan®’
200-300 0-1.0 Springer®*
306-363 0--0.1 Kumar'?
4A Zeolite 0, 200300 0-0.8 Ruthven'?
300-360 Henry const. Hag®
123-173 D-1.0 Eagan'’
77 0-£,, Stakebake™
4A Zeolite N, 200-300 0-0.8 Rautiwen'®
300-360 Henry const. Haq®
305 0-1.0 Kumar**
195--223 a-1.0r Eagan'’
5A Zeolite Ar 200-300 0-0.8i Ruthven!®
3014334 (1—-1.00 Kumart?
203-297 0-4.5: Miller 22
195348 G-11.0 Wakasugi®?
SA Zeolite O, 200-300 0--0.8i Ruthven'®
300350 Henry const. Hag®®
300-394 0-1.01 Kumar'”
203-297 0-4.5 Miller™
273303 N-08 Sorral?*
144 0-2. Danner®
77 0-P,, Stakebake?!
298 0-0.8 Huang™
5A Zeolite N, 200300 0-0.8 Ruthven'®
300-360 Henry const. Hag®
300-421 0-1.0 Kumar"’
144 0-1.0¢ Dananer &
260-300 0-1.0 Springer'®
195,295 0--30 Lederman®’
203-297 0-4.5 Miller
278-303 0-5 Sorial
Th Pou Kidnay ™
77-348 0-175 Wakasugi®!
274-348 1-4.2 Verelst
5A Zeolite 0,-N, 283-323 1.6 van der Viist™
Dinary 144 1) Danner **
29K, 304 1.0 Kumar "
299,320 1.0-4:0 Verelst
278-303 1.7-4.4 Sarial®
298 0.2-40 Milter 2
144 0-1.8 Danner®
144 0-2.9 Dorfman™®?
172-273 0-2.1 Nojan™?
5A Zeolite N, 144 0-29 Dorfman??
T8-273 0-2.1 Nolan*?
144 0-1.2 Panner ¥

(Continued )
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Table 2.5. {Continued)

Temypy. range Press. runge
Sarbent Sorbase (K} {atm) Reference
5A Zealite 05N, 144 Lo Danner®
binary 172-273 1.0 Nalan™
CMS(Takeda) 0, 195-323 1-11.0 Kawozoe™
CMS(BF) 303 0-0.9 Ruthven™
190-273 0-0.9 Ruthven'*
CMS$(Takeda) N, 77 1-0.9 Horvath¥
T7-323 0409 Kawuzoe™
CMS(BF) 273333 0-0.9 Ruthven™

See also Adsorption Equilibrivm Data Handbook, D. P. Valenzuela and A. L. Mvers, Prenfice Hall,
Englewood Cliffs, N.1. (1989), which provides a uscful summary of the svailable adsorption equilibrnum
data for a wide tange ot systems.

isotherm data with literature references. The molecules of argon, oxygen, and
nitrogen are of similar size and polarizability so their van der Waals interac-
tions are similar. As a result nonpoiar adsorbents show very little selectvity
between these species, as exemplified by the similanity in the 1sotherms for
mitrogen and oxygen on a carbon molecular sieve (Figure 2,11} By conlrast,
the aluminum-rich zeolites show preferential adsorption of niirogen as a
result of the field gradient quadrupole interaction energy. SA zeolite is the
most commonly used adsorbent for air separation {to produce oxygen) and
the separation factor (essemtially the same as the ratio of Henry constants)
for this adsorbent 15 about 3.3 at ambient conditions (see Figure 2.12). This
value 15 almost independent of composttion n conformity with the Langmuir
model. The separation factors for most other commercial zeolites are similar
although very much higher separation factors (8—-10) have been reported by
Coc for well dehydrated Ca X or Li X as well as for Ca or Li chabazites. * ™

The efectric field gradient within a zeolite 15 enhanced by the presence of
divalent cation {Ca*™). However, any traces of moisture can lead to cation
hydroiysis, leading to the formation of two singly charged ions:

Ca?”+ 2H,0==CaOH" + H,0* (2.22)

with consequent loss of nitrogen selectivity,

2.3 Adsorption Kinetics

The rate of physical adsorption s generally controlied by diffusional limita-
tions rather than by the actual rate of equilibration at a surface, which, for
physical adserption, 18 normally very rapid. From the perspective of sorplion
kinetics, adsorbents may be divided into two broad classes: homogeneous and
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Table 2.6. [Pore Structure of Typical Adsorbents

Homogeneous-Lnimodal Pore Sive Composie-Brmodal Pore Size

Lristribution Distribution
Silica Gel Carbon Molecular Sieves
Activated Alumina Pelleied Zeolites
Activated Carbon Macroretscular 1on exchange resins

Homogeneous 1on exchange resins

composite (Table 2.6). These are illustrated 1n Figure 2.13. In the “homoge-
neous” adsorbents the pore structure persists, on the same scale, throughout
the entire particle; so the distribution of pore size ‘1s urumodal. By contrast
the composite adsorbent particles are formed by aggregation of small micro-
porous microparticles, sometimes with the aid of a binder. As a result the
pore size distribunion has a well-defined bimodal characier with micropores
within the microparficles connected through the: macropores within the
nellet,

In a camposite adsorbeni there are three disninct resistances o mass
transfer, as ilustrated in Figure 2.14. Under practical conditions of aperation
the externai film resistance 15 scldom, if ever, rate limiting; so that the
sorption /desorption rate 18 generally controfled bv either macropore or
micropore diffusion or by the combined effects of these resistances.

A proper understanding of kinetic effects in PSA systems therefore
requires an understanding of the mechanisms of both macropore and micro-
pore diffusion. Only a brief summary 15 given here; s more detailed account
has been given by Kirger and Ruthven.®

Macropores

Bt

fa) (b)

— MICroporous
mecro -particte,

Figure 2.13 Two common iypes of micronorous adsorbent. (a) Homogencous parti-
cle with a wide range of pore size {e.g., activated alumina or silica gel.'(b) Composite
pellet formed bv aggregation of small microporous microparticies {e.g., zeolite or
carbon molecuiar sieve adsorbents).
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Microporous
Crystals

Intercrystalline
Macropores

Externai fdealized
Fluid Fitm Representation
{uniform sphericai
crystailiteg )

Figure 2.14 The resistances to mass transfer in a composite adsorbent pellei.

2.3.1 Diffusion in Mesopores and Macropores

There are four distinguishable diffusion mechanisms that contribute 1 vary-
ing degrees to transport within macro and mesopores (in which the pore
diameter 1s substantially greater than the diameter of the diffusing sorbate):
bulk diffusion, Knudsen flow, Poiseuille flow, and surface diffusion. When the
pore diameter is large, relative to the mean free path, bulk or molecular
diffusion-1s donunant. Knudsen diffusion, whicn depends on collisions be-
tween the diffusing molecuie and the pore wall, becomes important at low
pressures and in small pores when the mean free path 1s equal to or greater
than the pore diameter. '

h-"I‘he molecular diffusivity varies approximately according to the relation-
ship:

Tl.'.'
Do {
o T | (2.23)
where M 18 the mean molecular welght, defined by:
i i ‘
W E + ﬂ_fl; ) {2.24)
In a binary system the molecular diffusivity 15 independent of composition,

b!:t 1his 15 not precisely true of a multicomponent system. The Knudsen
diffusivity 1s 1ndependent of pressure and varies only weakly with tempera-
ure: .

Dy & r/T/M (2.25)

In the transition region, where both mechanisms are significant, it 1s easy to
show from momentum transfer considerations that the combined diffusivity 15
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given by:!

1 1 1 - 1+ N, /N

2 i [ Yal 1/ Na)i . (2.26)

DA DK,; Dm
where N,, N are the fluxes of components A and B measured relative to a
fixed frame of reference. If cither N, = — N, {equimolar counterdiffusion) or
y is small (dilute system), this redoces to the simple reciprocal addition rule:

1 1 i

(el S 227

5~ b, "B, (2:27)

It is evident from Eqgs. 2.23-2.26 that at high pressures D — D_ and at low
pressures D — Dy

in addition to molecuiar and Knudsen diffusion there may be a contribu-
tion to the flux from forced flow (Poiseuille flow). The eaquivalent Poseuille
diffusivity is given by:

o= PrZ/SM . (2.28)

“from which it is clear that this contribution 13 significant only n relatively

large pores and at relatively high pressures. It can be important in PSA
systems, particularly in the pressurization step., Any such contribution is
directly additive to the combined diffusiity from the molecular and Knudsen
mechanisms.

in the mechamsms so far considered the flux s through the gas phase in
the central region of the pore. Where the adsorbed phase is sufficiently
mobile and the concentration suffictently high, there may be an additional
contribution from surface diffusion®® through the adsorbed laver on the pore
wall. Any such contribution is in paralle] with the flux from Knudsen and
molecular diffusion and is therefore directly additive. Surface diffuston 1s an
activated process and is in many ways similar to micropore diffusion. In
particular the patterns of concentration and temperatures dependence are
similar to those for micropore diffusion, as discussed 1 the next section.

2.3.2 Micropore Diffusion

We use here the term mucropore diffuston to mean diffusion in pores of
dimensions comparable with the diameters of the diffusing molecuies. In this
situation the diffusing molecule never escapes from the force field of the pore
wall. The process resembles surface diffusion in that it 15 an activated
process, but steric restrictions are also important and i many nstances the
diffusional activation energy 15 in fact largely determined by the size of the
diffusing molecule relauve to the smallest free diameter of the pore. In such
small pores it no longer makes physical sense to distnguish between ad-
sorbed molecules on the pore wall and “gaseous™ motecules in the central
region of the pore, and it 1s preferable to regard all sorbate motecules within
the micropores as the “adsorbed phase.”
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A strong concentration dependence of the micropore diffusaaty 15 com-
monly observed, and in many cases this can be atcounted for simply hy
considering the effect of system nonlineanty, The true driving force for any
diffusive process 15 the gradient of chemucal potential, rather than the

gradient of concentration, as assumed in the Fickian formulation:

. dp
J = ~Bq —&?

where the chemical notenual 1s related to the acuviiy by:

(2.29)

p=p"+RTIna (2.30)

For an ideai vapor phase the activity 1s essentially equal to the nartial
pressure; so Egs. 2.29 and 2.30 reduce to:
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Figure 2.15 (Continued ).
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where D 1s the Fickian diffusivity, defined m the usual way by:

da

J= D?i? (2.32).
In the limit of a linear system (Henrys Law) d ln p/d Ing — 1.0 and the
Fickian diffusivity becomes independent of concentration. For most micro-
porous adsorbents, however, the isotherm is of type 1 form; so Ea. 2.31
predicts an increasing trend of diffusivity with concentration. In particular,

for the Langmuir isotherm (Eaq, 2.3
dinp i 0 D - ____f)g, ]
dwg = T=q/q, - T=8° P=1=q
from which it may be seen that, in the saturation region, the concentration
dependence is very strong. Although there is no sound theoretical reason to
expect the corrected diffusivity (D) to be independent of concentration, this
pattern of behavior has been observed experimentally for several sorbates on

(2.33)

10
10 i
- - 2
= i 2
i
< -
2 o
107
Ho  Hy 0N, 00 Ar CHa CHy
2 3 i 5
Motecular Diomerer (A)
{a)
:"é 30 "
= 20 . CHua
G s
L T
" i i 1 1 :

0
0 i 2 3 4L 5
Moiecular Dicmeter (A)

{b)

Figure 2.16 Correlation of diffusivity and diffusional activation energy with molecu-
lar diameter for several sorbates in 4A and 5SA zeolites and carbon melecular sieves.
(a) Diffusional ume constants for differeni molecuiar sieve carbons; (b) and (¢}
diffusional activation energies for vanous molecular sieve carbons and 4A and 5A
zeolites. (From Schrdter and Jintgen® and Ruthven,! with permission.)
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Figure 2.16 (Continued).

both small-pore zeolite and carbon molecular sieve adsorbents (sce Figure
2.15).

Micropore diffusion 1s an activated process; so, 1n: contrass 0 moiecular or
Knudsen diffusivities, the temperature dependence 15 strong and generally
follows the Arrhenius form:

Dy=D, e F/R . (2.34)

where £ is the activation energy. In view of the concentration dependence of
D, 1t 18 obviously more useful to calculate the activation energy from the
temperature dependence of D, rather than from that of D. In small-pore
zeolites and carbon molecular sieves the major energy barrier is simply the
repulsive interactions associated with the molecule passing through constric-
tions in the pore. As a result there is a well-defined correlation between
activation energy and molecular diameter, as illustrated in Figure 2.16.

2.3.3 Uptake Rates in Single Adsorbent Particles

In a packed adsorption column (for example. in a PSA system) the adsorbent
particies are subjected to a ume-Gependent surface concentration, and in
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such circumstances the sorption /desorption rate depends on both the ress-
tance to mass transfer and the tme dependence of the local gas-phase
concentration. The modeling of such systems is considered in Section 2.4
However, in order to understand their behavior, it is helpful first to consider
the simplier problem of sorption 1n a single adsorbent particle subjected to a
step change 1n surface concentration. To do this it is necessary to consider in
sequence the various possible mass transfer resistances that may controf the
sorption rate. Of course in practice more than one of these resistances may
be significant, but in order to avoid undue complexity we assume here
spherical adsorbent particles and a single rate-controlling process, We as-
sume a general expression for the equilibrium 1sotherm [g* = f(¢) and in all
cases given here the assumed initial and boundary conditions are:

<0, g=c=0;r>0, co=cy, atr, = Kcg (2.35)

2.3.4 External Fluid Film Resistance
Sorption rate;
47 3k,

= Rle -l = f(@) (2.36)
]
Uptake:
7] “Skr‘
=1 cxp( R ‘ ] g0 = f(cq) (2.36b)

The mass transfer coefficient (k) depends m general on the hydrodynamic
conditions but in the speciai case of a stagnant gas (Sh = 2.0k, = D_/R, In
practice  the external fluid filrn resistance 1s normally smaller than the
mternal (intraparticle or intracrystalline)} diffusional resistances; so this pro-
cess 15 seldom if ever rate controlling, although in many systems if makes
some contribution to the overall resistance.

2.3.5 Solid Surface Resistance

If mass transfer resistance is much higher at the surface than in the intenor
of the adsorbent particle, for example, as a resuft of partial closure of the
pore mouths, the concentration profile will show a steplike form with a sharp
change 1 concentiration at the surface and an essentially constant concentra-
tion through the intenor region. In this situation the expression for the
uptake rate {5 sirnilar to the case of external film resistance but with the mass
transfer coefficient k, representing the diffusional resistance at the solid
surface. Sorption rate:
di 3k,

ar = R, (40 — 7).

o = f(cq) (2.37a)
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Unptake:

fii_u =i- exn{l 7 < ) {2.37b)

2.3.6 Micropore Diffusion

We assume instantaneous eguilibration at the external surface with the
approach to equilibrium 1n the interior of the spherical particle controlled by

Fickian diffusion with the diffusivity defined on the basis of the gradient of
the adsorbed phase concentration. Local sorption rate:

g 2ag ¥\

-a-?WDc(?'é—F+Er_} (2.38a)
Uptake

fj 6 ® e‘nzﬂ'ZD l_/r..2

L 12 ¢ N |

% = g . (2.38b)

e . 6 I Dt
E_E v ;;2* (2.39)

This expression is accurate to within 1% for m, /m,, < 0.85 (or D_t /r} < 0.4).
The first term alone provides an adequate approximation for the initial
region {m,/m, < (.15 or D,i/r? < 0.002). Conformity with these expres-
stons is illustrated in Figure 2.17. The difference between the forms of the
uptake curve denved from the diffusion model and the surface resistance
models (Eqa. 2.37 or 2.38) is illustraied in Figure 2.20, while the temperature
dependence of D, 15 shown in Figure 2.18.

The situation is more complicated in binary or muiticomponent systems,
smce 1t 18 then necessary o take account of the effert of component B on the
chemical potential of component 4. As the simplest realistic example we
consider an idealized system i which the cross terms in the flux equation can
be neglected and 1n which the mobility 1s independent of commostion. The
detailed analysis has been given by Round, Newton, and Habgood®® and by
Kirger and Biilow.*® We have for the Auxes:

_ dinpg\dg,

Ny = _DOA(d ing A") Az (2.40)
{dinpg\adgy
My = =Du| i e | 52

If the equilibrium isotherm 1s of binary Langmwr form (Eq. (2.13), the
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Figure 2.17 Esperimentai uptake curves {a) and (b) for O, i the Bergbau-
Forschung carbon molecular sieve at 193 K and (¢} and N, in three different size
fractions of 4A zeokite crystais, showig conformity with the diffusion model. From
Rutiven' and Yucel and Ruthven.™
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Figure 2.17 (Conunued ).

diffusion equation takes the form:

o (2 4, 2 a8 ; .
X Rl ey (1_93){"{-,,.__’*??77J (241)
a8, 20,
+9.4( T
D - _aa, By \ (0, 30y
t (0w E e )5 - 5

with a stmilar expression for component B, These expressions are used in the
modeling the dvnamic behavior of the kineucally seiective CMS adsorbents
(see Section 5.2).

2.3.7 Macropore Diffusion

Local sorption raie:

dc dq 2 a0  #% _
b e 4 o = e ‘5 49
Epa[ + (1 Epi o EpDnt R (-JR + JRZ} (2.4._)
If the equilibrium is linear {¢* = Kc), this reduces to:
a EnDn 2 Ao 42 ‘\ .
ety (m;f* -y {2.43)
Ioe, (1 - )KIRAR — ap:]
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Figure 2.18 Avrrhenus plot showing the temperature dependence of micropore

diffuswvities for (a) O, and N, in Bergbau carbon molecwar sieves® and (b) for
several light gases in 5A and 13X zeolite crystats.”™”

which has the same form as Eq. 2.38a with the effeciive diffusivity given by:

epr

D = 2.44a°
e+ (1 =€ )K ( 8)

The sorption curve 1s then of the same form as Ea. 2.38a but with D replaced
by D, and r replaced by R. Since K varies with temperature m accordance
with Ea. 2.38b, the uptake behavior gives the appearance of an activated
diffusion process with E ~ —AH. The case of a nonlinear eaquilibrium

rélattonship 15 more complex and corresponds formally with a concentration-
dependent effective diffusivity given by:

e, D
D, = Pl
- (1 — €, ) f'(¢)

(2.44b)

where f'(c) represents the slope of the eguilibrium sotherm {dg* /dc).
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2.3.8 Heat Transfer Control

Since adsorption or desorption s generally associated with a significant heat
effect (exothermic for adsorption), sorption/desorption rates may be 1nflu-
enced or even controlled by the rate of heat dissipation. Such effects have
been investigated both theorctically and experimentally.*®* In the limiting
situabion in which all mass transfer processes are rapid, the sorption rate 1§
controlled entirely by the rate of heat dissipation, and the sorption /desorp-
tion curve assumes a very simpie form:

m, B [ ha ! 1

IR bl R ol G 1y (249
The experimental adsorption /desorption curves for carbon dioxide in 5A
zeolite crystals, presented in Figure 2.19, conform to this ssmple model. As
with the diffusion or surface resistance mass transfer models, the approach to
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Figure 2,19 Sorpuen curves for CO, 1n 5A zeolite crystals showing confornuty with
the heat transfer control maodel, (From Ruthven et al**)

equilibrium in the long-time region 1s [ogarithmic. However, m the case of
mass transfer control the intercept of a plot of log(l — m, /m.) versus i is
mvariant, whereas for heat transfer control this intercept [8 /(1 + B) varies
with sorbate concentration hecause of the noniinearity of the equilthrium
relationship.

2.3.9 Kinetically Selective Adsorbents

The different rate-controlling mechanisms delineated here are clearly illus-
trated by the sorption kinctics of oxygen and nitrogen in the common PSA
adsorbents, The adsorbents used in the PSA production of mitrogen {carbon
molecular sieves or 4A zeolite) depend on the difference in sorption rates
between oxygen and nitrogen. The oxygen molecule is shightly smalier and
therefore diffuses faster in critically sized micropores (~ 4 A, Representative
gravimetric uptake curves for oxygen and nitrogen m 4A zeolite and 1n
carhon molecular sieve showing conformity with the diffusion model are
shown i Figure 217, and the Arrhenius ichperature dependence of the
nucropore diffusivities 1s shown in Figure 2,18, A summary of diffusivities and
diffusional activation encrgies is given in Table 2.7. However, not all carbon

|
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Table 2.7. Diffusion of Atmosphenc Gases in Vanous Zéolites
and Molecular Sieve Carbons®

Sorbent Sorbate T (XK} Diem? s '} E (keal /moie)
13X Zeolite 0y, 2610 2.5 w1 1.4
N, 200 24 % 107" 33
5A Zeolite G, 203 22 % 1077 27
N, 200 12 x 1077 25
Af 200 55 x 1077 —
4A Zeolite 0, 273 1.6 x 107# 4.5
N, 27 4% 1071 5.6
Ar 273 3% et 57
CMS 0, 300 3w 5.5
{Berghau) N 308 Lt © 85
CMS O, 30 19 > 10" b6
(Takeda) N, () 345 (-0 74

Data are from Xu et 1™ Ruthven and Derrah,"™ Ruthvea et al.™ and Chibaca et al.™' Intrerve
talline diffusivity vatues are gquoted szt the speeilicd lemperatuce. For MSC & nonunal ancesparticte
radius of 1 um is assumed. In pracuce, m 5A and 13X zeolites the cantrolling resisiance is macropore
diffusion; so these values do aot relate directly 10 sorption rates.

molecuiar sieve adsorbents exhibit ditfusion contrél. The data reported by
Dominguez et al.”’ (Figure 2.20) show that some carbon sieves conform much
more closely to the surface resistance moded (Fa. 2037). Such differences are
not unexpected in view of the way in which carban moiecular sieve adsor-
bents are produced. If 1n the Anal depositton process carbon 1s deposited
predominately at the surface, thus partially closiag the pore mouths. the
kinetics can be expecled to follow the surface resistance model, whereas if
carbon is deposited more or iess uniformly through the particle, diffusion-
controlled behavior 1s to be expected.

Q.75 -
LDF_-. -2
-3
2 Diffusion
1 L
g 0.5
~
e o
0.25- o & CMS
el o CMS
,4‘3
0 i ] L
Q 058 1.0 1.5 20

Figure 2.20 Uptake curves for Ny an two different samples of carbon moleeular
sieve. CMS t obeys the diffusion madel;, CMS 2 obevs the surface resistanee model.
{After Daoeningiiez et sl *’
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Figure 2.21  Desorption curves for N, measured at — 80°C, under similar conditions,
with three different particie sizes of 5A zeolite pellets. See Table 2.8. (From
Ruthven.™) :

2.3.10 Equilibrium Selective Adsorbents

The adsorbents used in the PSA oxygen process are generally zeolites {CaA,
NaX, or CaX). In these matenals diffusion of both oxygen and nitrogen is
rapid and the separation depends on the preferential {equilibrium) adsorp-
tion of nitrogen. Sorption rates in these adsorbents are controlled by macro-
pore diffusion, as may be clearly seen from measurements with different
particte sizes (Figure 2,21 and Table 2.8). The variation of effective diffusmity
with temperature ts shown i Figure 2.22. At ambient temperature transport
within the macropores occurs mainly by molecular diffusion. The effective
diffusivity 1s given by Eq. 2.44 with ¢,D, = D, /10. At lower temperatures
the contribution of surface diffusion becomes significant, and, as a result, the
Arrhenius plot shows distinct curvature,

Table 2.8. Diffusion Time Constants for N, in Different Size Fractions of
Commercial 5A Zeolite Adsorbem Particles®

R, = 103 mm R, = 0.42 mm
D./R} D, /R3
[T (s~ 1 Time const. Ratin
T (K) ratio (R, /R.Y
193 0.0016 0.0043 5.3 o
174 000064 - 00034 5.9 ’

The ume constnar vares with £°, showing macro diffusion control.
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Figure 2.22  Arrhenius plot showing vanation of effective {macropore} diffusivity with
temperature for O, and N, in pelleted 5A zeolite. (From Ruthven.™)

2.3.11 Separation Factor and Selectivity

In an equilibrium based separation the setectivity of the adsorbent 15 gov-
erned by the separation factor, defined in Eq. 2.14, For a Langmuir system
this factor 1s eguivalent to the ratio of the ‘Henry's Law constants. so
comparison of the Henry constants {(or the chromatographic retention vol-
umes which are directly reiated to the Henry constants through Egq. 2.61)
provides a simnle and convenient approach for preliminary screening of
potential adsorbents.

In a kinctically controlled separation process the situation 5 somewhat
more complicated, since the sclectivity then depends on both kinctic and
equilibrium effects, In a membrane type of process which operates under
steady-state condittons {sce Section 8.1), the separation factor, at high
pressure ratios, approaches the permeability ratio (Eg. 8.8) 1e., the product
of the ratio of diffuswvities and equilibrium constants. The reduction in
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Table 2.9, Kinetic Selectivities for O, / N, Separation at 298K°

Adsorbent Ko /K, Do./Dy, ay
CMS (Bergbau) Lo 147 12,1
4A Zeolite 0.28 40 175
RS 10 (Modified 4A) 05 40 32

#  Kineuc and equilibrnum parameters for CMS and 8A zeolite are from Tables 2.4 and 2.7, Values for

RS-10 are from 5. Farcoq, M. N, Rathor, and K. Hidajal, Chem. Eng. Sei. (in press),

selectivity which occurs when kinetie and equilibrium selectivities are n
Opposition 15 obvious.

A somewhat smnilar situation arises in kinetically controlled PSA pro-
cesses, which operate under transient conditions. When the kinetics are
controlled by a diffusive process (normally ntracrystalline or micropore
diffusion), the uptake, following a step change in gas phase concentration, 1s
given by Eq. 2.39. For a linear isotherm this reduces, 1n the short time region,

to:
6 [Dr
qr-;;: - Ke, {2.46a)

if two species {4 and B) diffuse independently and their 1sotherms are also
independent, the ratio of their uptakes at any time will be given by:

_{aa/cal K, | D,
*x = (qn/CBJ K,V Dy (2.46b)

This parameter provides a useful approximate measure of the actual kinetic
selectivity of the adsorbent. in any real system the assumption that the two
species diffuse mdependently 1s unlikely to be accurately fulfiled, but Ea.
2.46b 1s still very useful as a rough guide for initial screening of kinencally
selective adsorbents, It shows clearly that the actual selectivity depends on
both kinetic and equilibrium effects.

Values of «, for three kinetically selective adsorbents for O, /N, separa-
tion are given in Table 2.9. The supenionty of the carbon molecular sieve
over the zeolite adsorbents 1s clearly apparent. Furthermore, it is evident that
the advantage of RS-10 compared with regular 4A zeolite stems from a less

adverse equilibrium rather than from any difference in the intrinsic diffusivity
ratlo.

2.4 Adsorption Column Dynamics
Since PSA processes are penerally carried out with packed adsorption

columns, an elementary understanding of the dynamic behavior of a packed
adsorbent bed 1s an essential prerequisite for process modeling and analysis.
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The dynamic behavior of an adsorpnon column depends on the nterplay
between adsorption kinetics, adsorption equilibrium, and fluid dynamics.
However, the overall pattern of the dynamic behavioris generally determined
by the form of the equilibrium relationship. This pattern may be strongly
madified by kinetic effects (fintte resistance to mass transfer), but, in general,
kinetic effects do not give nse to gualitative differences it behavior. 1t 1s
therefore useful to consider first the analysis of the dynamics of an ideal
systern with nfinitely rapid mass transfer (equilibriim theory) and then to
show how the ideal patterns of behavior are modified 1n a real system by the
miruston of finite resistance to mass transfer.

2.4.1 Equilibrium Theory

The formal analysis of adsorption column dynamics starts from the basic
differential equation derived from a transient mass balance on an element of
the column, If the flow pattern 1s represented by the axially dispersed plug
flow model, this assumes the form:

(‘_T_i\”‘? = (2.47)

D ¥ + o (el + J
Do+ ve) a
d
z Q)’ag . _
If axial dispersion and pressure drop through the cojumn can be neglected
and if the concentration of the adsorable species 15 small, this expression
reduces to:
ac dec (1 —egyaq
bkl — )1y 2.48
P r e )ar (2.48)

In the absence of mass transfer resistance locat equilibrium prevails at all
points (i.e., 4 = g7} and if the system 1s isothermal, gf = f(c;), where f(c)
represents the equilibrium isotherm. Under these conditions Eq. 2.48 ne-
comes:

[ / (1—¢) ag*\loc ac
i_vi (1 -+ —“—-—-—E —CF_) E -+ Ef =0 (249)

This equation has the form of the kinematic wave equation with the wave
velocity given by:

wc=u/[1+{1;'£)‘5’c*] _ (2.50)

E .

If the equilibrium retationshin 1s linear (g = Kc¢),

wc=v/[1+(];E]K] - | (2.51)

and 1t 1s evident that the wave velocity s independent of concentratton, For
an unfavorable equilibrium relationship (Figure 2.9) da* /dc mcreases with
concentration so w decreases with concentration, leading to a profile that
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Figure 2.23 Development of the concentration profite in an adsorpiion column with
negligible mass transfer resistance. (a) For an “unfavorable™ equilibnum relatonship
the profile spreads as it propagates, approaching proportionate pattern behavior. (b)
For a “favorable” equilibrium relationship an initially dispersed profile 1s sharpened
as 1i propagates, approaching a shock wave. (¢} For a BET-type 1sotherm the
asymptotic form 1s a combination of a shock and a proportionate pattern wave.

spreads as it propagates [Figure 2.23(a)]. Since the profile spreads in direct
proportion to the distance traveled, this is referred to as “proportionate
pattern™ behavior.

The case of a favorable cquilibrium sotherm is slightly more compiex.
da* /de decreases with concentration; so, according to Eg. 2.49, w will
mcrease with concentration. This leads to what 15 commonly referred to as
“self-sharpening” behavior. An mtially dispersed profile will become less
and less dispersed as it propagates [Figure 2.23(b)], eventuaily approaching a
shock transition. Equation 2.50 predicts that the sharpening of the profile
would continue, even beyond the rectanguiar shock form, to give the physi-

i
1
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cally unrealistic overhanging profile sketched n the figure. In fact this does
not occur; when cauilibrium theory predicts an overhanging profile the
continuous solution s 1n fact renfaced by the corresponding shock, which
travels with a veloaity (w') dictated by a mass balance over the transition:

w;=u/[1+(1:€'5‘&‘1;] | (2.52)

If the isotherm has an inflexion pomnt {e.g., a type II sotherm), it may be
regarded as a combinatton of “favorable” and *‘unfavorable™ segments.
Eaquilibrium theory then predicts that the asymptotic form of the concentra-
tion profile will be a composiie wave consisting of a shock front with a
proportionate pattern wave or a proporiionate pattern wave followed by a
shock Isee Figure 2.23(c)L

Another situation i which a shock solution is :obtamed arises in bulk
separations, where the change in flow rate due to adsorption s relatively
large. For a bulk separation we have in place of Eq. 2.48:

ac do de fl—ndg
s R ]}T{““ (2.53)
where, for an isobaric system with an adsorbable component in an inert
carrier:

b Yy

o =TTy (2.54)
Expressed 1n terms of the mole fraction of the adsorbable (or more ad-
sorbable) component, Eq. 2.53 becomes, for a linear equitibrium system:

[ ) 1 - ay J

{Ua(l ~ vy} /(1 -)P)Z[l +‘{— P )K]};;g + 7}{' =0 (2.55)
which evidently represents a traveling wave with the wave velocity given by

W 2 I — g .

= {a-ma -+ (S5 k] (2.56)

Clearly w mcreases with increasimg y, just as i the case of a trace system
with favorable equilibrium, so that, according to equilibrium theory, there
will be a shock transition.

2.4.2 Asymptotic Behavior: Effect of Mass Transfer Resistance
and Axial Dispersion

When the isotherm is of unfavorable form, mass transfer resistance and axial
dispersion have only a relatively minor effect on the asvmptotic form of the
concentration profile. This may be understood from Figure 2.24, which shows
the qualitative form of the concentration profiles 1n a column following a step
change 1n concentrations at the mlet. Because the 1sotherm is of unfavorable
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Figure 2.24 Schemane disgram showing (a) approach o constant pattern behavior
for a system with a favorable isotherm (b) approach to proportionate pattern behavior
for a system with an unfavorable isotherm. y axis: ¢ /cy,——; @/ Guems €%/ Cop — .

Y R

form, the profile ¢*/q,. representing local eauilibrium between fluid ana
adsorbed phases, lies above the actual adsorbed phase profile {¢/gq,). Since
mass transfer is from the fluid phase to the adsorbed phase, as the profile
propagates, the profiles in the adsorbed and fluid phases tend to approach
each other. The asymptotic limit corresponds to jocal equilibrium at all
points in the column (i.e., the profiles g*/g, and ¢/c, are coincident).
Thereafter the profile will continue to propagate in the proportionate pattern
mode dictated by equilibnum theory. In this situation the effect of mass
transfer resistance or axial mixing in the column s simply to increase the
distance required to approach the proportionate pattern limit, but the
ultimate from of the asymptotic profile s not affected.

‘When the sotherm s of favorable form, the order of the profiles is
reversed [Figure 2.24(a)), and the profile g /g, now lies above g% /. As the

profiles propagate and converge, the limiting situation 1 which q /g, = ¢ /cq

is approached with the profile g* /g, still lagging. This represents a stable
situation since there remains a finite driving force for mass transfer but this s
the same at all concentration levels. As a result this asymptotic profile will
propagate without any further change of shape. For obvious reasons this s
referred to as “constant pattern” behavior. Thus, where equilibrium theory
predicts a shock transition, in practice there will be a constant pattern front.
The distance required to approach the constant pattern depends on the
extent of mass transfer resistance and the degree of axial mixing n the
column, If these effects are small, the constant pattern limit will be ap-
proached rapidly, and the resuiting profile will be very sharp, approaching

l
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shock form. On the other hand, if mass transfer resisiance and/or axiai
mixing effects are iarge, the distance required to approach the constant
patiern limit will be large and the form of the asymptotic profile will be
correspondingly dispersed.

As with the unfavorable case, both the form of the asymptonc profile and
the distance required 10 approach this limit are also affected by the curvature
of the isotherm. When the 1s0therm 15 strongly curved (highly favorable), the
asymptotic limit will be approached rapidly and will be correspondingly
sharp, whereas where the 1sotherm 1s of only slightly favorable form, the
asymptotic profile will be reached only 1 a very long column and will be
correspondingly dispersed. It is evident that, in the case of an isotherm with
an milection, where equilibrium theory predicts a composiie wave one mav
expect to see m prachice a combination of constant pattern and proportionate
paitern profiles as the asymptotic waveform.

2.4.3 Linear Systems

When the isotherm is linear, equilibrium theory predicts that the profile will
propagate without change of shape, The effect of mass transfer resistance
and axial dispersion is to cause the profile to sbread as it propagates,
Detailed analysis (see the following) shows that the spread of the profile
mcreases in proporton to the square root of distanee {or time). There is no
asymptotic limit: such behavior continues 1ndefinitely.

2.4.4 Dynamic Modeling

Knowledge of the asymptotic profile forms s helpful in understanding the
dynamic behavior of an adsorption colummn, but 1n most PSA sysiems the
column length and cycle time are not sufficiently tong or the isotherm
sufficiently strongly curved for the asymptotic profiles to be closelv ap-

‘proached, To model the dynamic behavior it 15 therefore necessary to solve

simultaneously the differential fluid phase mass batance for the column with
the appropriate adsorption rate expression, H heat effects are significant, the
problem becomes even more difficuit, since 1t is then necessary also to solve
the differential heat balance equation. The genéral formulation of this
problem together with various possible simplifications are summarized n
Table 2.10. Even if the equilibria are simple {e.g., linear or Langmuwr), the
problem is far from trivial and the numerical computations are bulkv. It is
therefore essential to consider carefully the possibility of introducing appro-
priate simplifying approximations.

2.4.5 The LDF Rate Expression

In most adsorption systems the kinetics are controlled mamly by intraparticie
diffusion, but the use of a diffusion equation to model the kinetics introduces
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Table 2.10. Mathematical Model for an Adsorption Column

Biffizvenisal
balance for
fluid phase:

@ a ( P
”"ﬂz" + gy lec) L J3r =0

ap
Dy = 0 for plug flow: J; = () for trace svsiem

. ¥ r i—
Heat balance: ng% + [Cg + (——F—-E—)Cs] ar

ar
| — ¢
oLzl )3 ey
initiat conditions: Adsorption, g(z,0) =0, 0.t} = On
Diesorption, a(z. 0 = gy, c(ity=0
" . . i a* be
Equilibrrum: Linear. g* = Ke: Langmuw, T T VY e

L. Linear rate models 2. Solid diffusion Pore diffusion

z..l

a. Fluid film resistance
ag 3k

a§ _ 3k dg L oa o Ldg a¢ ag

FTa Rp {c—c*) W P ﬂr(D'-‘r Br) £n35; + {1 — Ep)“i
B .0y a { zaf)
T TRT AR AR

t. D, = constant

D, constant
ii. D= Dyl — g/e)!

b. Solid film resistance

a7 :
‘-5“-’- = &lg* — §) glr. 0} = Oor g, Glr, 09 = 0 or 4,

alre, i —zfed=g*z, 1)

g .
;3*;(0,1 —-z/v}=10

HR,.i~z/e) =gz, 1)
4g
=90

5: 3 j:)Rv[fI—(f*'ép)

k]
[}

+e clR? dR

an additional differential equation with associated boundary conditions. For
many different boundary conditions diffusion-controlled kinetics may be
satisfactorily represented by the so-called “linear driving force™ (LDF) ex-
pression:
dg
En

k(g™ —q) (2.57)

where k = lSDc/R? The validity of this approximation, first introduced by
Glueckauf,” has been confirmed for many different mnitral and boundary
conditions. -Its applicability to a sunple Langmuir system is illustrated in
Figure 2.25. It is evident that with the time constant defined in an appropri-
ate manner, the LDF approximation provides a reasonable prediction of the
breakthrough curves over a wide range of conditions. It is at its best when the
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Figure 2,25 Theorclicnl breakthrough curves caleulated for a nonlincar (Tangmuer)
system showing the comparison between the LDF madel ( ), the macropore
diffusion modet (----), and the ntracrystalline diffusion mogdel (~-~-), based on the
Glueckauf approxmation. k = 15D, /R, 7= kt,{ = kq,z(1 — ¢)/ercy. For imtracrys-
talline diffusion D, /R?= D, /r2; for macropore diffasion D, /R =e D, /le, +
(1-¢)da*/dcIRE. B= 1~ qy/ g, (From Ruthven,' with permission.)
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1so0therm does not deviate too greatly from lineartty, and it tends to break
down as the rectanguiar limit 1s approached. A more serious defect, from the
perspective of modeling PSA systems, 1s that the Glueckauf approximation
does not give a good representation in the initial region of the uptake. This is
of little consequence when the column 1s relatively long (L /v 3> R?*/D.), but
1t proves to be a serious limutation in certain PSA processes where the cycle
time is short relative to the diffusion time.

2.4.6 Combination of Resistances

In a real adsorption systems severai different mass transfer resistances may
contribute to the overall kinetics,. When the equilibrium 1s linear {or at least
not severely nonlinear), 1t is relatively simple to combine these resistances
into a single overall linear driving force mass transfer coefficient based on the

reciprocal addition rule:
i R, R} rl
Rk = 3k, T T5,D, * T5KD, (2.58)

This rule may be justified in a number of different ways, but the simplest
proof rests on an analysis of the moments of the dynamic response.
The first and second moments of the puise response are defined by:

fn Cetdi

BE (2.59)
f cdt
0

f c(t — p)* dt
Pt pt= (2.60)

f{ :gc dt

For a linear adsorption system 1t may be shown that the first moment 1s
related to the equilibrium constant by:

b (]

where, for a biporous adsorbent, K = e, + (1 — ¢, )JwK,. The reduced sec-
ond moment 15 given by:

o? Dy v £ Rp Rg 'rcz{Kcﬁ' Ep)
sET oLt I(‘“*l = 5)(372“ * 15,0, T T 15K, (2.62)
£ VR
x(l DY,
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For K > 1.0 this simplifies to:

f 2

o> Dy py & Ry R r)
_Z"P_'Ef+f\m_lﬁs](§k—f+'ISepr+ISKDC}

(2.63)

where the three terms within the final set of large parentheses represent,
respectively, the film resistance, macropore resistance, and micropore rests-
tance. For a sunilar system tn which the mass transfer rate 1s controlled by a
linear rate expression (Eq. 2.57) the corresponding expression for the re-
duced second moment 1s:

or Dy vf e 3
57w * i )m (2.64)

whence 1t is evident that the equivalence relation is provided by Eq. 2.38.

2.4.7 Multicomponent and Nonisothermal Systems

So far m our discussion of column dynamics we have considered only an
1sothermal single adsorbable component 1 an mert (nonadsorbing) carrier.
In sach a system there 15 only one mass transfer zone which may approach a
constant patiern, proportionate pattern, or a combined form, depending on
the shape of the equilibrium sotherm. The situahion remains qualitatively
similar when there are two adsorbable components (with no 1nert) since the
continuity condition then ensures that there can be oniy one transition or
mass transfer zone with the velocity and shape determined by the binary
equilibrium 1sotherm. The addition of another component, €ven an ineft,
however, changes the situation in a rather dramatic way by introducing a
second mass transfer zone. The two mass transfer zones will propagate with
different velocities so the profile will assume the form sketched in Figure 2.26
with an expanding plateau region between the two transitions, Both transi-
tions may be of proportionate pattern, constant pattern, or combined form,
and the plateau concentration may be higher, lower, or intermediate between
the initiai and fina} states depending on the precise:form of the 1sotherm. It 15
evident that even with only three components, the profile may assume a wide
range of different forms.

These conclusions, reached here by intuitive arguments, follow directiy
from the equilibrium theory analysis. For a three-component system there
will be two eguations of the form of Eq. 2.47 pius the overall continuty
eauation, which, where pressure drop can be neglected, simply takes the
form:

€y + ¢ + 65 = ¢, (constant} (2.65)

Corresponding to each of the two differential balance equations there will be
a wave velooty (from Ea. 2.50 or 2.52), and it 15 clear that since these
velocities depend on the local isotherm slope, they will in general be
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Figure 2.26 Comparison of theoretical (——) and experimental (- -—-) concentra-
tion and temperature breakihrough curves for sorption of C, H,-CQ, mixtures from
a Ny carrier on SA molecular sieve, Feed: 10.5% CO,. 7.03% C,H, (molar basis) at
24°C, 116.5 XPa (1.13 atm). Column length, 48 cm. Theoretical curves were caleuisted

numerically using the linear driving force model with a Langmuir equilibrium isotherm.

(From Liapis and Crosser,™ with permission.) \

different. In general, for an r-component 1sothermal system, there will be
(n — 1) transitions and (n — 2) intermediate concentration plateaus between
the mitial and final states.

The effect of nonisothermality is similar. A differential heat balance for an
element of the column yields, for a system with negligible axial conduction:

T 1—e \aT 1—c\dg 4k
a,-Cg?,u;+[cg+ cs)a—r=(—AH)( 25t - (T~ Ty

€ e Jat

(2.66)

The temperature and concentration are coupled through the temperature
dependence of the adsorption equilibrium constant:

NEAETUIEINER R, - ,
l_bo R\T ™7 {2.67)

The left-hand side of this equation is clearly of the same form as thai of Eq.
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2.48; so it 1s evident that the temperature profile wili propagate with a wave
velocity given by:

weofbe (G- ERNE] e

where dg* /d'T represents the temperature dependence of the equilibrium
loading. In effect heat benhaves as an additional component in the system with
1ts own charactenstic propagation velocity. Since the.adsorption equilibria for
all species are temperature dependent, it 1s evident that a temperature
transition will in general cause changes in concentration levels of all species.
The only exception arises when the velocity of the temperature front is faster
than that of all concentration fronts. In that situation, which 1s 1 fact quite
common for adsorption of light gases at ambient temperature and pressure, a
“pure thermal wave” will be formed and will pass through the column ahcad
of all concentration changes.

An example showtng the form of the effluent concentration and tempera-
ture curves for a two-component {plus carrier) adiabatic system is given 1n
Figure 2.26. The least strongly adsorbed snecies {ethane) passes most rapidly
through the column, emerging as a relatively sharp constant pattern front.
The ethane concentration rises well above the feed concentration ievel as a
resuit of displacement by the slower-moving carbon dioxide. The second
front {due to adsorption of carbon dioxide) is also sharp and 15 accompanied
by a simultaneous decrease 1n ethane concentration. The final front is due to
the thermal wave, which in this system propagates more slowly than either of
the mass transfer fronts, This thira front 15 of proportional pattern form and
1s accomparnied by simultaneous changes in the concentrations of hoth ethane
and carbon dioxide, resuiting from the temperature dependence of the
equilibrium isotherms. A numertcal simulation based on the simultaneous
solution of the differential heat and mass balance equations (Eqs. 2.66 and
2.53) with a simple linearized rate expression (Eq. 2.57), and a Langmuir
eaquilibrium isotherm (Eq. 2.13) provides a very good representanon of the
observed behavior.
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CHAPTER

3

PSA Cycles: Basic Principles

The mode of operation of a PSA separation process was explained in general
terms 1 Chapter 1 without any discussion of the idetails of the operating
cycle, The choice of a suitable onerating cycle is in fact eritical, and a wide
range of different cycles have been proposed to optimize different aspects of
the overall process. The underlying principles governing the choice of operat-
mg cycle are reviewed 1n this chapter.

PSA processes may be categorized according 1o the nature of the adsorp-
tion selectwvity {equilibrium or kinefic) and whether the iess strongly {or iess
rapidly) -adsorbed species (the raffinate product) or the more strongly {or
more rabidly) adsorbed species (the extract product) 1s recovered at high
purity, The various possible combinations of these criteria vield four different
classes of process. Since the factors that domunate: the choice of operating
cycle and the mode of operation are somewhat different, these four cate-
gories are discussed sequentially.

3.1 Elementary Steps

Any PSA cycle can be considered as a sequence of elementary steps, the
most common of which are;

1. Pressurization {with feed or raffinate product);
2. High-pressure feed with raffinate withdrawal;
3. Depressurization or “blowdown™ (cocurrent or countercurrent io the

feed);
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Table 3.1. Summary of the Elementary Steps Used in PSA Cycles

Elementary step

Mule of operatinn

Principal features

Pressunzation

High-nressure
adsorption

Blowdown

Desorption
at low
pressure

i. Pressurzation with
feed from the feed
end

o

. Pressurization with
raffinate product from
the product end prior
to feed pressurization

—

. Product (raffinate)
withdrawal al constant
column pressure

2. The column pressure 1s
allowed to decrense

while the raflinaie
product &5 drawn from
the product end

. Countercurrent
blowdown 10 @ low
pressure

[nd

Cocurrent blowdown
to an itermediate
pressure prlor io
countercurrent
blowdown

. Couniercurreni
desorption with
product purge

2. Countercurrent
desorption without
external purge

3. Bvacualion

Enrichment of the less
selectively adsorbed ‘
species in the pas phase
at the product end

Sharpens the concentration
front, which smproves the
purity and recovery of
raffinate product

Raffinate produci is
delivered at high pressure

Very high recavery ot the
less selectivity adsorhed
species may be achieved,
but the produet 1s
delivered at low pressure

Usedt whea only raffinaie
product 1s recuired at high
purity; prevenis contanunahion
of the product end with more
strongly adsorbed species

Used when extraci product
15 also reqwred in high
purity; improves extract
product purity and mav also
wcrease raffinate recovery

Improves raffinate product
at the expense of decrease
In recovery. purge at
subatmaspheric pressure
reduces raflinate product
foss but increases encrgy
cost

Recovery enhancemeni while
maintaimng high product
purity 1 possible oniv n
certain kinetic separation

High punity of both
extraci and raffinale
products; advantageocus over
product purge when the
adsorbed phase 18 very
strongly hekd

(Continued)
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Elementary step

Made of nperation

Principat features

Pressure
equalization

Rinse

The high- and low-
pressure beds are
either connected
through their producy
ends or the feed and
product ends of the
high-pressure bed are
conpected Lo the
respective ends ol the
low-pressure bed

The bed is purged with
the preferentially
atlsorbed specres after
high-pressure

Conserves epergy and
separalive work

improves exiract product
purity when the lighter
specics are ormdsnsbed in
large amount with heavier

adsorption at feed
pressuce 1 the
direction of the fecd

components

4. Desorption at the lower operating pressure; this mav be accomplished by
evacoation, purging the bed with the raffinate product or. in a kinetically
controlled process, by slow equilibration with consequent evolution of the
slower-diffusing sorbate;

. Pressure equalization (which is used in many cyeles, prior to the blowdown
step, to conserve energy and separative work);

6. Rinse (purging with the preferentially adsorbed species at high pressure,

following the adsorption step).

N

The processes differ from one another in the sequence of the ciementary

steps and 1n the way in which these steps are carnéd out. Some of the more

important vanants and the benefits denved from them are summarized 1n
Table 3.1.

To understand a PSA cycle properly it i1s necessary to know the way mn
which the concentration profile moves and changes shape during each of the
elementary steps. Gas-phase concentration profiles.in an adsorption column
that undergoes 1n sequence pressurization, high-pressure adsorption, blow-
down, and low-pressure desorption are shown m Figure 3.i for bath equilib-
riam and kinetic separations. The profiles were calculated for pressurization
with feed gas (from the feed end with the product end closed), reverse flow
blowdown, and desorption with product purge, aiso in the reverse flow
direction. It is clear that the movements of the concentration wave are
stmilar in both cases. During pressurizanon the initial gas in the bed s
pushed toward the closed product end, where it forms a plateau that is
significantly enriched in the less strongly adsorbed species. The region before
the platean shows the penetration of the feed gas. This behavior 1s
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Figure_S.l Computed steady-state pas-phase conceniration profiles at the end of
four elementary steps i (a) equilibrum-controlled PSA separation of air on SA
zeolite and (b) kinetically controlied separation of awr on a modified 4A zeolite. The
arrows indicate the direction of flow, the sequence of operation 15 4,1,2,3; the
simulation models are described in Section 5.2.
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Figure 3.2 Experimental concentration profiles for air pressunzation in a bed of 5A
zeolite. The lines represent the best curves through the experimental data. (From
Ref. t; reprinted with permission.)

agreement with the profiles measured by Fernandez and Kenney' for air
pressurization in a bed of 5A zeolite (Figure 3.2). In the high-pressure feed
step the concentration wave front travels down the coiumn, and a raffinate
product, enriched in the less strongly adsorbed species, is withdrawn at the
product end. In the blowdown and purge steps the concentration wavefront is
pushed back and a relatively clean initial bed condition 1s established for the

next cycle. The more important features of these steps and theirvanants will
be discussed in relation to various different cycles.

3.2 Equilibrium-Controlled Separations for the Production
of Pure Raffinate Product

The early PSA cycles were developed for equilibrium separations, primarily
for the recovery of the less strongly adsorbed raffinate product at high punty.
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In such a process the purity of the rafiinate product and the extent of
adsorbent regeneration depend on the partial pressure of the strongly ad-
sorbed species mn the void volume of the columm at the end of the desorption
step. In that step the desorbing gas, which 1s rich i strongly adsorbed
species, occupies the void volume of the column, and, unless adequately
removed from the bed, this gas will contaminate the raffinate product, The
early PSA cycles were based on two different techniques for regenerating the
adsorbent and cleaning the void volume. The cycle developed by Skarstrom?
(sce the followmg) empioyed aimospheric desorption with product purge,
while the Air Liguide cycte” otilized vacuum desorption. Eviacuation to a very
low absolute pressure may be necessary to achieve reasonable regeneration
by vacoum desorption, especially when the 1sotherm for the more strongly
adsorbed commponent 1s of favorable (type 1) form. However, vacuum desorp-
tion has other advantages (such as reduction in the power requirement) ana
15 still widely used, particulariy for kinetic separations.

3.2.1 The Skarstrom Cycle

The Skarstrom cycle?? in its basic form utilizes two packed adsorbent beds,
us shown schematically in Figure 3.3. The following four steps comprise the
eyele:

. Pressurization;

. Adsorption; _

. Countercurrent blowdown; and

. Countercurrent purge,

fa b —

=

Both beds undergo these four operations and the sequence, shown m Figure
3.4, 1s phased in such a way that a continuous flow of product 18 mamtained.
In step 1, bed 2 15 pressunzed to the higher operating pressure, with feed
from the feed end, while bed 1 15 blown down to the atmosoheric pressure
the opposite direction, In step 2, high-pressure feed flows through bed 2. The
more strongly adsorbed component s retained i the bed and a gas stream
enriched 1n the less strongly adsorbed component leaves as effiuent at a
pressure only slightly betow that of the feed. A fraction of the effluent stream
1s withdrawn as product and the rest 1s used to purge bed 1 at the low
operating pressure. The direction of the purge flow 15 aiso opposite to that of
the feed flow. Steps 3 and 4 follow the same scquence but with the beds
mterchanged.

During the high-pressure adsorption step the gas phase behind the front
has essenttally the feed composition, while the composition beyond the front
15 enriched in the weak sorbate. Feeding continues until the product impurity
level rises to the acceptable limit. In other words, the concentration front of
the strong sorbate 15 allowed to break through to a preassigned Hmit. The
idea behind the purge step 1s to flush the void spaces within the bed and to
ensure that at least the end of the bed from which product will be withdrawn

i
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RAFFINATE PRODUCT

VENT

'y
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Figure 3.3 The basic two-bed pressure swing adsorption system.

1n the next half-cycle is compietely free of the strong sorbate. At steady state
the concentration front 1s pushed back i the blowdown and desorption steps
by a distance that is exactly equal to the distance it has advanced in the
pressurization and high-pressure adsorption steps. iReverse-flow regeneration
prevents retention of the more strongly adsorbed species at the product end,
thereby reducing the purge requirement. For highly favorable systems, for-
ward-flow regeneration would require an impractically iarge volume of purge
to ensure compiete cleaning of the bed through to the product end.

From the preceding discussion it 15 clear that ncreasing purge 1improves
product purity but at the expense of a decrease i produci recovery, and after
a certain point the gam m product quality becomes marginal, relative to the
loss of product quantity, The effects of incomplete purge have been studied
i detail by Maiz and Knachel,”

The original Skarstrom cycle was used for air drymng.” This process, with a
silica gel desiccant, was shown to reduce water content from 3800 ppm to less
than 1 ppm, with the recovery of dry air being about 73%.* The process
details along with the product profile are shown in Figure 3.5, The. Skarstrom
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Figure 3.4 The sequence of steps tn the basic Skarstrom PSA evele,

cycte 1s still widely used for small-scale air drying, and this cycle has also
proved successful for other similar separations where the mmpurities are
present at low concentration and the selectivity of the adsorbent is high.
Under these conditions the raflinate product behaves as a nonadsorbing
nert,

Oxygen production from air using 5A or 13X zeolite as the adsorbent is an
example of a bulk separation. The preferennally adsorbed species (nitrogen)
is ‘present at a relatively high concentration level, and there 1s significant
coadsorption of the less strongly adsorbed species (oxygen). Such a separa-
tion can be achieved. using the Skarstrom cycie, but a reasonably pure
raffinate product can be achieved only at low fractional recovery, making the
economics unattractive, In Skarstront's onginal expermments using a 13X
zeolite adsorbent, a 90% pure oxygen product was achieved onty at a
recovery of 109% % The separation factor for this particular adsorbent appears
to have been rather low (2.0), and a somewhai better performance can be
expected with the higher separation factors (3-3.5) typically obtained with a
well-dehydrated zeolite.” However, to improve the ecopomics, further en-
hancement of the recovery-purity profile is obviously desirable.

In a Skarstrom cycie the column effluent durihg the blowdown and purge
steps 1s normally waste gas {rich n the more strongly adsorbed species but
containing a significant fraction of the less strongiy held species). Skarstrom
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Figure 3.5 (a) Process detaiis and (b} product profile for the PSA air doang svstem
developed by Skarstrom. (From Ref, 4; reprinted with permission.)




76 PRESSURE SWING ADSORPTION

20

\

Fraction of roffinate product
iosl in blowdown stream

N S TR
Py latm}

=
e

Figure 3.6 Vanauon of the blowdown stream contribution to the loss of raffinate
product with feed pressure. A simple mass balance (assuming negligible adsorption of
the raffinate product) vields for the fraction of the raffinate product lost in the
blowdown stream
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pui

suggested that the purge backwash volume (measured at the purge pressure)
should exceed the feed volume (measured at the high operating pressure) at
all points m the beds during each cycle tn order to obtain a pure product.” In
practice the purge-to-feed volume should generally be between one and two.
The refative contributions from blowdown and purge streams to the total loss
of raffinate product depend on the level of the higher operating pressure,
Since the product emerges at the high pressure while purging takes place at
atmospheric pressure, the actual fraction of the product stream lost as purge
15 quite small and becomes negligible when the pressure ratio is large. On the
other hand, the contribution from the blowdown loss increases with mncreas-
g pressure, and becomes completely dominant at high operating pressure,
as may be seen from Figure 3.6, The improved performance of most of the
more complex eycles comes from reduction of the blowdown losses.

3.2.2 Pressure Equalization

The first improvement over Skarstrom’s original cycle was the introduction of
a pressure equalization step proposed by Berlin® A schematic diagram of the
improved .process and the modified sequence of operattons are shown in
Fipure 3.7. After the first bed has been purged and the second bed has
compleled the high-pressure adsorption step, instead of blowing down the
second bed directly, the two beds are connected through their product ends
to equalize the pressure. The first bed 13 thus partially pressurized with gas
from the outtet region of the second bed, Following pressure equalization the

beds are disconnected and the first bed is pressurized with feed gas while the
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second bed s vented to complete the blowdown. The pressure equalization
step conserves energy since the compressed gas from the high-pressure bed is
used to partially pressurize the low.pressure bed and, since this gas 15
partially depleted of the strongly adsorbed species, separative work 18 also
conserved. Blowdown losses are reduced to about half, with consequent
improvement 1t the recovery of the raffinate product, as mav be seen fro
Figure 3.8. :

Prior to Beriin's modification of the Skarstrom cycle, ancther patent based
on a different idea for reducing blowdown loss was assigned to- Marsh et al,'"
The process scheme, shown (n Figure 3.9, requires an empty tank in addition
to the two adsorbent beds, At the end of the high-pressure adsorption step
but well before breakthrough, the feed flow is stopped and the product end
of the high-pressure bed 1s connected to the empty tank where a portion of
the compressed gas, rich in the raffinate product, i§ stored, Thé blowdown of
the high-pressure bed is completed by venting to the atmosphere mn the
reverse-flow direction. The stored gas (s then uséd to purge the bed after
which the bed 1s finally purged with product gas. The product purge requre-
ment 15 reduced, thereby increasing the recovery, but the savings m the
specific energy of separation 1s fess with this arrangement than with a direct
pressure cqualizalion sten.

3.2.3 Multiple-Bed Systems

Further improvements m efficiency are generally achieved by using multiple
adsorbent beds with a sequence of pressure equalization steps mcorporated
into the cycle.!"'? In fact, multivie-bed systems 4lso use the blowdown gas
for purging other beds. Since this is done at a pressure fevel where further
pressure equalization 1s not worthwhile, the resulfing gain in recovery vields
an additional benefit. One such example is shown schematically in Figure
3.10, which shows a typical large-scale air separation process for oxygen
production. In this system, which utilizes three or four cofumns, one column
15 i the adsorption step and the other two (or three) columris are in various
stages of pressunization, depressurization, or purging. The process operates
at two intermediate pressures between the feed pressure and the exhaust
pressure (usuvally atmospheric). At the end of the adsorption step, column |,
which 1s at high pressure, 15 connected at the discharge end to coiumn 2, and
the pressures are equalized. Prior to pressure equalization column 2 has just
completed the purge step and 1s essentially at atmospheric pressure. A
fraction of the remaining gas from bed i 15 used for reverse-flow purging of
bed 3, When the pressure in bed 1 has failen to the required level, beds 1 and
3 are disconnected and the residuai gas from bed: I 15 vented to atmosphere
from the bed inlet. Bed 1 s then purged in reverse flow with gas from the
fourth bed and repressurized to the first intermediate pressure from the
second bed, which has just completed the adsorption step. Final repressuriza-
tion 15 accomplished using a part of the product gas and the feed is then
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Fi'g'ure 311 Summary of the cycle for a four-bed PSA umit. (From Ref. 13; reprinied
with permission.)
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connected to the inlet of bed i. The cycle configuration is summanzed in
Figure 3.11.

The idea of product repressurization was put forward for the first time in a
very similar patent for hydrogen purification by Wagner." Pressurization
with product pushes the residual adsorbed components toward the feed end
of the adsorber, thereby enhancing the product purity. The four-bed config-
uration allows continuous product withdrawal and eliminates the use of an
empty tank for storing purge gas.

In multiple-bed systems greater conservation of energy and separative
work are achieved at the cost of a more complex process scheme. In some
large-scale hydrogen purification PSA systems up to twelve adsorbent beds
are used.

3.2.4 Vacuum Swing Cycle

The simplest way to understand a vacuum swing ¢ycle {VSC) is to consider 1t
as a Skarstrom cycle in which the tow-pressure countercurrent prodiict purge
step is replaced by a vacuum desorption. The product end of the column (s
kept closed and the vacuum is pulled through the feed end as shown mn
Figure 3.12. In a vacuum swing cycie, using the same High operating pressure
as a Skarstrom cycle, for the same product purity, the loss of the less
favorably adsorbed species 1n the evacuation step is normally less than the
corresponding loss in the purge. The gatn 1n raffinate recovery s achicved
here at the expense of the additional mechanical energy required for the
evacuation step. A significant energy saving is possible:if the cycie 1s operated
with the higher pressure slightly above atmosphene pressure and a very low
desorption pressure. In the low-pressure (linear) range of the adsorption
1sotherm 1t 1s the pressure ratio and not the actual high- and low-pressure
levels that determines the achievable purity and recoverv. A vacuum swing

Yacuum Repressurrzation Feed Bloj\:own
|
L. {
Col, i !
|
L. o L i
Preduct b Product
= - ™
Col. 2 1
¥ T ¥ ]
Feed Blowdown  Vacuum  Repressurization

Figure 3.12 The sequence of steps 1 a vacuum swing cvcle.
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cycie will therefore be advantageous over a Skarstrom cycle if a low-pressure
product is acceptable. However, this advantage in operating cost 15 to some
extent offset by the increased capital cost anising from the increased size of
the equipment,

The idea of vacuum regeneration was originally proposed by Guerin de
Montgarcuil and Domine 1n a patent assigned 10 Air Liquide.® There are,
however, several differences between the pressure swing cycle proposed by
Montgareuil and Domine and the simplified vacuum swing cycle shown in
Figure 3.12. Depending on the nature of the gas mixture to be separated, the
Air Liguide process can vary in the number of adserbent beds, the type of
bped association, and the scheme of cyelic operation, as well as in other
operating conditions. The number of beds can vary from one 1o six or more.
A two-bed illustration of this process s given in Figure 3.13. Bed L. is
pressurized to the high operating pressure by introducing a compressed feed
gas from the inlet end. The miet end is then closed and the gas 1s expanded
cocurrently through bed 2 and the effluent from this bed 1s recovered as
raffinate product. When the pressure in bed 1 reaches a predetermined
imtermediate pressure, the discharge end of bed 1 1s closed and the vacuum
line (located at the middle of the bed) 1s opened for regeneration. At the
same time the inlet end of bed 2 is opened to high-pressure feed stream, with
the discharge end closed, for repressurization. The major disadvantage of the
Air Liguide cycle is that the product is delivered at a iow {(subatmospheric)
pressure. {Air separation using this cycle produced 98% oxygen at 51%
recovery. This resuit was markedly superior to the performance of the
competing Skarstrom cycle for the same separation. Additionally, the Air

COMPRESSED AIR
j ( - _j; VACUUM

r 0, RIGH
AS

Figure 313 Schematic diagram of the two-bed Air Liguide PSA system. (Afier
Montgarcuil and Domine™) ’
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Liquide cycle aiso produces a nitrogen-rich stream {(96.3% witrogen at 58%
recovery) from the evacuation step.

The gain in raffinate product recovery obtained here resuits from two
umprovements over the Skarstrom cycle. The recovery advantage of vacuum
regencration over purge has already been discussed. In addition, the cocur-
rent depressurization through an evucuated chamber actually conserves part
of the raflinate product that would have otherwise been lost durmg evacua-

tion, It 15 1mporiant (o note that the gamn m the raffinate recovery from

cocurrent depressurization may not be achieved G thig step <18 used n
combination with {product) purge regencration. Cogurreni depressurization
contamimates the product end with the more strongly adsorbed spectes. Suh
and Wankat" have shown that depending on the amount of the more
strongly adsorbed species in the feed and the reiative affinity of the compo-
nents, the gain i the raffinate recovery from cocurrent depressurization mayv
be outwelghed by the increased purge requirement. :Cocurrent depressuriza-
tion is alsa beneficial in enhancmg the purity of the strong adsorptive product
{see Section 3.3).

3.3 Recovery of the More Strongly Adsorbed Species
in Equilibrium-Controlled Separations

The vacuum swing cycle developed by Montgareuil and Domine and dis-
cussed 1n Section 3.2 was the first pressure swing process incorporating the
proviston for recovering the more sirongly adsorbed species at high purity,
The operations responsible for providing this additional benefit to the cycie
are cocurrent depressurization and vacuum regeneration. The vatuum regen-
eration step produces the extract product. The region of the bed through
which the feed penectrates during the high-pressure adsorption step is essen-
tially at equilibrium with the fecd gas. Since dispersive effects such as mass
transfer resistance, axial dispersion, heat effects, and so on, are usually
assoclated with equilibrium-controlled separation processes, there 15 always
some spreading of the mass transfer zone. The regton ahead of the mass
transfer zone at the end of the high-pressure adsorption step is therefore
available for further adsorption of the more strongly adsorbed species in
the feed. By cocurrent depressurization the raffinate product remaining

in the void space ahead of the mass transfer zone is pushed out of the bed .-

and the more strongly adsorbed species 1s retained at the product end. Thus
the mole fraction of the more strongly adsorbed species increases in both
phases. The subsequent evacuation step therefore produces the cxtract
product at high purtty and recovery. If the situation is such that the length of
unused bed prior to breakthrough s not sufficient to hold the strong
adsorptive, then the high-pressure adsorption step is cut short well before
breakthrough in order to provide with the additionai capacity. Such an
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arrangement will reduce the adsorbent productivity and the opumum choice
therefore depends primarily on the value of the extract product.

When the separafion factor is low, the adsorbed phase concentrations of
the light and heavy components are comparable. The reduction in the
concentration of the lighter species 1n the bed as a result of cocurrent
depressurization may not then be sufficient to meet the purity requirement
for the extract product. A more effective method for improving extract purity
is to purge {or rinse) the void spaces, atter high-pressure adsorption, with the
strongly adsorbed species mn ihe direction of the feed.'® The effluent gas
during this step is produced at the feed pressure and has a feedlike composi-
tion so that the stream may easily be recycled.

The purity of the strangly adsorbed component depends critically on the
use of cocurrent depressurization or purging by the more strongly adsorbed
species. The use of vacuum desorption 1s not particularly crucial unless one is
dealing with strongly adsorbed species with a type 1 isotherm. For bulk
separations involving components with moderate isotherm curvature, it is
possible to achieve high quality of both raffinate and extract products by
‘cycling in a pressure range above atmospheric. Yang and Doong'? separated
a 50 : 50 hydrogen-methane mixture over activated carbon into 97.8% hydro-
gen {raffinate product) with 90% recovery and 90% methane (extract prod-
uct) with 89.9% recovery. Cocurrent depressurization was employed and the
pressure was cycled between 120 and 35 psig. The two-bed, five-step, cycle

feed d Meihane
Bedt] 1 I 1 m
(I—
Hydrogen
Hydrogen Hyrogen
Hydrogen
Bed2! T LA I 1 I
Methane Feed Feed
Pressuriza- . Caturrent I
Yen § | Msordties T Blowdown 1 [Blondawn JY|Purce ¥
Coturrent Count Pressuriza .
2 Bloxdon il Biowdown I Purge ¥ tion ] '1 Adsorption T

Figure 3.14 Schematic disgram of the two-bed, five-step PSA cycie used by Yang
and Doong for recovery of both extract and rafiinate products at bigh purity. (From
Ref. 17; reprinted with permussion.)
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used by Yang and Doong 1 shown in Figure 3.14. Cen and Yang'® in another
study repeated the same separation and demonstrated that the purity of the
extract product is improved further by replacing the cocurrent depressuriza-

tion step with a cocurrent methane purge step conducted at the feed
pressure.

3.4 Cycles for the Recovery of Pure Raffinate Product
m Kinetically Controlled Separations

The PSA cycles discussed so far, for both purification and bulk separation,
were developed for separations based on eauilibrium seiectivity, The cvcles

used for kinetic separations are somewhat different. in such systems the

choice of contact time i cnitical. Since the idea 1s to exploit the difference in
the diffusion rates of the adsorbing molecules, the contact time must be short
enough to prevent the system from approaching equilibrium but not so short
as to preclude significant uptake. The crucial element m any kinetic separa-
tion 18 therefore the duration of the adsorption and desorption steps.

The only widely used commercial PSA process based on kinetic setectivity
18 air separation for nitrogen production using a carbon molecular sieve or
4A zeolite adsorbent. Kinetic separation of air for nitrogen production using
Union Carbide RS-10 molecular sieve (modified 4A zeolite) has been mnvesti-
gated by Shin and Knaebel.' In a recent study Kapoor and Yang® have
shown that methane—carbon dioxide separation (from landfill gas or effluent
gas from tertiary oil recovery) using carbon moiecular sieve s another
prospective candidate for kinetic separation.

Although with properly selected step umes the Skarstrom cycle can be
applied to a kinetic PSA separation; such a cycle 1s far from ideal. A maror
disadvantage 1s that the slowly diffusing raffinate product would be contimu-
ously adsorbed during the purge step. This difficulty can be avoided by use of
vacuum desorption or by using a modified form of “self-purging”™ cycle.

3.4.1 SelfPurging Cycle

Equilibrium and kinetic data for the sorption of oxygen and nitrogen on the
Bergbau-Forschung carbon molecular sieve® are shown in Figure 3.15 and
summarized in Table 3.2. It 1s apparent that there is little difference in
equilibrium but a large difference i diffusmvity, with oxygen being the more
rapidly adsorbed species. The high-pressure raflinate product in the carbon
molecuiar sieve procesy 15 therefore nitrogen. In such a system purging with
nitrogen to remove the faster diffusing oxygen from the bed (as mn the
Skarstrom cycle) 1s undesirable smce, as well as wasting product, a certain
fraction of the slowly diffusing mitrogen will be adsorbed, thits reducing the
capacity for oxygen during the next adsorption step. The earlier kinetie
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Figure 3.15 (a) Equilibrium isotherms and (b) experimentat uptake curves for
sorption of O, and N, on Bergbau—Forschung carbon molecular sieve. {(From Ref. 21;
reprinted with permission.)

nitrogen processes avoided this difficuity by using a vacoum to clean the bed
rather than a purge, as illustrated in Figure 3.12. The general scheme for a
vacuum swing carbon sieve process to produce nitrogen 1s shown m Figure
3.16. A better opfion is, however, available. At the end of the blowdown step
the adsorbent contains both oxygen (fast diffusing) and nitrogen (slow diffus-
ing). Thus, if the bed is simply ciosed at the product end and left for a period
of time, the oxygen will diffuse out first, followed by nitrogen, so (he system
is, i effect, self-purging. The product purity 1s directly controlled by increas-
mg feed pressure, and pressure equalization is incorporated to reduce the
blowdown loss. A’ dual-ended pressure equalization is used in which the feed
and product ends of the high-pressure bed are connected to the respective
ends of the low-pressure bed. Most modern nitrogen PSA units therefore
operate on the cycle shown in Figure 3.17, which incorporates both pressure

Table 3.2. Equilibrium and Kinetic Data of Oxygen, Nitrogen, Methane, and
Caribon Dioxide on Bergbau - Farschung Carbon Molecular Sieve and

4A Zeolite at 25°C
Diffusionai Henrys Saturation
time constant (s~ ') constant” constant (g moles /cm™)

O,-CMS" 270 % 107" 9.25 264 x 1077
N,-CMSH 590 x 1073 . 890 2,64 x 1077
Op-4A° 851 % 107° 2.10 1.72 x 1072
N,—4A¢ 899 x 107° 4.26 i.20 x 107
CO,-CMS4 2.00 % 107 135.83 2.85 x 107%
CH ,—~CMS¥ 5.00 % 1078 25.83 174 x 1079

Dimensionless basis.

Source; Kinetic data from Rel. 24 and equilibrium data trom Rei. 22,
Sowrce:  Rel. 23,

Source:  Ref. 20.

B T B
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Figure 3.16 Schemane diagram of the Bergbau-Forsching PSA aie separation
process, (From Ref. 21; reprinted with permission.)

equalization and a self-purging desorption step. Connecting both ends of the
beds allows rapid pressure equalization and improves product purity since
the oxygen-rich gas rematns at the feed end of thei pressurized bed. The
higher recovery advantage of dual-ended pressure goualization, however,
decreases with increasing product purity.

Kinetic selectivity may he increased by ancreasing the diffusivity of the
faster component, oxygen, or further decreasing the diffusivity of the slower
component, nitrogen. An increase in oxygen diffusivity wiil increase the
nitrogen product purity without seriousty affecting the recovery (see Figure
5.9). Intuitively 1t may appear that artrogen recovery will mcrease with
decreasing nitrogen diffusivity, and the best situation would be reached when
there is practically no penetration of nitrogen. What 15 overlooked n this
mtwitive argumeni s the roie of the desorbing mitrogen in a self-purging
cycle. The desorbing nitrogen cleans the void volume of the adsorption
column, and, unless there is significant uptake of mitrogen during the high-
pressure adsorption step, wmadequate self-purmng will result in increased
oxygen contamunation in the nitrogen product. There is therefore a lower

limit of nitrogen diffusivity below which the self-purging cycle becomes
meffective.
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pressure cqualization and no purge.
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3.4.2 Kinetic and Equilibrium Effects in Opposition

When equilibrivm selectivity favors the slower-diffusing component, as in air
separation for nitrogen production on modified 4A zeolite (see Table 3.2 for
quantitative values), the system cannot be made self-purging since the amount MASS
of desorbing mitrogen 15 not sufficient to elimmate the residual oxygen ' SPEC,
concentration in the bed. For such a system conventional purge or vacuum
regeneration 1s necessary. Shin and Knaebel' have reported an extensive

experimental study of this system, They adopted the Skarstrom cycle m a LEGEND
single-bed apparatus and therefore enjoyed the additional freedom to opti- '
mize the cycle by varying independently the duration of the individual steps, ! P_? Prassure Contrallar
Their expenimental system 15 shown in Figure 3.18. In such an arrangement fF-"C ;?\:sg::‘;;mfdumr
an additional tank was used for product storage (in order to suppiy the FM  Flow Meter
purge) and pressure equalization cannot be rérformed. However, the con- ; SV Solencid vaive
tents of the auxiliary tank may be used to partially repressurize the bed in a ‘ NG~ Normally Opan
manner essentizlly equivalent to a pressure equalization step. ; ' KC  Normaily Clossd
Blowdown and purge under vacuum were also investigated in this study for _ COM Comman ] )
comparison. Some of the more important findings are summarized 1n Tables : Figure 3.18 The single-bed experimental PSA svstem used by Shin and Knaebel to

3.3 and 3.4, As the pressure ratio increases, the punty increases, bui the study air separation on a modified 4A zeolite. (From Ref. 19)
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Table 3.3. Effect of Pressure Ratio on Separation of Air on Union
Carbide R5-10 Molecular Sieve*

High Low Nitrogen Product
prissure pressure Pressure Fecovery purnity

(kPa) (kPa)’ ato (%) (mal % N,) Productivity
20 113 1.77 41.56 #2.3 478
358 123 291 22.46 93,7 3.9

620 154 4,03 12.54 98.2 261
200 113 .77 13,83 93.8 1.00
358 123 2.91 22,46 93.7 39

620 152 4.08 23.05 93.7 5.46

High-pressure ndsorption = 35 s, blowdown = 2 s, purge = 3 &, pressurization = 15 s. Purge volume
w ({166 % 1074 m™ at STP,

Saurce: Ref, 19

Table 3.4. Effect of Purge Prassure on Separation of Air on Union
Carbide RS-10 Molecutar Sieve®

High pressure

(kPa) 200 358 620
Law pressure 113 60 123 78 152 119
(kPa)
Nitrogen recovery 13.83 16.87 22.46 21.83 23.05 23.12
(%)
Product puriy 938 93.8 93.7 93.7 93.7 93.7

(mole % N,)

“ High-pressure adsorpuon = 35 &, blowdown = 2 5, purge = 3 s, pressunzaiion = 15 5. Purge volume

= 0066 X 107 m* STP.
Sowrce:  Ret. 19,

recovery is decreased. For the same purity both recovery and productivity
increase with 1ncreasing feed pressure. The recovery gam 15 relatively 1ess in
the higher-pressure region, but the increase in productivity is consistent.
Moreover, subatmosphernc blowdown and purge are advantageous {in terms
of recovery) at low feed pressures, but the advantage disappears as the feed
pressure is increased. The latter finding further confirms that in a Skarstrom
cycle blowdown foss becomes dominant at high feed pressure. Product purity
may therefore be controlled by either the feed pressure or the purge rate or
by a combination of both of these.

3.4.3 Equilibrium and Kinetic Effects Reinforce

Separation of methanc from methanc—carbon dioxide mixture on s carbon
molecular sieve is an example where equilibrium is in favor of the faster-dif-
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Figore 3.9 (a) Equilibrium isotherms and (b) expernméental uptake curves for
sorption of CO, and CH, on Bergbau-Forschung carbon molecular sieve. (From Ref,
20: reprinted with permussion.}

fusing component, carbon dioxide. Relevant equilibrium and kinetic data are
presented in Figure 3.19 and Table 3.2. A purity-versus-recovery plot for this
separation (feed 15 50:50 methane—to—carbon digxide ratin) constructed
from the data of Kapoor and Yang® in the region of their opumal operating
pomt is shown in Figure 3.20. The effects of varving the high and low
pressures and the product rates about therr optimal vajues are aiso indicated.
A cycle similar to that shown in Figure 3.14 was used, except that the
countercurrent purge step was replaced by vacuum desorption through the
feed end. It is clear from Figurc 3.20 that there 1s an upper fimst of the high
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Figure 3.20 Effects of feed pressure, desorption pressure, and product rate on the
experimental punity and recovery oi CH, from CH, /CO, separaton by pressure
swing adsorption on a carbon molecular sieve. The arrows indicate the (Iiréclmn of
mereasing parameter values. (Data taken from Ref. 20.)

operating pressure beyond which both purity and recovery decline. With
atmosphenc blowdown tiie maximum methane product purity that can be
achieved by raising the adsorptron pressure is therefore limited to about
70%. Further improvement in product purty is essentially controlled by the
(subatmospheric) desorption pressure,

These observations provide an interesting contrast with smnilar perfor-
manee profiles for the kinetic air separation process (Figure 3.21). In Figure
3.21 all profiles are monotomic with no evidence of an upper limit. While
_thcrc must always be a theoretical limit for the high operating pressure,
beyona which both recovery and purnty decling, 1t is clear that this limii lics
well beyond the normal range of operating pressures [or air separation on a
carbon molecular sieve and therefore does not limit the system _pcrformancc.
In contrast to the methane--carbon dioxide system, a high-purity nitrogen
raffinate product can thercfore be achieved simply by raising the adsorption
pressure, without recourse to subatmosphenc desorption. _

The key difference between ar separation and methane—carbon dioxide
systems appears to lie in the shape of the equilibrium 1sotherm for the more
s-trongiy adsorbed species. For nitrogen—oxyzen on CMS the isotherms are of
finear or slightly favorable (type 1) form, whereas, 1n the relevant pressure
:rang:;, the isotherm for carbon dioxide on CMS is highly favorable, approach-
ing the rectangular limit. If the isotherm for the faster-diffusing Specics 18
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Figure 3.21 Performance of an ar—carbon mojecular sieve system operated on a
madified Skarstrom cyele (no external purge) showing the effect of high operating
pressure and cquilibrium selectivity. Kinetie data and equilibrium data for S, =1 are
given m Table 3.2, 5 has been vanied by changing the exygen equilibrium. (From
Ref. 25} :

highly favorable, a very high feed pressure 1s not desirable, and the product
purity 1s primarily controlled by the (subatmospheric) desorption pressure.
The enhancement of performance to be expected in a kinetic PSA separation
when equilibrivm and kinetic effects remforce will be:observed only when the
equilibrium relationship does not deviate too much from the linear form.

3.5 Cycle for Recovery of the Rapidly Diffusing Species

In the kinetic separation of methane and carbon dioxide mixture on a carbon
molecular sieve, discussed 1 Section 3.4, the rapidly diffusing component,
carbon dioxide, was also recovered at high punty (over 909 punty and
recovery). Cocurrent depressurization and vacuum desorption, which are
commonly emploved in equilibrium-controlled separdtions to produce a high
purity extract product, were, in this study, adapted to a kinetically controlled
process by proper control of the contact time.

Some of the elementary steps discussed here are addressed in more detait
in Chapter 4. The application of the basic pringciples n representative
industrial PSA processes is discussed in Chanter 6.

i
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CHAPTER

4

Equilibrium Theory of
Pressure Swing Adsorption

4.1 Background

Since the mtroduction of PSA, a wide vartety of mathematical models have
been suggested, based on theories that extend from.simple to complex. One
of the first was a detailed model, presented by Turnock and Kadlec,' whicn
accounts for nonlinear adsorption equilibrium, pressure drop, and tempera-
ture effects. That type of model 1s covered in the next chapter. Shortly
thereafter, Shendalman and Mitchell® suggested a simpler type of PSA
model, based on the assumption of local equilibrium. This type of model
accounts mainly for mass conservation, and ignores transport phenomena.
That might make the model seem trivial, but the basic equations of mass
conservation account for time and axial position varnations of flow, pressure,
and composition, which are essential in pressure swing adsorbers,

The model of Shendalman and Mitchell was based on a four-step PSA
cycle 1 which a trace contaminant was adsorbed from a nonadsorbing
carrier. Thus, it applies only 1n very restrictive cases, such as cleanup of
hydrogen or helium coniamming less than 1% of methanc or mitrogen using
activated carbon as the adsorbent. Over the nast decade, there have been
several extensions of the basic ideas proposed by Shendalman and Mitchell;
many of these developments are explained 1n this chapter, For example, the
model has now been extended to binary mixtures having arbiirary composi-
tions, with both componenis adsorbing, and in cycles composed of diverse
steps. The models are not perfect, but realistic PSA applications can be
studied relatively easily.

95
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Most PSA applications exploil equilibrium selectivity, and systems are
usually designed to minimize the negative effects of mass transfer resistance.
In such cases, the trends and. frequently, even precise measures of PSA
nerformance can be predicted accurately from focal equilibrium models. In
particular, estimates of product recovery are often excellent, even when mass
transfer resistances are large, because mass conservation predominates Over
diffusion and heat effects. That such models can be accurate, without
requtring extensive experimental data, has made them valuable as a tool for
PSA simulation and design. Other advantages of cauilibrium theories are:
they help to identify proper combinations of operating conditions; under
certain conditions they reduce to very simple algebraic performance equa-
tions relating the operating and design parameters; they clarify the underly-
ing links between steps, conditions, adsorbent properties, and performance;
and as a result they may facilitate conception and optimization of novel
cycies,

Another major advantage is that the model parameters may be obtamed
directiy from equilibriurmn measurements; so it is not necessary to fit experi-
mental PSA data. In the simplest case, that is, when isotherms are practically
linear, the adsorbent—adsorbate nteractions can be lumped together as a
single parameter, roughly analogous to the mverse of selectivity. It is even
possible o incorporate dispersion by accounting for dead zones at the
‘entrance or exit of the adsorbent bed. _

As explammed in Chapter 3, the conventional four-step PSA cycle for
separation of a binary mixture comprises feed, blowdown, purge, and pressur-
ization, as illustrated m Figure 3.11. Each of these steps serves a vital
function that contributes to successful operation of the PSA system. By
accounting for the relations goverming flow and transfer between the gas and
adsorbent, equilibrium models are able to predict the phenomena occurring
in each step. It 15 then easy to combine these relations to predict overall
performance. Extending the basic equations, and modifying the conditions of
the conventional steps allows complex properties, conditions, and cycles to be
simulated.

Before proceeding with mathematical details, the reader may wish to scan
Section 4.4 on Cycle Analysis. For example, Eqs. 4.27, 4.37, 4.44, and 4.45 are
final equations that predict product recoveries for a variety of cycles. Those
equations should convey the idea that, even though the PSA cycles and
governing equations may seem complicated, they can be solved in closed
forms that are simple and yet have broad applicability. A separate Section,
4.5, covers Experimental Validation, in which predictions of some of the
models are compared with experimental data.

The restrictions of the equilibrium theory are evident in the following two
groups of inherent assumptions. The first group 1§ generally valid for eauilib-
rium-based PSA separations, and they make the resulting equations amenable
to solution by simple mathematical methods.
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L. Local equilibrium is achieved instantaneously between the adsorbent and
adsorbates at each axial location.

- The feed 1s a binary mixture of ideal gases.

. Axial dispersion within the adsorbent bed 15 negligible.

- Axial pressure gradients are negligible.

. There are no radial veiocity or composition gradients.

Temperature is constant.

= RNt N

The second group links the equanions and conditions to a particular cycle
and geometry. The assumptions of a simple four-stép cveie and adsorption
system are listed, though they may be modified io: reflect other cycles or
conditions without affecting the applicability of the equilibrium theory.

7. All of the adsorbent 1s utilized during the feed and purge steps.

8. Pressure 1s constant during the feed and purge steps.

9. The isotherms may be lincar or nonlincar, but they are uncoupied,
10." Dead volume at the adsorber entrance and exit is negligible.

Actually, m the first group of assumptions, ail ‘but the first could be
refaxed within the confines of an equilibnium model. "To drop those assump-
tions, however, would complicate the mathematics and diminish the simplic-
ity of the equilibrium approach. After all, if one resorts to orthogonal
collocation or other potent mathematical methods toaccount for dispersion,
pressure drop, etc., there 15 no point m restricting such a model to instanta-
neous mass transfer. Nevertheless, some aspects of detailed models are
mentioned in this chapter, along with the effects of dxial pressure drop (see
Section 4.9). In addition, the assumption that PSA operation be isothermal is
not necessarily rigid. In fact, heat effects appear in a vanety of ways, some of
which are covered in Section 4.8, The effects of relaxing many of the second
set of assumptions are also discussed in this chapter (see Sections 4.4.3~4.4.6).

4.2 Mathematical Model

The simplest PSA cycle studied in this chapter is shown in Figure 4.1, which
shows the basic steps and conventions of position and direction. The bottom
of that figure will be discussed later, but 1t shows how compositions move
through the adsorbent bed during each step, with the shaded region depict-
ing the penetration of some of the more strongiy adsorbed (or “heavy™)
component, while the piain region contans oniy the pure, less strongiy
adsorbed (or “light”) component. In this chapter the heavy and light compo-
nents are referred to as 4 and B, respectively.

The following mdividual component balance applies to binary mixtures in
which both components adsorb, so they are coupled in the gas phase, but are
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assumed mdependent 1 the adsorbed phase:

3Py, dvPy, dq,
o[ 52+ 22+ RI(1- )G =0 (4.1)

The subscript + refers to component A or B. Shendalman and Mitchell?
and Chan et al.’> considered the case of a trace amount of component A
bemg adsorbed from a carrier, 8. Shendalman and Mitchell took the carner
to be nonadsorbing, while Chan et al. accounted for adsorption of the carrier,
In both cases, the interstitial veiocity, v, was taken to be independent of
composition {(and of both time and axial position at constant pressure). As it
1s written, however, Ea. 4.1 applies to bulk separations as well as removal of
a dilute contaminani.

An important detail is the definition of the void fraction . If the adsorbed
phase concentrations are expressed on a particle volume basis (Le., including
miraparticle porosity), then & Is simply the extra-particle or interstitial bed
voidage. Such a definition 18 logical where mass transfer rates are fintte and
when the mass transfer resistance 1s associated with external film diffusion,
macropore diffusion, or solid-side mass transfer resistance at the particie
surface. With this definition, the bed density (pg), particle density (p,), and
the solid or microparticie density (p_), and the corresponding void fractions
are related by:

pe=1(1—e5)p, = (1 —eg){1 — €,)p., £ = £y

When micropore resistance is domunant, or indeed under the assumption of
local equilibrium on which this chapter 1s based, it is more logical to regard
the external void fraction as the sum of the particie macroporosity and the
bed voidage {i.e,, all gas space outside the micropores). The densities and
void fraction are then related by:

Py = (1 - E)pc',

p, corresponds to the density deterrmined with a fluid that penetrates the
external voidage and the macropores bui nol the micropores. Since these
definitions affect the magnttude of the isotherm parameters, it is essential o
maintain consistency when equilibrium data are incorporated into a PSA
model,
The balance equations are modified by substituting adsorption isotherm
expressions for each component in the form,
! Py
0= F{ ) = Fied (42)

e=gy+ (1 —s85)e,

Examples are given in Chapter 2. Following assumption 6 above, the temper-
ature is fixed, so the second term of Ea. 4.1 can be determined from Ea. 4.2,
as; -

S P (B (4.3)
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Inserting this into Eq. 4.1 yields:

al.) '!' al}Py,

where 8, ={1 + [(1 — e)/elf/}~'. which 1s a function of the component
partial pressure, Note that when the 1sotherms of both components are
linear, this parameter 1s constant, although here it is treated as if it depends
on partial pressure. Simply adding the appropnate forms of Eq. 4.4 for the
respective components yields the overall maternal baiance, which governs the
mterstitial flow 1in the packed bed. Hence, this expression may be employed
to determine the local veiocity in terms of composition, pressure, and
adsorbent-adsorbate interactions. The result is

v!"”(_fu T (F= Dy, P ST+ (F= Dy, (4.3)

where the approximation s only exact for linear isotherms, and 8 = B,/B3,
which for nonlinear 1sotherms may depend on pressure and composition, but
for linear isotherms it 1s constant, During pressurization and blowdown, the
composition, pressure, and interstitial velocity vary with time at each axial
position. The details are beyond the current scope (see Section 4.9), but the
result for linear isotherms is

—Z 1 4P
“ BT (F-DyP @ (46)

The smmplicity of equilibrium-based theories arises because the coupled
first-order partial differential equations governing the material balances can
be recast as two ordinary differential equations that must be stmultaneously
satisfied. The mathematical technique employed is called the method of
characteristics. A brief explanation is given in Appendix A. The resuiting
equations are:

dz B

dr T+ (- Dy, (4.

and

dy, (B-1D{(1-y)r,
AP T+ (B~ Dw]P (+8)

Equation 4.7 defines characteristic trajectories in the z, ¢ plane. First of all,
Eq. 4.8 shows that when pressure 1S constant, composition is also constant,
and the characteristics given by Ea. 4.7 are straight lines. Conversely, when
pressure varies with time, the composition varies according to Eg. 4.8, and
the characteristics are curved. Examples of characteristics are shown in the
bottom portion of Figure 4.1, for example, as lines during feed and purge and
as curves during pressurization and blowdown. It 15 mportant to note that
characteristics do not end at the end of a step; rather, they continue in an
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attered form. Since composition can be determined along any charactenstic,
knowing the mitial composition, they provide an excellent means for perform-
mg stepwise material balances for PSA evcles.

The blowdown step is governed by Eas. 4.7 and 48, while the subsequent
purge step can be analyzed with Eq. 4.7 alone. These steps essentially
regenerate the adsorbent. In many conventional adsorption systems, regener-
ation creates a wave that gradually moves through the bed, which 1s com-
monly referred to as a proportionate pattern or dispersive fron: (see Section
2.4). In the remainder of this chapter, 1t 1s referred to:as a simple wave, partly
because it contrasts with the term shock wave which is discussed below (see
also Section 2.4.1), and to suggest an association with equilibrium behavior
{as opposed to kinetic or dispersive effects).

To complete the analysis of even the simplest PSA cycle, it is necessary to
account for the uptake step(s). In particular, the feed step involves uptake of
the more strongly adsorbed component. As in conventional adsorption sys-
tems, a sharp concentration front s created by this uptake that 15 sometimes
called a constant pattern or self-sharpening profile. At the extreme of local
equilibrium behavior, the front is a step change, and s called a shock wate.
Since equilibrium effects are emphasized in this chapter, the term shock
wave will be used, even though In real systems dissipative effects may
dimmish the sharpness. A shock wave is shown in the bottom portion of
Figure 4.1 in the feed step. It appears as a thick line at which characteristics
mtersect, and it separates the shaded region (depicting presence of the heavy
component) from the plain region (depicting the pure light component).
Examples of breakthrough data {from expertments in which methane was
agmitted t0 a bed of activated carbon previously pressurized with nitrogen)
are shown in Figure 4.2, illustrating the sharpness attainable in many PSA

+ applications.

It is the velocrty of a shock wave through the packed bed that governs the
duration of the feed and rinse steps. Similarly, that velocity is controlled by
the rate of flow into and out of the system; hence, the matenal balance.is also
affected. The velocity of the shock wave depends on the interstitial fluid
velocities at the leading and trailing edges of the wave. These are related by
equating the shock wave velocities based on the conditions for both compo-
nents A4 and B to get

U3¥a, = " ¥a,

= e he LT (4.9
Ugn A Y = Y, }

where, in general,

~& /o~ Ji RT
£ Yy TV PH_‘

8, =0,(Py,y, ¥} = [1+

1 and 2 refer to the leading and trailing edges of the wave, respectively, and
f['_ 15 given by Eq. 4.2 for component : at compaosition: J.

g
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Figure 4.2 Breakthrough data of N, and CH, on activated carbon at 2.7 atm and
25°C.

A balance for component A around the shock front yields an expression
for the velocities ahead of and behind it,

1, 1+(ﬂ—1)y,1!.

- 74 4.
vy T+ (8- Dy, (4.10)

where 8 = 8,/68,. Again, Appendix A treats this subject somewhat more

generally and thoroughly.

4.3 Model Parameters

Two parameters provide the sumpiest means by which to express the impact
of adsorbent—-adsorbate interactions on PSA performance. The parameter 8
1s evaloated at a specific composition using tangents of the respective
isotherms. The parameter 8, however, 1s evaluated at a yjump discontinuity
using chords of the respective 1sotherms. For systems having linear isotherms,
B and 8 are identical.

The amount of adsorbate held in a unit volume of adsorbent is sometimes
referred to as the column isotherm. In terms of the definitions given, the

Az
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column 150therm 15

L—El.{_.,__._lﬁs.f_“.ﬁ‘

8, RT ey, P
In terms of wave movements, this is the cumulative amount of adsorbate
admitted at P and y, to an mitially ciean adsorbent {i.e., totally evacnated or
prepressurized with a less strongly adsorbed component), stopping at break-
through. The column isotherm is discussed later in other contexts.

The parameters 8 and 8 are related to velocitiés via Egs. 4.5, 4.9, and
4.10. Therefore, it 18 possible to measure their effective values in break-
through experiments. In one type of experiment, a fixed bed of adsorbent s
mitially purged and pressurized with the light component. The feed is then
admutted to the bed at the same pressure. By simply monitoring the influent
and effluent flow rates, the value of 8 (or 8 when both isotherms are
practically linear) may be found from: :

I - Qom/QiniF

#=8(P0,y) =1~
Ya,

(4.11)

(= B for linear 1sotherms)

where the product 15 pure (i.e., Va, = (), the bed pressure is kept constant,
AP = 0, and the volumetric flow rates, (s, are conastant. In an alternative
type of experiment the adsorbent bed is m:tially equilibrated with feed. Then
the pure heavy component is adimitted to thé bed at the same pressure. By
simply monitoring the influent and effluent flow ratés, the vaiue of 8 (or 8)
may be found from: '

=8(P =1)=__.__m_mi_yF
ey Qiu/Qmu —¥e

( = B for linear tsotherms) (4.12)

Note that when both isotherms are linear, the values obtamned mn the two
types of experiments should be consistent, but if 1sotherm curvature is
significant, the values of & determined in the two types of experiments may
be different. In that case, the first type of measurement would be more useful
when the light component is desired, and the second type would be more
useful when the heavy component is desired.

This approach has several advantages: a range of different operating
conditions (feed compaosition, pressures, and cycle times) can be examined,
the effects of minor vanations in packing and /or adsorbent properties can be
assessed directly, and even effects of dispersion and diffusion can be identi-
fied and easily resotved.

As mentioned earlier, examples of experimental breakthrough .curves, for
methane {A)-nitrogen (B) on actvated carbon, are shown in Figure 4.2. The
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Figure 4.3 Effect of Re on adsorpiion selectivity parameter, 8, for arr-0, on zeolite
5A (Ball®), and N, and He on activated carbon, and N, and CH, on activated carbon.

results are plotted as & versus Reynolds number (Re = pevd,/u, where p
and p arve the gas density and wiscosity, v 18 the gas superficial velocity, and
dy 1s the particle diameter) (n Figure 4.3. In that figure, absolute pressure is
shown as a parameter, and results for air { A)-oxygen (B} on zeolite 5A, and
nitrogen (A)-helium {B) on activated carbon are aiso mciuded. Some of the
pressures were sufficiently fow for the isotherms to be nearly linear, while
others were at pressures high enough for isotherm curvatuse to be significant,
Furthermore, the dependence of & (or 8) on Re is similar among the
different cases, reflecting the impact of dissipative effects. For each data set,
the mnimum value of # corresponds to conditions m which the combined
effects of diffusion and dispersion are munimal. At that point, 8 1s typically
found to be larger (worse) than the vaiue predicted from sotherm data atone
‘by about 0.02 to 0.05, The optimai Reynolds number (Re) for all the cases,
except nitrogen-helium, 15 in the range of 9 to 18. The elapsed time per
breakthrough experiment is on the order of a few mnutes, while batchwise
1sotherm measurements are much more time consuming.

For certain compositions, when the isotherms are quite nonlinear, there
may be a selectivity reversal, indicated by 8 > 1. This can occur when the
parhial pressure of the heavy component 15 so large that 8, becomes greater
than 8. In that case, if a shock front existed, st would begin to disintegrate
and a simple wave would form. The resuiting breakthrough pattern would
have a tail (at high partial pressures) that might be falsely diagnosed as an
effect of mass transfer resistance (see Figure 2.23). Generally, other compli-

8 e i AR 1
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cations are possible due to multiple concewable values of the velocities ana
the parameters 8, and 8. The compositions bounding the shock front are
constramned by the infiuent and effluent compositions, but due to entropic
effects they may tend to lie somewhere between those. For mulncomponent
systems, the phenomenon of “rollup” can cause local maxima of the lighter
components, resulting in a shock velooity slower or faster than expected.
Subtleties arise because the choice 1s subject to @ unigueness condition.
Applications to PSA have been discussed by Kayser and Knaebel.* When the
curvature of the isotherms 1s not too severe {i.e., at low partial pressures), the
uniqueness condition will be automatically satisfied, and the shock velocity
predicted by Ea. 4.9 will be valid for y,, =y, (e, the feed composition).

4.4 Cycle Analysis

Certain prelimnaries are essential for predicting PSA performance. First,
one must determine basic properties, and among these, for the Jocal equilib-
rium theory to be accurate, mass transfer resistances must be small. One
must then decide on the steps comprising the PSA cycle, and choose
operating conditions, such as feed composition, pressures, and step times. At
that point, material balances and thermodynamic relationships can predict
overall performance in terms of: flow rates, nroduct recovery, byproduct
composition, and power requirements.

The key concept involved in applymg equilibrium:models is that each step
is intended to accomplish a specific change. For steps such as pressurization
and countercurrent blowdown, the specific change 1s:obvious. Other steps are
more subtle because they may proceed until breakthrough 1s imminent,
complete, or some fraction thereof. Such operating policies link the flow
rates, step tumes, bed size, etc. of those steps, and depending on mitial and
final states, may 1mpact other steps in the cycle. In that sense the goals of the
steps are not af all open ended.

As an example of stepwise material balances, the number of moles
contained in an influent or effluent stream during any step can be determined
from appropriate velocities, as given by Eas. 4.5,-4.7, 4.9, and 4.10. The
cholce depends on the nature of the step. The moles added to or removed
from the column in each step can be expressed as the integral over time of
the mstantaneous molar flow rate(s), or as the difference between the final
and initial contents of the column, General expressions are:

ANA = (—Q-A—m e QA"n“]ts[gp = Nﬁﬁnal - NA!iniliai (413)

ANTOTAL = (Q-.; - Qou:)ts_rep = NTOTAL|finai - NTOTAL"miainl (4-14)
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where the products of the average molar flow rates and time are:

—_— lyen €A g POy
Qutaen = [ "G dt (4.15)
=y faey sAeg Pu
Qtﬂcp = _[0 p_I?f_ dt (416)

For steps m which pressure 1s constant, the influent flow rate or effluent
flow rate can be set to complete the sten within the allocated step time. No

matter which is specified, the other can be easily determined if both composi-
tions are known, via Eg. 4.5 or 4.10, denendmg on whether a shock front
exists in the colummn.

For steps in which pressure varies, it 1s easier to specify the rate of
pressure change, because the volumetric flow rate varies as pressure changes.
Employing Ea. 4.5, Eq. 4.16 can be written as:

—_ {
Olyep = 0““"Q -f}‘— (4.17)
For some steps, it is convenient to determine the flows from the moiar

contents of the column, when the composition profiles are known. For either
A or B, the contents are:

. .

No= [Tloc, + (1 = e)file)] Acs d2 (4.18)
0

where f; 1s the 1sotherm function, given by Eq. 4.2. This relation 1s equivaient

to the column sotherm mentioned in Section 4.3, In the same vein, the total

column contents are obtained by sumnung the amounts of both components.

Niotas. = [*(s¢ + (1= )| falea) + falep)])Acs dz (4.19)

Now these balance equations can be combined to predict the overal
performance of some PSA cycles. As discussed in Chapter 3, the simplest
PSA cycles employ four steps, so they will be considered first. The steps
comprise: pressurization either by feed or product, feed at constant pressure
until breakthrough is imminent, countercurrent blowdown, and complete
purge (so that' all of the heavy component is exhausted). The version
employing feed for pressurization is usually cafled the Skarstrom evcleS and
18 discussed in Section 3.2. Several variations of the Skarstrom ecycie have
been analyzed via the local equilibrium theory, inciuding steps with incom-
plete purge,”*® sunuitancous pressurization and feed and simultaneous feed
and cocurrent blowdown,'" cocurrent blowdown," rinse,'? etc. As shown in
Sections: 4.4.1-6, the final results of those models are surpnsingly simple.
Futhermore, experiments conducted over a wide range of conditions have
confirmed therr validity, as shown in Section 4.5.

[P Ren S

EQUILIBRIUM THEORY 107

4.4,1 Four-Step PSA Cycle: Pressurnization with Product

The cycle covered in this section 1s shown in Figure 4.1, and it is probably the
simplest PSA cycle, at least from a mathematical viewpoint. One result of
that simplicity 1s that it has been possible to extend the equilibrium theory, in
closed form, to systems exhibiting nonlinear isotherms.” For the sake of
clarity, although generality 1s sacrificed, the discussion 1s given here in terms
of a specific type of mixture, viz., in which the light component has a linear
1sotherm while the sotherm for the heavy component 1s nonlinear (e.g., a
Langmuir or guadratic isotherm). When hoth 1sotherms are practically linear,
the equations presented here can be easily simplified, and when both are
nonlinear, the preceding equations can be adapted, although the resuiting
expressions become somewhat more complicated.

As mentioned previously, step tines, velocities, and molar flow rates are
mnterrefated through matenal balances. Therefore; since the influent and
effluent moles required for a certan step are fixed by Eqs. 4,13 through 4.19,
the choice of step time really only affects the interstitial velocity. For some
steps that choice 1s critical. For example, during the feed step the flow rate
affects the apparent sefectivity, as suggested in Figure 4.3, as well as pressure
drop. In contrast, the time allotted for the purge step 1s usually chosen
order to synchronize steps occurring 1n parallel beds. Pressure drop and mass
transfer rates are normally of little importance while purgimg. From a
mathematical viewpoint, the velocities 1 the feéd and purge steps are
governed by the rates at which the shock and simple waves propagate
through the bed, as given by Eas. 4.5, 4.7, 4.9, and 4.10. These equations
relate the mterstitial velocity, the length of the bed, the step time, and the
column 1sotherm, as follows:

Uintlr = £./0, (4.20)
Uintlpu = L /B4 (4.21)
Note that the feed step is assumed to produce the ipure light component at
high pressure, so in Eq. 4.20 6, = 8 ,(P,, y = 0, y.). Furthermore, since in
Ea. 4.21 the purge gas is also presumed to be pure, 8, = By, In this section,
the light component 1s assumed to have a linear 1sotherm, so in the following
treatment By = By = 4.
Accordingly, the moles required for the feed and purge steps may be
determined from Eqgs. 4.13 through 4.21 as

thlF = d"‘MﬁjﬁAﬂ/BA
Q;,,”PU =¢B.4,/Ba=d, if Ya, = 0
where ¢ = eAdLP /B, RT, £ =20r/P.
.BAU L-e_ 4/ e
B“z.?,f,:(l“L_e Kf,)/(1+ SEKL)

and K, 1s the Henry's law coefficient of component .

(4.22)
(4.23)
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The moles of the pure, light product withdrawn during the feed step may
be determined from Eaos. 4.10 and 4.22, as follows

Qoudle = 0 [1+ (0 = Dy, | B, fO4 | (4.24)

where 8, has the same value as in Eqgs. 4.20 and 4.22.
The pressurization with product step in this cycle follows the purge step;

sO the bed is presumed to contain only the pure, light component. Thus, Eq.
4,17 yields

Qitler = PB(# ~ 1) _ (4.25)
Consequently, the rare of pressunzation i§ immaterial; only the initial and
final pressires matter. :

The definition of recovery of the light component for this four-step cycle,
with pressurization by product is:

Qoutle — Outlor — Outlru

Ry = == {4.20)
? Qin! | FYBF
Thus, by combining Fas. 4.22 through 4.26 and rearranging, one obtains:
Ra=(1—63(1— ‘£ ) (4.27)
Yo,

where { = 1 /11 + (£Pyy B4, )/(1 — Bo)l is a factor that deviates from unity
only for nonlinear 1sotherms. For example, when component 4 foliows a
avadratic sotherm, g, = K ¢4 + M cZ and component B follows a linear
1sotherm, gy = Kgzcp, One gets
1-—-£ MA
"% R

Some specific results of Eq. 4.27 are shown n Figure 4.4 for the case of
linear isotherms (M, = 0 and ¢ = 1). This figure illustrates the effects of
- feed composition and pressure ratio on product recovery, for two adsorbent
selectivities, 8 = 0.1 and 0.9. These selectivities span the range of very easy
{(e.g., hydrogen purification) to quite difficult (e.g., separation of argon from
oxygen), respectively. The results are shown as three-dimensional surfaces
that have quite similar shapes, despite the large difference 1n selectivities.
Both surfaces approach an asymptote at high pressure ratios and, to a lesser
extent, as the percentage of the heavy component n the feed approaches
zero. Conversely, recovery of the light component always decreases as the
amount of the heavy component i the feed increases. Later, in Section 4.6,
additional comparisons are made that focus on the effect of isotherm curva-
ture. ) )
Another measure of overall PSA performance is the enrrchment of the
byproduct, £, =§, /Y., This may be of interest when the more strongly

w
adsorbed component s valuable. If that component is very valuable, the
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Figure 4.4 The effeci on recovery of feed composition and pressure ratio, for 8
(a) = 0.1 and (b) 0.9, for pressurization with product.
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present four-step cycle {with complete purge) may not be the best choice.
More will be said about alternatves later in this chapter. Nevertheless, a
simple mauteral balance can be used to determine this parameter, regardless
of the operating conditions. The following relation applies for any eycle that
splits a binary mixture i which the light component is obtamned as a pure
product, and the only other effiuent stream 1s the byproduct:

1 .
EA = l—m (428)

4.4.2 Four-Step PSA Cycle: Pressurization with Feed

What may seem to be the simplest modification of the four-step cycle
outiined previously 1s to pressurize with feed rather than the light product.
This arrangement was actually the cycle proposed by Skarstrom.® It seems
mtuitively possible, if not probable, that pressurizing with feed rather than
product could produce more net product (i.e., have a higher recovery). That
is, on physical grounds 1t 1s easy (but deceptive) to regard pressurization as a
“parasitic” step, since no product evolves. At first glance, the basic mathe-
matics would seent to confirm these expectations. For exampie, in the case of
pressurization with feed, Npg, the moles consumed for pressurization, ap-
pears in the denominator of the definition of recovery, as shown 1n Eq. 4.29.
For the counterpart cycle (pressurization with product), Npp appears as a
negative term in the definition of recovery, Ea. 4.26. Thus, in both cases it
would appear that pressurization 1s deterimental to performance. Following
that notion, it might be deduced that the refatively less vatuable feed should
be empioyed for this purpose, as opposed to the pure product.

Followng this reasoning, it is useful to examine pressunization with feed as
an alternative to pressurization with product, primarily in order to better
undersiand the PSA cycle, and secondarily to gain insight into the develop-
ment of equilibrium models. As mentioned earlier, both Shendalman and
Mitchell* and Chan et al.? ignored the effect of the heavy component on the
molar flows and velocities. As a result, their models do not distinguish
between the amount of gas reauired for pressunzation with feed versus
product. Their predicted recovery of the light component, restricted to the
case of complete purge, is:

R. = Nup Ny £ 1
s yBF(NH + Npg) yHF[d/Gt—ﬂ + (P — 1)]

(4.29)

Note that y,_ — 1 was assumed by both Shendaiman and Mitchell and Chan
et al., so 1t would be superfluous in the denominator on the night-hand side 1
their versions. It 1s included here only for compieteness. In addition,
Shendaiman and Mitchell assumed that g = B4, and By =1, while Chan

et al. assumed 8 = B, /Bg .

o
?

AN g e e e At ot e e

A

EQUILIBRIUM THEORY 111

Removing the restrictions on feed composition and including the impact of
sorpiion on the interstitial gas velocity ieads to a more widely applicable and
accurate model for most PSA systems. That approach was followed by
Knaebel and Hill'* for a system having linear isotherms. Therr relation to
predict recovery of the light component, also restricted to the case of
complete purge is:

R, = P20 — _
ya [P0 + B(AP - 1)]
In this equation the parameter, {1 {= © in the onginal paper), 15 determined
by dntegration via Runge—Kutta or a similar approach, and 15 somewhat
mvolved. In general, { o @ Hﬂyﬂp when 8 — 0 (e.g., 0.1}, while for larger
values of 8, £} 1s somewhat larger than that product. Since () 1s not a simple
function of feed composition, adsorbent selectivity, or operating pressures,
one might expect that the dependence of recovery would be equally complex.
The discrepancies between the models, due to différences 1n their mherent
assumptions, are discussed in Section 4.6. In addition, some of the subtieties
of the pressurization step are discussed in Section 4.9,

As in the previous section, specific results calculated from Eq. 4.30 are
shown n Figure 4.5, for the case of linear sotherms. That figure illustrates
the effects of feed composition and pressure ratio :on product recovery for
two adsorbent selectwities, 8 = 0.1 and (1.9, which span the range of very
easy to guite difficult PSA applications. The results, again are shown as
three-dimensional surfaces that in this case have guite different shapes, due
to the difference 1 selectivities. As for pressurization with product, recovery
of the light comiponent always decreases as the amount of the heavy compo-
nent 1n the feed increases. In addition, both surfaces approach an asymptote
at high pressure ratios, but, for the low-selectivity case (8 = 0.9), there is a
ridge representing maximnum recovery at low pressute ratios.

Another relevant issue is the inherent differences between the pressuriza-
tion methods discussed. Though there may be differcnces in mechanical
complexity and other details, the most significant difference 1s, more than
likely, between the recoveries of the light product. To expand on that pomt,
Figure 4.6 shows the incremental improvement in recovery for pressurization
by product versus pressunzation by feed as affected by feed composition and
pressure ratio, again for 8 = (0.1 and 0.9. The comparison is again limited to
systems having linear 1sotherms. As can be seen, regardless of the conditions
and parameters, the recovery of the light component that 15 attamable by
pressurization with product is generally superior to: that obtainable by pres-
surization with feed, The percentage difference is small for systems with high
selectvities, but grows larger as selectivity drops. Perhans surprisingly, the
difference mcreases as the pressure ratio (§) increases.

This result underscores the fallacies of the previous mtuitive arguments in
favor of pressunization by feed, and shows that it is a misconception to view
pressurization as a “parasitic” step. The primary underlying principle is that,

(4.30)
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when the adsorbent is pressurized with feed, the adsorbent near the feed end
contacts the feed at essentially the lowest pressure m the cycle. This allows
the more strongly adsorbed component to penetrate farther into the bed,
because less is adsorbed by that adsorbent than if the gas were fuily
pressurized. As a result, that adsorbent is less than fully utilized. Thus,
despite the fact that pressurization does not contribute directly towards
production, 1t can diminish the useful capacity of the adsorbent.

4.4.3 Four-Step PSA Cycle: Incomplete Purging

The two cycles considered so far in this section are simpie, and relatively easy
to analyze. Unfortunately, however, they are not particularly efficient in
terms of thetr performance relative to power requirements. That is, they
generally require high pressure ratios to attain high recovenes. For this
section, we consider a simple modification of the four-step PSA cycle
described in Section 4.4.1. It will be seen that this modification, which simply
involves varying the extent of purging, can iead to remarkably higher recovery
at relatively low pressure ratios.

Incomplete purging has been common in industrial practice, as mentioned
by Wagner'! and Wankat."” Quantitative studies of the extent of purge have
focused mainly on flow rate ratios, especially the purge-to-feed ratio. For
example, the effects of the purge-to-feed ratio on light-product purity were
studied by Yang and Doong,'® Doong and Yang,'” and Yang." Thewr results
implied that it was not feasible to increase recovery by decreasing the
purge-to-feed ratio and still maintain high product purity. Kirkby and
Kenney' showed theoretically and experimentally that there is an optimum
extent of purging, for which product purity and recovery are maximized.
Their cell model suggested that the optimum corresponded to complete
purge, but their experiments revealed that a lesser amount was optimal. An
equilibrium-based mode! was develoned by Matz and Knaebel” to assess the
effect of purge on PSA performance, based on systems having linear
isotherms, and that work is the basis of the following discussion. Recently,
Rousar and Ditl? solved the sume basic eauilibrinm-based equations analyti-
cally to determine the optimum purge amount, and they examined operation
in a regime that yields impure light product.

By 1ts nature, incompiete purging leaves a composition fail, or heel, at the
feed end of the column, containing some of the more strongly adsorbed
component. Subsequent pressurization with product (also countercurrent 10O
the feed) pushes that residual material toward the feed end. More subtly, it
also reduces the pgas-phase mole fraction of the more strongly adsorbed
component in that region, since the heavy component 15 preferentially taken
up as pressurizabion procecds, The presence of the compressed tail reduces
the quantities of both the leed admirted and the gross product obtined
during the feed step. The relative amounts consumed ind/or produced
during each step depend on tihe extent of purge, as well as on the conditions
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Figure 4.7 Paths of characteristics in the purge, pressunzation, and feed steps, for a
fractionat extent of purge of X. Note: z’ is measured from the bottom toward the top,
and z 1s measured in the reverse direction.”

and parameter vaiues. Generally, reducing the amount of purge always
results in increased recovery, but bevond some limit (described below) there
i$ no assurance that pure product can be obtained,

It may help to visualize the action of the steps o terms of wave move-
ments, as m the discussion of Figure 4.i. A schematic diagram of the wave
movements in the relevant steps 1s given m Figure 4.7, aithough 1n this figure
the shading that represents the influx of the heavy component has been
omutted. The purge step 1s still characterized by a simple wave. This wave
spreads as it propagates over the iength of the column, as shown on the
lefi-hand side of the diagram.

The key feature of the extent of purging 1s the fraction of the column X
that is completely purged. That 1s, X is the fraction of. L over which y = 0 at
the end of the purge step, t;. Because they are linearly related, this is
identical to the fraction -of the amount of gas required to purge the bed
completely, via Egs. 4.21 and 4.23, as

X = Bavintlry _ gtlpu

L QtlEy

where B,v;.tlpy is the distance mto the bed that 1s fully purged and Q—rl’f’u 18
the number of moles required for compiete purge.

An arbitrary characteristic in the sumple wave is denoted by s composi-
tion, v,. The one that just reaches the effluent end of the column as the
purge sten ends 18 special. Its maole fraction 1s ealled y,i, ... An operattonal
constraint is that this should be less than the “expanded” feed mole fraction,
or, if it is not, when 1t 15 repressurized 1t will simply revert to the feed
composition. In other words, if this constraint is not met, regenération will be
mecomplete, and the effective Jength of the column will he reduced, leading to
premature breakthrough, Mathematically, this amounts to the following
mequality ygl,., < yg. Generally, the value of yg can be determined from

(4.31)

Dok
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its imitial composition and the imposed pressure ratio,

1~ -
yslz=[ 0{1 ’;,z) }50’3 ' (4.32)

The ultimate axial position, denoted zg, is coupled to the onigmal position z;
by :

B 3 — 1/01—8) _
S—Zn(y) et y) (1+(ﬁ s (4.33)

Yo T -y 1+ (B~ Ny,

Any greater extent of purge than the amount indicated by this inequality will
drive off a sufficient portion of the more strongly adsorbed component so that
net product is possible. At any rate, the composition at the end of the purge
step can be determuned from the fractional extent of purge as follows,
1—-Xx\?
Volz=r = =g (4.34)

Thus, beginning with values of X and y and inserting them into Eags. 4.7
and 4.34, one can determine the composition profile in the column at the end
of the purge step. One can subsequently employ Eqgs. 4.32 and 4.33 to
predict, by tracing characteristics, the profile after pressurization.

The feed sten 1s affected by the profile n the column at the end of
pressurization because characteristics having composition y¢ encounter char-
acteristics at the feed composition, forming a shock wave. Since the comnosi-
tion at the leading edge varies nonlinearly along the shock path, i may be
necessary to determine the path by mtegration using a Runge—Kutta routine.

Since the composition profile at the beginning of the feed step 1s compli-
cated, it 15 conceivable that variations of composition and velocity, along with
the differing adsorption selectivities of the components, could lead to unusual
waveforms (e.g., the formation of double shock fronts), which are possible for
a single adsorbate that has a Type I'V isotherm. If that were the case, column
behavior would be difficuit to understand and analyze. Applying the entropy
condition and the method of characteristics, however, leads to the conciusion
that multime shock waves cannot occur at conditions typically encountered in
PSA cycies.

Having summanzed the necessary modifications to the basic model, and

discussed some of the subtleties, it is appropriate to look at some results. The

recovery of pure product can be predicted for this cycle by combining the
foregoing analysis with Eq. 4.26. From an engineering standpoint, the most
mteresting cases to consider are those were dramalic improvements are
possible, for example, m relation to the simpler cycles discussed earlier.
Perbaps the most interesting type of application at the present state of PSA
technology is the situation in which both the feed composition and adsorbent
selectivify are moderate. Separation of oxygen from air vsing zeolite SA 15 a
realistic example of such a system. Air 15 composed mamly of nirogen
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(78.03%), oxygen (20.99%), and argon ((.94%) {(for simplicity the munor
constituents are omitted here), and the temperatare 15 taken to be 45°C,
which assures that the isotherms are nearly linear (up to about 6 atm).
Furthermore, the adsorption isotherms of argon and oxygen on 5A zeolite
practically coincide, so argon and oxygen are not separated. The
adsorbent-adsorbate interactions are characterized by 8 = 8 = 0.593 (Kayser
and Knaebel®).

Two types of comparisons are possible: fixing the extent of purge and
varying the pressure ratio, or vice versa. The results ane shown in Figures 4. 8
and 4.9, respectively. The former shows extents of purge of 100% and 50%.
and pressure ratios from 1.43 o 100. The recovery based on complete purge
passes the break-even point at a pressure ratio of 4.6, reaches 22% at a
pressure ratio of 10, and approaches about 39% as the pressure becomes very
large. Conversely, at 50% purge the recovery at a pressure ratio of 1.45 is
23%, rises to nearly 39% at a pressure ratio of 10, and attains the maxumum
value of about 40% at a high pressure ratio. Fignre 4.9 shows pressure ratios
of 2.0 and 4.0, with extents of purge from 45% to 100%. Both cases show ni}
recovery for high extents of purge, and over 30% recovery as the extent of
purge reaches the minimum value for which pure product is attamablie.

To summarize these results: reducing the extent of purge to about 50% of
completion allows recovery to pure oxygen at low pressure ratios. As the
pressure ratio mcreases, the mmprovement is still significangt, though the
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Figure 4.8 Effect on light product recovery of pressure ratin, for extents of purge of
50% and 100%, for 8= 0.593 and y, = (L78.




118 PRESSURE SWING ADSORPTION

0.4
03 L -
m
E03 -
c
2
£ 0.2 - -1
i)
0
E, 0.2 | -
2 0.1 .
il
>
8 o - .
L
0oz
0.0 | —
0.0 1 L | I- { 1

03 04 05 06 07 08 09 10

Extent ot Complete Purge, X

Figure 4.9 Effect of extent of purge on light product recovery for pressure ratios of
2.0 and 4.0, for 8 =0.593 and y-=0.78.

retitrns dimimish. The only potential advantage foreseen for purging more
than the minimum amount is to compensate for any transport resistances or
dispersive effects that could cause contamination of the product. Such effects
would be greater for faster cycling, so there is bound to be an optimum at
which product purity and recovery are balanced against adsorbent productiv-
ity and the power requirement.

4.4.4 Four-Step PSA Cycle: Pressure Vanation During Feed

Modifications of certain PSA steps could lead to simplified equipment or
superior performance. For example, the simplest PSA cycle is a two-step
cycle that combines the pressurization and feed steps, and the blowdown and
purge steps. This cycle requires the mnimum number of valves and very
sunple control logic. Conversely, a number of studies have shown that
cocurrent blowdown can significantly increase the recovery of the light
product, Therefore, it seems promising to combine the feed and blowdown
(cocurrent) ‘steps, even though doing so would mvolve some mechanical
complications, The local equilibrium theory 15 a natural choice to study such
cycies because i1t can focus on the impact of major parameters and operating
conditions, without the mtrusion of extraneous effects which would invoive
adjustable parameters.
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The interstitial flow rate can be found from the total material balance (i.e.,
the sum of Eq. 4.1 or 4.4 for both components). These equations can be
integrated with boundary conditions (yg, r¢, specified at the feed end of the
bed) 1n order to evaluate the velocity and composihon at other peinis in the
adsorbent bed. The individual component baiance for component 4, can
then be solved, yielding results that are slightly more :complicated character-
1stics than those described by Eags. 4.7 and 4.8:

dz By — P'z)
At Pl1 (B - Dyl

By (B~ D1+ (B~ 1y —yi)va

dz Bl(vo/P") - 2]
where P' = dP/dt = (g — ) /L, and by = BaraPlL + (8 — Dyl in
which the subscript O refers to the outlet, and the subscript F refers to the
feed end of the packed bed. When pressure vanes linearly with time, P’ is
constant, as are the motar flow rates. A hypothetical problem could arise if
imposing a pressure shift caused the shock wave to degrade mnto a diffuse
front. The step time would then have to be shortened to mamtain high
product purity, which would reduce recovery. On that pownt, Kavser and
Knaebel™ concluded via the enfropy condition that unless the pressure shift
causes a dramatic increase in pressure drop or mass ‘transfer resistance, the
equilibrium tendency should preserve the shock front,

When the pure, less strongly adsorbed component, B, is used to pressurize
the cotumn from P to P, and when the feed step involves a pressure shift
(e.g., partial pressurization by feed or partial cocurrent blowdown) to Py, the
recovery of the pure, less strongly adsorbed component can be expressed as:

-1
R (ipi 1)y, (4.37)
pi(l _yA!-‘)
[1 /B (P 1) [OA[ L+ (B Dy}
Gu— B |14 (B0~ 1),

i

{4.35)

(4.36)

X

where ¥ = Py /Py, ¥ = P./P, and #, = P, /P, . Only two pressure ratios
of the three mentioned are mdependent; the latter quantities are preferred
because they are constrained to be greater than urity. Suh and Wankat?!
studied separate feed and cocurrent blowdown steps, and found that the
distinct steps can yield better recovery than when combined.

Figure 4.10 shows predictions of product recovery as affected by the [atter
pressure ratios. Three cases are shown involving -separations that are “dif-
ficult,” either because the feed is predominately the heavy component, or
because the adsorption selectivity 1s poor, or both. These are represented by:
() p=0.1and v.=09; (b) 8 =09 and y. = 0.1; and (¢) 8 = 0.9 and
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yg =09, respectively. It can be seen that recovery always increases by
combining feed and partial cocurrent blowdown: the increase can be dra-
matic for a large value of £+ and a low or moderate value of 4. Conversely,
recovery always declines when pressurization and feed are combined (i.e.,
#e < £y). The first plot shows the case of excellent selectivity, but the feed is
very contammated with the heavy component; the results suggest that. for
this system, combined feed and cocurrent blowdown will yield only a small
improvement over conventionai PSA. The second plot, in which the selectrv-
ity 15 poor and the feed 1s predommately the light component, shows that
very large improvements in recovery are possible for combined feed and
cocurrent blowdown. For example, the maximum recovery via conventional
PSA 1s 10% (at a very high pressure ratio). Combinng feed and cocurrent
blowdown can match that recovery at a pressure ratio of only 6, or vastly
exceed it (e.g., reaching 25% recovery at a pressure ratio of 50). The third
example shows a system having poor adsorbent selectivity and heavily con-
taminated feed. Recovery 1s improved for this case, too, by, for exampie,
initially pressurizing to a pressure ratio of 50 then feeding while blowing
down cocurrently to a pressure ratio of 15, The resuit exceeds the maximum
recovery of the conventional cycle (at very high pressure ratios). Increasing
the initial pressure ratio to 100 vields a 50% increase in recovery. The
advantages of mncreased recovery must, ol course, ibe weighed against the
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mherent costs of increased complexity and addittonal power for recompress-
ing the product, if that is necessary.

4.4.5 Five-Step PSA Cycle: Incorporating Rinse
and Incomplete Purge

In this section a rinse step is added to the four-step PSA cycle discussed in
Section 4.4.3. The added rinse step follows the feed step, and it begins by
admitting the pure heavy component to the bed. This displaces the residual
feed, which i1s recycied. In so doing, the adsorbent bed becomes saturated
with the heavy component. Therefore, during the blowdown step, the heavy
component s recovered as the pressure drops from Py, to P,. At least part
of the heavy component must be recompressed (to Py) for use in the
subsequent rinse step. The cycle is shown schematically n Figure 4.11.

Though called rinse, the action of this step could also be thought of as a
high-pressure purge. A major formal distinction between rinse and pirge 1s
that rmsing involves a composition shock wave, while purging wmvolves a
simple wave. Arguments can be made for directing the flow durning the rinse
step either cocurrent or countercurrent to the feed, Factors such as mechani-
cal complexity and product purity affect the choice. For now, since the
mathematicai model to be discussed assumes local equilibrium, mplying that
ideal shock fronts exist during the feed-and rinse steps, the direction does not
affect performance. To be definite {(and to favor the mechamcally simpler
version), the rinse flow is taken to be counter to that of the feed.

The present PSA cycle also ncludes incomplete purging. The equations
that govern the purge, pressurization, and feed steps in this cycle are
identical to those that apply in the four-step cycle covered in Sections 4.4.1
and 4.4.3. Similarly, the equations that govern the rinse step in this cycle are
analogous to those for the feed step. That 15, the relation between the
nterstitial velocity, the length of the bed, the step time, and the column
1sotherm 1s obiained from Eas. 4.5, 4.7, 4.9, 4.10, and follows along the same
lines as Ea. 4.20:

Voutle = L /6y (4.38)

Similarly, the corresponding expression involving the rinse step molar ef-
fluent rate, step time, pressure ratio, and coefficients that represent geometry
and adsorbent-adsorbate interactions Is similar to Eq. 4.22. As a result, the
molar auantities 1n the effluent and influent are:

a:::”:{ = 4)@3.4"/93 (4.39)
Oitlr = #[1 + (8 ~ 1)y ] B4,/ (4.40)

where 0 = 8(Py, y, y = 1). Note that the form of Eq. 4.40 1s identical to
that of Eq, 4.24. For nonlinear isotherms, since the parameters are evaluated
under different conditions, the results may be different.
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Tigure 4.11  Five step cycle-including a rinse step. (Top} Flows and composition
associated with each step. (Bottom) Position-verus-time representation of each step.
Shaded region depicts penetration heavy component. X denotes fraction of comple-
tton of purge sten.




124 PRESSURE SWING ADSORPTION

The blowdown step is critical - to this cycle since 1t 1§ the source of the
heavy component product. It follows the rinse step, 50 the bed is presumed to
contatn only the pure, heavy component. The most direct approach to
determune the net effluent is simply to determine the difference the initial

and final states, according to Eq. 4.18 (since the contents are assumed to be
pure A). The resuit 1s:

£ ' i
0Py =0,y=1) G(P,y=0,y=1)
(4.41)

Thus as for pressurization, the rate of blowdown is mmmaterial; only the
mitial and final pressures matter.

The light an_d heavy product recoveries from the current five-step cycle,
based on compiete purge and nonlinear isotherms are:

: a:,:flm) = If’ﬁA,.

04/Bq, — 8
Rp=1-—=t—u 4424
£ya(1 - 0) (4424)
Where 9= B(PH': yp:yz(]) al'ldﬁA =8A(PH! y;:,y =0)_
CBfe (1~ 0)ye—1] -
RAw 1 ( ) F ] 125} (4_43)

Fye(e; — 6)

where 0 = 0(Py, y = 1, ve), o,
¥a2 = A(PI-!» y= 1! yF)/eA(PL.» 4
HA(_PH: Y, ¥y = 0}. _ .
For line‘ar‘ 1sotherms, these equattons simplify to:

= BA(PH:.V =1, yF)/aA(PH, y=1,y= 0),
Ly=0), and ¢, =8P,y = 1,y.)/

i

1
Py,

Ry =i~ (4.44)

i

In this cycle, just as for the four-step cycie mentioned in Section 443, the
recovery of the light component can be improved by reducing the amount of
pure light product consumed in the purge step. The analysis of incomplete
purge here is identical to that presented earlier, since the steps are basically
the same. A minor detail is that, at the outset of the purge step, more of the
heavy component remams in the column than in the four-step cycie, when the
blowdown step follows the feed step,

The present cycle differs somewhat from the cycle suggested by Sircar,2?
which also includes a rinse step and is described in Section 6.4. Differences
between the cycles are mainly in the details, such as the flow direction 1n
certain steps. Both cycles were reduced to practice for the purpose of
splitting air, and the ranges of pressure ratios are nearly idcutlcél, ﬁnplymg

Ry=1 (4.45)

e
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that the power required would be equivalent. Experimentally, however, these
cycles performed differently, and the resulting recoveries and product puri-
ties are compared m Section 4.5. That section also compares the experimen-
tal results with the theoretical predictions presented here |see Figures 4,14(a)
and 4.14(b)].

4.4.6 Four-Step PSA Cycle: Columns with Dead Volume

This section covers a method for estimating the magnitude of effects cavsed

by dead volume, via an egnilibrium model. The effects of dead volume are .

diverse—they vary depending on which end of the adsorbent bed is affected,
and they depend on which step of the cycle is being considered. As shown
here, the effects are also typically more severe when adsorbent selectivity 1s
poor,

Notwithstanding the last assumption stated in Section 4.1, an inescapable
feature of adsorption columns i1s dead volume ‘at both the feed end and

product end of the fixed bed. The prunary reason 1s that, if plug flow is to be -

established in the adsorbent bed, the gas must be allowed uniform access 1n
the direction of flow. For an ordinary cylindrical column, with axial feed and
discharge nozzies and bad retention piates, this could amount to a dead
volume (at each end) of 5 to 109 or more of the volume of the adsorbent
bed.

Breakthrough curves obtamed from most commercial columns exhibit
“rounding” ansing from axial dispersion, mass transfer resistance, or back
mixing before or after the adsorbent bed. If dead volume is largely responsi-
ble for the rounding, it should be easy to diagnose. At a given pressure,
temperature, velocity, etc., one can simply compare the breakthrough curve
of a conventional ¢olumn with one in which dead véolume has been mine-
mized. Examples of the latter, shown in Figure 4.2, were obtained with
commerclal adsorbents at vetocities and pressures typical of commercial
systems, but in a column in which dead volume was mimimized. Of course, if
rounding exists, it could also be an artifact of the slow response of the
sampling mstrument, _

Dead volume at the product end of a PSA column affects the steps
differently, as follows:

Blowdown. If, during the previous feed step, breakthrough had not
begun, retained pure product partially purges the bed dur-
ing blowdown; if breakthrough had begun, the gas that
expands from this volume is merely additional (unneces-
sary) waste.

If breakthrough had not begun during the feed step, less
-gas 1s consumed during purge because of the contribution
during blowdown, if breakthrough had begun, excess gas (s
necessary to cleanse this volume before the adsorbent can
begin to be purged.

Purge.
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Pressurzation. Extra pure light product 1s required to pressurize this
space, though it 1s recovered during the feed step.

Feed. - No effect except to retam part of the nroduct gas, if
breakthrough was prevented; if breakthrough had begun,
mixing 1n this region dampens the contamination of the
product stream [eaving the column,

In comparison, dead volume at the feed end of a PSA coiumn has the
following effects:

Blowdown, ‘No effect except to retain part of the waste gas.

FPurge. Same as blowdown,

Pressurization.  Excess pure light component 1s necessary to pressurize this
space.

Feed, Feed gas mixes with the pure light component, resulting in

a “diffuse” froni entering the adsorbent bed.

Thus, there are several disadvantages to dead volume, and few advantages.
In fact, the only positive aspect 1s the possibility that the dead volume at the
product end of the column may hold sufficient pure product to partially
purge the bed during blowdown. That benefit 1s balanced by the fact that the
gas will be less effective at purging the column than gas admitted during the
purge step (at low pressure), because it needlessly expels gas while desorp-
tion 1s in progress.

The followmg development is based on linear 1sotherms and the four-step
cycle described in Section 4.4.1. The cycle 15 composed of pressurization with
product, constant pressure feed, countercurrent blowdown, and compiete
purge. To the extent possible, both feed-end and product-end dead volumes
are considered. Again in this section, compositions are expressed in terms of
the heavy component, 4., Some of the concepts to be presented have been
exammed by Kolliopoules.?

For simplicity, the analysis begins with the blowdown step. This ts because
the gas retained in the product-end dead volume and exhausted in that step
contributes to purging. It i1s presumed that the feed step stops at the point of
immment breakthrough, so that the gas retained in that dead volume, having
volume = Vpy,, 18 not contaminated (i.e., ypy, = 0). The approach taken is
to determine the extent of purging that occurs during blowdown, and then to
determme the additional amount needed during the purge step. The amount
of pure light comnonent required for pressurization is increased by that
needed to fill the dead volumes. Under these assumptions, the feed step is
not directly affected by product-end dead volume, but only by the feed-end
dead volume. _ . _

To predict the composition profile at the conciusion of blowdown, one
must follow characteristics representing different initiat compositions and
axiai positions, The characteristics vefocity is given by Ea. 4.35. Perhaps the
most mportani charactenstic 1s the one that identifies the extent of purging
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due to expansion of gas from the dead space:

dz B

Zl =By, - P A6
at lymo = P = P'2) (4.46)
where 4, = Byl P, which is nil if Vpy, = 0, P' = (P~ Py)/tgp, and iy
1§ the time allotted for blowdown. This can be rearranged to get the distance
1nto the bed (measured from the product end) that 15 completely purged,

2q=zlyan = %(1 — P8 (4.47)

A material balance for the dead volume demands that
Yo = BaVov, P/ Acse = BgApLP' /¢ (4.48)

where A, = Vi /Ve and V. = wdZ.L./4 1s the volume of the adsorbent bed.
When this 15 combined with the preceding relations, the fraction of complete
purge that s attamed during blowdown 1s found.

Z9 AP.BB _ﬁ‘
=+ =—(1-— 4 .49
L £ (1_ £ ( )
The bed 1s assumed to have been saturated with feed at high pressure
during the preceding feed step. If the feed-end dead volume 1s very large,
however, the actual concentration of .4 may be iess. That possible discrep-
ancy is neglected here. Thus, as blowdown proceeds, the residual gas be-
comes enriched m component A and 1s pushed towards the outlet end. The
composition shifts t0 yup, 85 in Ea. 4.32, which yields:
17
i Bl
Ygp =1~ (1 *"}'F)( };Dp } (4.50)
& .

The characteristic having this composition propagates according to Eg. 4.33,
which may be combined with a material balance to obtain:

4
=Tl (4.51)
_ Aoyl 1+ (B~ i)ym( L=y )ml"m(hg)ﬁﬂl—m]
e 1+ (8~ 1}ye L1~ Yap, Ve J

The dimensionless distance, X*, reached by the expanding feed gas 1s
measured from the product end. Thus, Eas. 4.49 and 4.51 define the partally
purged region between completely purged and expandad feed.

Before proceeding, it may be enlighteming to consider the potential impact
of dead volume at both ends of the column, and the variety of possibilities
that arise, For example, the adsorbent selectivity, feed composition, pressure
ratio, and size of the product-end dead volume all affect the uitimate position
of the partially purged region. So, assuming that there 35 dead volume at the
feed end, the contents of this space may be: unaffected, partly affected, or
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completely purged as a result of expansion of the pure light component from
the produci-end dead volume. Similar additional possibilities arise m other
steps of the cycle, leading to many permutations and contingencies. Hence,
the overall problem is difficult to generalize.

To determune the effiuent composition during the countercurrent blow-
down step, the material balance for the feed-end dead volume is combined
with the foregomg balances of the adsorbent bed and product-cnd dead

volume. The former yields ypp(P(#)) at z = L via Ea. 4.50. The overall
balance equation is:

VDVF d(P-Ym_n) _ P

RT dt - W[VLYBD(P(I)) - Vnulynul]_ (4523

By applying the chain rule for differentiation and simplifying, this reduces to:
dyuut S/Bﬂm’\P( Yo ~ You )

dt A (1= 8)1 ~ yap)¥sp ( )

where Ap = Vpv,/Ve- This expression may be mtegrated either analytically

' or via a Runge~Kutta routine, The resuit of the former approach is given by

Eq. 4.534, although in terms of tume and effort, the numerical approach may
well be easier,

7 @ -
Ysp “}’F(l Yz “&:’“) 1“’72‘?&5‘”’“}’"" (4-54)
out 1—-y: Yep \ =D 1_1( J)
n -
1= /
@ y 1
+ Mygp L e
=T -0
=0

where 1 = (6/Bg — Ap)/Ap.

The dead volume at the feed end i1s assumed to be well mixed, and thus
cannot be complétely purged. For practical purposes, it is sufficient to purge
the adsorbent compietely. In fact, in view of the earlier discussion of
mcompiete purge, even this 18 often unnecessary. The quantity of light
component essential for complete purging of the adsorbent bed is:

Outleu = d>(_1 - —‘(-3—‘:\—"(1 - ﬁ?"’)) (4.55)

This 1s Iess than the amount required for a column having VDV,, = {3}, by the
fraction of the bed that had been purged by residual product during the
blowdown step.

To continue the analysis, it 18 necessary to find the final composition in the
feed-end dead volume during the purge step. Two phases are refevant:
during the first, the heavy component concentration mcreases {reflecting
residual material in the feed-end dead volume), and during the second there

i
i
i
i
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1s diminishing concentration of the heavy component (which continues until
the adsorbent is purged). The column outlet concentration during the first
phase is given by:

Ve, = Vep ~ (Yeo ~ Yup,,) (4.56)

£

Xexp(—- :BA'J\F“ + (B — Dygpl(l —-X*)]

The second phase 1s characterized by gradual cleansing of the feed-end
dead volume, which depends on the relative volume at the product end, as
follows:

1

1 r 1
— a(fy~1) i —afly _ { A L aalfg—1) ]
Vel = Veu,, 070+ g @ = {1 - 5 (1 e ™) |

(4.57)

where a = 28/Apf,, 8= (t*/t )77 =1 + (B — Dy*H1 — X% and
X* is given by Ea. 4.51. When the product-end dead volume 1s small, the
ultimate composition leaving the column during purge 18:

{ | A ' 2
y“%m=(”Ww‘y*‘2J?dekmf‘&jﬁl‘ﬁ”f

(4.58)

BAs
Y =B

The pressurization step demands excess material to pressunize the dead
volume. The precise amount, according to the ideal gas law, is independent
of composition. Nevertheless, at the feed end, since matenai flows mto the
dead volume as pressure increases, the composition changes, The moles
required for pressurization become:

Otlpr = (8 - 1)(,3 + M) (4.59)

£

The composition n the feed-end dead volume at the end of pressurization
becomes:

y PUg,

[

Finally, the feed step is potentially somewhat involved due to the presence
of the neavy component in the feed-end dead volume. The feed immediately
begins to shift that composition, but it displaces material into the bed
simultaneously. The composition  the feed-end dead volume vartes with

Yergw =

(4.60)
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time according to:

Yin =¥(z2 =0,) = yy(4) =¥ + (Vergy — yg)emFrrdas/ Yoy
(4.61)

Materiai at this composition enters the bed at ¢, and it reaches the shock
wave atl ¢. The shock wave velocity varies as the composition at its trailing
edge varies, that is,

dz | L+ (B -Dye
d_t\sum‘B"bFl + (8 — Dy, (4.62)
Likewise, the velocity of the charactenstic that intersects the shock wave at

the trailing edge varies depending on its composition, as follows:

’ i+ {(B—Nye  z
AYF Fl I . ]‘r
[1+ (B~ 1Dyl Lot
Solving Egs. 4.61 and 4.63 simuitaneously for y,, yields an expression for #' in
terms of z and i. The path of the shock wave can be determined by
integrating Eq. 4.62, for example

EE
ft

(4.63)

Yo

dz

il = K1+ (B~ Dya] = (7l 2265 (2, 10))

o (4.64)
To simulate a complete PSA cycle when both dead volumes are significant
calls for onily two more parameters to be specified than for a system without
dead volumes. Despite that, the pressure ratio, feed composition, and adsor-
bent selectivity all affect the smpact of both dead volumes. Hence, to present
a general perspective would require more space than is available here. As an
alternative, it 1’ possible to keep details to a mitmum, yet get a sense of the
unportant factors, by restricting attention to a single dead volume. Since 1t is
concelvable that the product-end dead volume may improve PSA perfor-
mance by its passive purging action; it 1s more interesting than feed-end dead
volume alone, for which all the foreseen effects-are negative. For that reason,
the discussion that follows is focused mainly on product-end dead volume.
~ Figures 4.12(a)-(d) show the combined effects of product-end dead vol-
ume and pressure ratio on recovery of the light component in a four-step
PSA cycle. The cycle 15 the same as that shown in Figure 4.1, except for dead
volume in the colump. Each figure applies to a different feed composition
and adsorbent selectmty. While examining the details, 1t may be revealing to
keep in mind some historical facts. Early PSA systems for hydrogen purifica-
tion used modest pressure ratios (e.g., # < 10}, had high adsorbent selectivity
(e.g.. B < 0.1), and the feed was predominately the light component (yp <
0.1). Figure 4.12(a) is based on those conditions, and it shows that the effect
of deadvolume on recovery is small. Thus, hindsight affirms these theoretical
results; that is, hydrogen purification systems could contain significant dead
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Figare 412 Predicted recovery versus pressure ratio and percent dead volume: {(a)
B=01y:=01,(}g=09, y. =012

volume, as in conventional adsorbers, without suffering much loss in recovery.
At the present tume, increasingiy more difficult PSA applications are being
considered, and an appropriate question is whether cofumn designs need to
be modified to accommodate them. For example, the predicted recovery for a
system having low adsorbent selectivity is shown n Figure 4.12(b). To be
specific, the conditions are (he same as for Figure 4.12(a), except that

. B = 0.9 in that figure instead of B = 0.1. The effect of dead volume Is severe,

except at lO\:V pressure ratios {e.g., £ < 3). Conversely, at moderate to large
pressiire ratios (e.g., # = 10), there is a 50% drop in recovery for only 10%
dead volume, and nil recovery for dead volumes of 20% or greater.
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In the same vein, another type of difficult PSA separation exists when the
feed is mostly the more strongly adsorbed component (e.g., ¥ = 0.9). In that
case, the loss of recovery as shown in Figure 4.12(c}, on a fractional basis,
follows the same trends as in Figure 4.12(b), even though in this case the
adsorbent selectivity is large. Applications that are difficult in both regards,
that is, they have both low adsorbent selectivity and a high ievel of the more
strongiy adsorbed component in the feed, are extremely sensitive to dead
volume, as shown in Figure 4.12(d). In that case, merely 2% dead volume is
suffictent to destroy the potential recovery. From these results a rule-of-thumb
is apparent: the fractional dead volume that will lead to nil recovery is:
Apln..o = O.OZ/yFE.

EQUILIBRIUM THEORY _ 133

4.5 Experimental Validation

The beauty of local equilibrium theories lies mm their simplicity and thewr
ability to draw attention to the most important operatimg :conditions, geomet-
ric parameters, and physical properties. Unless these predictions agree with
reality, however, that beauty 1s superfluous. This section reviews some of the
experimental work that has been deliberately aimed at verifying local equilib-
rinm theories. :

The early experimental studies appear to have been conducted as “black-
box™ studies, in which cycling frequency, feed-to-purge flow rate ratios,
pressures, etc. were varted systemaftically. As these parameters were manipu-

lated, the performance (flow rates, product and byproduct purities) and other.

variables were monitored. Comparisons with theory were made retrospec-
tively. Perhaps the first comparison of this sort was that of Mitchell and
Shendalman.? Their application was the removal of 1% CQO, from a helium
carrier using silica gel. They did not find close correspondence with their
eaquilibrium theory; so they introduced a mass transfer resistance to account
for the discrepancy. This modification allowed them to bracket the observed
behavior, but neither model was accurate over the entire range of conditions.
Flores-Fernandez and Kenney?® developed a more broadly applicable equi-
librium theory, and solved it via finite differences and a commercial package
known as CSMP. They tested therr model by experimentally separating
oxygen from air using 5A zeolite, and obtamed fair agreement: within 15%
for the prediction of feed Aows, and within 12% for the prediction of
recovery.

More recently a different approach has been taken, which is to build an
experimental system it such a way that the inherent lassumptions of the
equilibrium theory are closely approached, then to operate it 1n such a way
that the best possible performance is expected. This approach has the
advantage of examiming conditions that are of most practical interest, as well
as usme the theory as a tool to guide the experiments. Several different cycles
have been evaluated this way, but o conserve space oniy three are discussed
here. They are: the four-step cycle employing pressurization with product, a
four-step cycle with combined feed and cocurrent blowdown, and a five-step
cycle Incorporating a rinse step in order to obtain twopure products. The
underiymg theory of all these cycles was discussed earlier in this chanter,

The first test deterrmined the validity of the theory that was described m
Section 4.4.1, which applies for the four-step pressunzation-with-product
cycle, shown 1n Figure 4.1, The experimental system was a two-bed apparatus
containing zeolite 5A, designed to separate oxygen from dry air (Kayser and
Knaebel?®), The temperature and pressures were such that nearly linear
isothermns were expected, and the equipment was designed so that the
assumptions cited in Section 4.1 were valid (including minimal dead volume).
Six sets of experimental conditions were tested, and for ¢ach, the system was
operated until cyclic steady state was achieved. The pressure ratio range was
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Figure 4.13 Experrmental recovery versus predicted recovery (acgor%ng 1o Eq. 4.27)
for oxygen (and argon) separation from air using 3A zeolite at 45°C,

from 6.5 to 840, and the average temperatures were 43 and 60°C. Tt shoulrd
be noted that argon, which appears as about 1% in dry air, adsorbs nearly
identically to oxygen, so the targeted “pure” light preduct 1s actually about
05% oxygen and 5% argon. Product recovery was of primary interest, since 1t.
is predicted quantitatively by the theory. Results of the experiments and the
prédictlons of Eq. 4.27 are shown in Figure 4.13. Recall that there are no
adjustable parameters in the model, so the extent of agreement is not due to
empirical fitting, The average absolute deviation between the experimental
and predicted recoveries was 1.5%, and the product purity averaged 99.6%
(mtrdgen—free oxygen and argon). These experiments provide strong evidence
that, for this system, the equilibrium theory 1s essentiaily correct.

Although the results described are reassuring, they focus on the high-pres-
sure feed step; the pressunization, purge, and especially blowdown are
ancillary steps. So a major question still remains as to the vaiidity__ of
equilibrium theories when pressure changes are vital to the cycle, rather than
practically immatenal. This issue was examined in two separate (ypes of
experiments. The first type of expermment iooked at the acceleration or
deceleration of the shock wave during the feed step, in conjunction with
decreasing Or iOcreasing DTessure, respectively.?® Comparing experimental
results with predictions of the theory showed nearly perfect agreement for
both mcreasing and decreasing pressure. Second, PSA experiments involiving
simultaneous feed and cocurrent blowdown have been conducted in a two-bed

i
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Table 4.1. Conditions and Results of PSA Expenments with Combined Feed and
Cocurrent Blowdown?’

Run #r Py R:xpl Rihcory A (%)
1 12.77 10.43 25.4 26.5 ~1.1
2 1318 10,95 284 271 1.3
3 17.41 14.35 296 3L4 -18
4 229 19.03 341 34.6 -0.3
5 33.73 2512 359 385 - 2.6
[ 33.29 21.06 374 30.1 -7

apparatus.”’ The theory for this type of cycle was discussed 1n Section 4.4.4,
The application was to split oxygen from air with zedlite 13X. Six experi-
ments were conducted 1n which two pressure ratios were varied indepen-
dently. A summary of the conditions and results is given in Table 4.1.

The average absojute deviation of the light product recovery between
theory and these experiments was only 1.5%, just as it was for the exneri-
ments having constant pressure during the feed step. This close agreement
provides additional evidence that the local equilibrium theory 1s indeed valid,
and 1s relatively insensitive to the cycle and operating conditions.,

Finally, a set of experiments has been conducted in which a rinse step was
introduced, in order to extract the heavy component as a pure product. in
addition, the purge step was left incompiete, in order to achieve high
recovery of the light component. The relevant theory 15 described in Section
4.4.5. The specific application was to split dry air to get oxygen (with residuaal
argon) and nitrogen using zeolite 3A as the adsorbent. in those experiments,
a single bed was used, and pressure rafios were varied between & and 20.
Generally, it was possible to reduce the level of impurities in the products to
about 1% (i.e, O, m N,, and N, m O,) and to achieve corrésponding
product recoveries between 27% and 90%. The predicted and experimental
recoveries of both products agreed well, even though ‘they vaned with the
applied pressure ratio, as shown in Figures 4.14(a) and {b).

In addition, Figure 4.15 shows a cross-plot of the experimental resuits
from those experiments, along with resuits obtamned by Sircar® for a very
similar ¢ycle. The axes depicted are product purity and recovery. Sircar's
results show a commonly observed trend: as recovery increases, product

. purity decreases. The data from the experiments described, however, show

that purity can be maintamed at high levels as recovery increases, without a
significant increase in power consumption.

To conclude this section, it appears that the equilibnium theory 15 accurate
and reliable for different PSA cycles, even for relatvely difficult separations.
Parenthetically, it should be mentioned that other expertmenta! evidence,

- 'shown’in Figure 4.3, indicates that the eguilibrum theory should be valid for

a wide range of applications, although the degree of agreement depends on




136 PRESSURE SWING ADSORPTION

1.0 T T T 7T T17T
X=FRACTION FURGE
0.8 |
> L
oc
Li
3
5 0.6
[
s —
= 4-STEP PSA
Lal
Lo 0.4 +
b
0 —
0.2
7100
{a)
1.0 ¥ T T TTTI :
X=FRACTION PURGED
0.8 |
-
o' -
(1)
>
S 06 |
L
f1 4
- L
143
8 0.4 |- ~]
[+°4
—
= L. _
0.2 | / =
0.0 po gl L !Illl]l] )
10° 10! 10
= =]
e PH/ L
{b)

Figure 4.14 Recoveries of (a) oxygen and (1) nitrogen from arr, for a five-step cycle,
with an incomplete purge step.'
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Figure 4.15 Recoveries and purities of oxygen and mitrogenifrom atr, comparing the
present five-step cycie'” with a similar cycle proposed by Sircar.?

the Reynolds number in the bed. Finally, across the specirum of potential
PSA applications the intrusion of heat effects can be expecied to vary widely.

Such effects may be either beneficial or detrimental, as discussed m Sec-
tion 4.8.

4.6 Model Comparison

This section examines the salient features of four distinct local equilibrium-
based models that have been developed over the past several vears. In
general, it 1s fair to say that the obvious differences between these models
are, remarkably, not in the final equations. Rather the differences lie in the
allowable values of certain variables, which affect the parameters of the
models. The onginal derivations contained subtle assumptions that imposed
tight restrictions on the parameters. Thus, 1t was not merely an oversight that
larger ranges of the parameters were not examined.

4.6.1 Four-Step PSA Cycie: Pressurization with Product

The first and simplest model, that of Shendalman and Mitchell,? can be

‘applied to the PSA cycie shown in Figure 4.1, and the resulting equation for

recovery carn be expressed in the same form as Eq. 4.27. This model assumes
that the more strongly adsorbed component Is a trace contaminant and that it
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follows Henry's law, while the carrier 18 not adsorbed, In terms of the : Table 4.2.  Compansons of Four Local Ecqilibriurn Models for a Four-Step PSA Cycle
parameters used above, these arer vy, = 1 (e, yy, = 0), (=1, §=46= Employing Pressurization with Product”

By, =By, and By =0z = 1. The next equilibrium model, developed by . o
Chan, Hill, and Wong,” 1s less restrictive, though 1t also assumes that the vsten Low £ High §

. . ) X and d )
more strongly adsorbed component is very dilute. It allows for adsorption of model iow coni'lmm“o 0 high w:::nmmn
the carnier gas (foflowing a linear isotherm). These restrictions amount to the p 7 P R P
following: y, =1, { =1, and 8 =48 =5, /By. Both of these theories A f 4 O y R

ignore the effects of uptake (and release) on the mterstitial gas velocity. That Ny-He  yy =010,#=5 Vi, = 0.90; 8 = 50

assumption allows the cycle to be analyzed easily, but it leads to potentially ] 0171 1 0.171 0.663 61T i 171 0.812
sericus errors, because it implies that the molar flows of feed and product are 2 0.171 0.956 0.179 0.657 0171 0.956 0.179 0.805
identical, and similarly that the amount of gas required for pressurization 1s 3 0171 0.956  0.179 0638 0.171 0956 0.179 0.657

equal to the amount exhausted during blowdown, 0172 0.956 0.180 0.636 0.286 0.956 0.299 0.426
A similar model, suggested by Knaebel and Hill,"® mcorporated adsorp- NeOz  yu, = 010, 0 =5 Yap = 0.79.8 =20
tion of both components of an arbitrary binary mixture [ie., y, = (0, Dl 3.3279 . 00575 0.75¢ 0.0579 : 0.0579 0.895
_ : 0 » Yo, , 0579 0.163 0.356 0.515 0.0579 0.163 (1356 0.612
Thus, the variation of veloaty ansing from composition variations was taken 00579 0163 0356 0501 D059 0163 0.356 0,490
into account. Adsorption equilibrium, nhowever, was still restricted to linear i 0.0583 0163 0.359 0.497 60795 0163 0489 0301
wotherms. Hence, the parameters of thatmodel are: { = 1, 8 =8 = 8, /B, -i
and B8; = #8,. Finally, the model of Kayser and Knaebel, 4 which 1s the basis of
Eas. 41— 4.27, allows for nonlinear isotherms, as well as arbitrary composi-
tron. Thus, 1n that model the parameters are distinct, and the following
combinations are allowed: { + 1, B + 6 # B, #* B, and B, + 8, (although
the last thequality is dropped in the examples to follow)

S

“Madel i = the $hendalman-Mitche!l model, Ya, 1L Moded 2 s the Chati-Hill- Wong maodel, Ya,
Model 3 is the Knaebel-Hill model. Mode} 4 is 1hc Kayser-Knaebel model. For Ny ~Me and N, - O,. the
value of Py used for the “low-£" comparnison was ¢ atm. For N, ~He, the vaiue of £, used for the ~high-£
comparison was 0.5 atm, For N2~0Q,, the value of P\ used for the “high-£"* comparison was (0,28 atm. These
values, and the pressure ratios. allowed P” Lo stay within the range of equilihnum data. He-M,: Adsorbeni

= activated carbon, emperature = 207 C, = HL&Re = P2R260 5, gp = Oiley, » = LAATA €3 -Na: Adsor.
bent = Zeolite 13X, temperalure = (1°C, q,, 15003, ~ 24,5473, gp = 4.7842c,, ¢ = (LAK0.

If we use the resuit of the most complete derivation to predict recovery,
viz,, Ba. 4.27, the differences between the modeis are reflected in the
allowable values of the parameters. To emphasize the impact of the different
parameters on the four models, two different adsorbent—~adsorbate systems,
which are both simuiated at two different sets of conditions, will be discussed
m the following paragraphs.

In the first PSA system, a very light gas, helium, 1s to be removed from
nitrogen (cf. Figures 4.2 and 4.3). Nitrogen 1s much more adsorbable than
helium, but not to the pomt that the isotherm is very nonlinear (at or below
2 atm). The first set of conditions represents what might be thought of as an
ideal PSA application, since the light gas is taken as the major component. It
is perhaps not surprising that there 15 excelient agreement {i.e., within about
3%) among the Shendaiman-Mitchell, Chan et al., Knaebel-Hill, and
Kayser~Knaebel models for that situation, and that the predicted recovery 1s
high. The second set of conditions involves a significant shift: now the heavy
component 1s the major component of the feed, and the pressure is high
enough so that curvature of its isotherm 1s important. As a result, the two
simplest models agree, but they must be incorrect since the heavy component
is nof merely a trace contaminant. The Knaebei-Hill model accounts cor-
rectly for composition, yielding a 15% reduction of recovery. Correcting for
curvature of the nitrogen 1sotherm, via the Kayser—Knaebel model, reduces
the recovery again by 23%.

The second PSA system 15 intended to separate oxygen (the light gas) from
nitrogen using zeolite 13X. The first set of conditions in Table 4.2, are less
ideal than for helium and nitrogen, because oxygen is much more adsorbable
than helium. This shows the madequacy of the Shendalman-Mitchell model.
The heavy component is dilute, however, so there is little difference between
the Chan-Hill-Wong and Knaebei—Hill models. Since the total pressure 18
relatively low, the curvature of the nitrogen 1sotherm is not significant, so the
Kayser—Knaebel model is in good agreement with the previous two models.
The second set of conditions, again, differs significantly from the first set; the
feed 1s taken to be arr, so the heavy component, mitrogen, 18 the majority of
the feed. In addition, the pressure is high enough so that the curvature of the
nitrogen isotherm is important. This leads to serious discrepancies among all
the models. The Kayser—Knaebel modei accounts for all the effects, and
yields a significantly Jower, but more realistic prediction of the TECOVErY.

Figures 4.16 and 4.17 expand the scope of the oXygen—nitrogen example
cited by showing a larger range of operating pressures. The basis 15 the same
as described in Table 4.2. For the hypotheticai feed composition of 10%
nitrogen and 90% oxygen, shown i Figure 4.16, all the model prediciions,
except those of Shendalman and Mitchell (which does not account for
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Figure 4.16 Predicted recoverics versus pressure ratio for separation of 10% nitro-
gen from oxygen with zeolite 13X,
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Figure 4.17 Predicted recoveries versus pressure ratio for separation of 79% nitro-
gen from oxygen with zeolite 13X,
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sorption of oxygen), are in good agreement at low' to moderate pressure
ratios. BEven when curvature of the nitrogen isotherm is taken 1nto account,
the differences are munor, as long as P, is small. When it is raised to just
(.25 atm, to correspond to the comparison 1 Tdble 4.2, the effect of
curvature becomes pronounced at high pressure ratlos

For the more typical feed composition of 79% nitrogen and 21% oxygen,
shown in Figure 4.17, there is practically no agreement among the models.
That figure clearly shows the magnitude of deviations:caused by 1gnonng: (1}
sorption of the light component (the difference between the Shendaiman—
Mitchell model and that of Chan et al), {2) composition dependence of
interstitial velocity (the difference between the model of Chan et al. and the
Knaebet~Hill model), (3) the effect of 1sotherm curvature (the difference
between the model of Knaebel-Hili and the Kayser—Knaebel model), and
finally {(4) the imnpact of absoluie pressure when the sothermis are not linear
(the difference between the values of P, within the Kayser—Knaebel model).
In all of these comparisons, recovery (at a given pressure ratio) is always
diminished by taking into account more of the effects. mentioned.

4.6.2 Four-Step PSA Cycle: Pressurization with Feed

The differences between the assumptions of the models of Chan et al.® and
Knaebel and Hill'* are also evident in PSA cycles that employ pressurization

i.0 ,
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Ghan~Hill~Wang Mode! _1
Knasbel-Hill Modek —
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Figure 4.18 Recovery versus & for various adsorbent selectivities, Ya, = 0. 9 compar-
ing the modeis of Chan et al. and Knaebel and Hill.
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Figure 4.19  Recovery versus £ for vartous adsorbent selectwvities, Ya, = 0.1 accord-
g to the model of Knaebel and Fll,

with feed. This section briefly discusses the qualitative and auantitative
differences between Eas. 4.29 and 4.30. )

The approach follows that of the previous section in which conditions are
chosen first to be reasonably valid for both maodeis; the conditions are then
aitered to vioiate the simpler model. In both cases the model predictior_ls are
compared to show the magnitudes of the potential errors due to oversimpli-
fication. Generally, Figures 4.18 and 4.19 compare the modeis of Chan et al.
and Knaebel and Hill by showing the dependence of recovery on £ for
various adsorbent selectivities. Specifically, Figure 4.18 shows relatively close
predictions for .y, = 0.1 (yy, =0.9). Conversely, Figure 4.19 shows larger
discrepancies between the predicted recoveries, especially at lower pressure
ratios, for v, = 0.5 (= y,). It should be emphasized that the lower values
are considered to be more accurate, because the assumptions are less
restrictive. In both figures, the differences dimimish as the pressure ratio
increases, 1mplying that the umpact of composition dependence on gas
velocity becomes relatively smaller. Both of those figures also show that
maxunum recovery ‘occurs at an mtermediate pressure ratio for systems with
moderate to iow selectivities:(i.e., § > 0.4). Such behavior is not observed for
the euse of pressurization with product, except for nonlinear isotherms at
relatively high vaiues of P, .
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4.7 Design Example

Ordmmarily, open-ended design of a PSA system might mezn an 1nvolved
optimization of the production rate, pressures (and other operating condj-
tions), adsorbent, steps within the cycle. and equipment. Conversely, to
design a PSA system for a specific application 15 more straightforward,
because one would be given specifications for the feed and purified product
streams and perhaps the adsorbent. Important steps for that case, which 1s
really a subset of an open-ended design, include: obtamimg relevant isotherms
and other properties, selecing a PSA cycle, estimating recovery of the
desited product at various operating pressures {assuming that sufficient
product purity could be attained), determinimg power requirements and
adsorbent bed sizes associated with each operating pressuré range, and
finally estimating the costs of the adsorbent, power, vessels, valves, etc. to
arrive at the total cost. Detailed design considerations would address the
product purity question, and ancillary details that affect the opiimum condi-
tions, and therefore the cost. Such details, though, are beyond. the scope of
this example. The purpose here is to illustrate rough sizing of a specific PSA
system, generally following the steps listed, and employving the eauilibrium
theory.

The application considered here is production of 100 Nm* per hour of
oxygen {at 4.0 bar)} from air, which is at ambjent pressure and temperature.
To avoid possible confusion in dealing with too many: degrees of freedom, a
number of arbitrary choices are made so that the focus can be kept on PSA
rather than auxiliary ssues. For example, one would ordinarily consider
pretreatment of the feed to remove contaminants that could reduce adsorp-
tion capacity (e.g., in this case integrating desiccant iwith this system). For
siumplicity, however, the air fed to this system is assumed to be dry and free of
contaminants. Thus, only the main constituents [nitrogen (78.03%), oxygen
(20.99%), and argon (0.94%), 1.e., 99.96% of “standard” air] are considered.
In addition, the adsorbent is chosen to be zeolite 5A. Comncidentally, the
adsorption 1sotherms of argon and oxygen on SA zeolite are practically
identical, so argon is treated as oxygen in the PSA analysis. Selecting the
operating temperature to be 45° C ensures that the isotherms are essentially
linear up to about 6 atm (so there 1s no effect of absolute pressure on PSA
performance). In addition, at that tcmperature the adsorbent—adsorbate
imteractions are characterized by g, = 0, 10003, £ = 0.478, p, = 810 kg/m’,
and 8 = ¢ = (.503.2° '

Even within these constraints, there rematn many «options: for operating
conditions, one could optimize the pressure ratio, :extent of purge, and
possibly the pressure manipulation scheme {(c¢f. Sections 4.4.1-4.4.4). One
could also consider producing purified nitrogen as a byproduct via a five-step

cycle, since 1 offers very high potential oxygen recovery (cf. Section 4.4.5). To
be concise, however, only two four-step PSA cycles are evaluated here, both
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In this case the power cost has been reduced by 37%, and the adsorbent cost
has been reduced by 13%. In addition, this system does not require a vacuum
pump 0f as many valves (e.g., for blowdown in successive stages), so the
entire system 1s simpler and less expensive. A final, subtie pomt that has not
been taken into account s that the cycle time could possibly be reduced for
this case (since less uptake and release occur), which would lead to less
required adsorbent, and a further reduction in cost. ’

4.8 Heat Effects

The. term heat effect is frequently applied to a conspicuous change n
performance that -comcides with a ternperature fluctuation. Although the
term is mtroduced here, it is covered more quantitatively in Section 5.4.
Viewing a packed bed pressure swing adsorption system, there are two main
heat effects: heat 15 released as a heavy component dispiaces a light compo-
nent due to the preferential uptake, and compression raises the gas tempera-
ture. Of course, heating due to adsorption and compression is at least
partially reversible, since desorption and depressurization both cause the
temperature to drop. The relative magnitudes of such temperature swings are
affected by heats of adsorption, heat capacities, and rates of heat and mass
transfer. Hence, the potential effects on performance are many, and they
depend on operating conditions, properties, and geometry, sometimes in
complicated ways. For examnle, at a constant pressure, a cycle of adiabatic
adsorption followed by adiabatic desorption involves less uptake and release
than the isothermal counterpart. As a result, one might expect poorer
performance from an adiabatic system as opposed to an isothermal system,
but that'is not necessarily true for PSA, as shown later.

The term heat effects has acquired a connotation of mystery and confu-
sion. This is especially true in the field of PSA since many different effects
occur simultaneousfy. Thus, determinmng cause-and-effect relationships 1s not
triviai. In fact, some unusval thermal behavior was revealed in a patent
disclosure by Collins™ that continues to perplex some mdustnal practition-
ers. Collins stated that, “Contrary to the prior art teachings of uniform
adsorbent bed temperature during pressure swing air separation, it has been
unexpectedly discovered that these thermally isolated beds experience a
sharply depressed temperaturé zone in the adsorption bed inlet end. ... The
temperature depression herembefore described does not occur 1 adsorbent
beds of less than 12 inches effective diameter.” Without attempting to
unravel those observations, it may be instructive to consider what happens in
a small column, to see detailed effects directly and to infer their caunses, and
to become aware of the range of potential effects,’

For most systems, the principal heat effect arises from simultaneous axial
buik flow, adsorption, and heat release due 10 adsorption, These phenomena

o

EQUILIBRIUM THEORY 147

lead to composition and thermal waves that propagate toward the product
end of the column. For many PSA applications, these fronts comcide, and the
induced temperature shifts just due to adsorption are often greater than
10°C and may exceed 50°C (Garg and Yon®®). It is shown iater that
temperature shifts during a typical PSA cycle need not significantly affect the
adsorption selectivity, even though relatvely large changes in absolute capac-
ity may occur. For systems with small amounts of a strongly adsorbed
contaminant or a very weakly adsorbed carrier, however, the thermal wave
~may lead the compositton wave (see Section 2.4) and in such cases the
adsorption selectivity can be dramatically affected.
Temperature profiles for a typical bulk separatton application are shown
in Figure 4.20. That figure shows the internal column temperatures during a
PSA cycie 1 which oxygen 1s being separated from air using zeolite 5A with a
pressure swing of 1 to 5 atm. Five thermocoupies were placed at the
centerline of the column at equal spacings. They were small and had exposed
Junctions for fast response. The pressunization step (up to 39 s) appears as a
linear increase of temperature measured at all the thermocouples. During
the feed step (continuing to 149 s), the temperature is stable until the
composition front passes, and then a sharp rise occurs and a new piateau 1s
reached. Simultaneous measurements indicate that for this systém the tem-
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Figure 420 Bed temperature histories for a four-step PSA cycie, from pressurization
through purge. The numbers | through 5 indicate tharmocouple locations in the bed,
from near the feed end 1o near the product end. The application is production of
emygen from air with zeolite SA. The pressure range is from 1.0 10 5.0 atm.
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Figure 4.21  Bed temperature histories during a four-step PSA eycle in which water
vapor is removed from ar with silica get at 25°C and a pressure ratio of 4,

perature front coincides with the composition front. Blowdown causes a
nearly instantaneous temperature drop due to simuitaneous depressurization
and desorption {until 161 s). Finally the purge step exhibits a small drop in
temperature as desorption of the heavy component is completed, followed by
a gradual rise back towards the ambient (influent) temperature (completed at
205 s). .

For c'omparison, temperature profiles for the feed step 1n a PSA air dryer,
which 15 a typical contamunant removal application, are shown in Figure 4.21.
That figure shows internal column temperatures for air drying by silica gel
with a pressure range of 1 to 4 atm. The four thermocouples were identical to
those in the previous case. In this figure the front that propagates through
the bed s barely discernible, and is certainly not sharp.

Knowing some of the details of temperature fluctuations during PSA
cycles, 1t is appropriate to explore the effect of temperature on overali PSA
performance for a bulk separation. The clearest and simplest indication of
temperature dependence comes from the limiting case of linear isotherms in
the four-step cycle discussed in Section 4.4.1. Each stream depends differ-
ently on individual component B8 values which are themseives dependent on
temperature. The overall recovery, however, depends only on B, (which is
written simply as 8 here). First of all, consider the overall dependence of
recovery on temperature from Fq. 4.27, '

aT

1 ag
e — 1|22 : {4.66
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where

B =155 ) fl+ v k)

1
- ref -

1y

and

1s the temperature-dependent Henry's law coeflicient of component . Com-
bining these yields '
B _ K, ,AH, [ E (K,,AHB 1)
T RT'Z[E/(] '*FJ}'*‘KA]Z [ KA AI‘IA

(4.67)

(A
Kol 5, !

To cite a specific example, the paramelers for separating oxygen from air
using zeolite 5SA at 45° C are: K, = 8.24, K5 = 4.51, AH, = ~6.0 kcal/mol,
AHg = —3.0 kcal/mol, and € = 0.478, so g, /8T = 0.00269 K™, a8, /0T
= 0.00209 K", and 88 /0T = 0.00856 K~ .2 A( very high pressure rauos,
only the second term in Eq. 4.66 is important, and the litnt 1s: 3R /3T =
—0.00856 K™'; that s, recovery would decrease by slightly iess than 1% if
the average temperature increased 1° C, At a more reasonable pressure ratio
of 5, however, the first term 1 Eq. 4.66 is about —0.05, which would reauire
an average temperature increase of 20° C for recovery to decrease 1%. At
lower pressure ratios, Eaq. 4.66 predicts that the recovery would mcrease,
rather than decrease, if the average temperature increased.

Next, the flows mvolved in each step can be examined to see how
temperature fluctuations from step to step may affect ‘the overall recovery.
That is, the temperature dependence of each siream can be found from the
1sotherm parameters. For the sake of discussion, guantities are identified
only by orders of magnitude, and the temperature of the high-pressure
product 1s taken as the base temperature. Retative to that, the temperature
reached at the end of pressurization is practically thei same. The fact that
pressurization begins at a lower temperature ts5 less important, since equili-
bration at the final temperature and pressure determines tiie quantity of pas
admitted. The temperature encountered by the feed is higher {due to the
heat released by uptake). Finally, the temperature during biowdown (which
does not affect recovery) and purge is iower due to depressurization and
desorption. Hence, looking at each term in Eq. 4.26 reveals the effects of
temperature shifts for individual steps:

_ 0-0-[A(1/8,)/AT)[ATipu] [—][;‘}
ARo(ATsren) = [a(178,)/ATTATRT ~  [Z1(7)
(4.68)
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Thus, the net effect of temperature shifts during this four-step cycle is
positive. That is, the recovery of the light component should be somewhat
greater when the natural temperature shifts occur than if the system were
forced to remam isothermai. The net effect ts expected to be mumnor since,
according to the basis chosen, only the purge and feed streams are affected,
and the.increase of the purge stream should be small relative to the decrease
of the feed stream.

Before leaving this subject, it is worthwhile to point out that the conclu-
sion just reached is not general: different cycles will respond to temperature
shifts differently. For example, for cycies in which the heavy component is
produced during blowdown (cf. Section 4.4.5), the most important stream 1n
determuning recovery is the blowdown step. This step involves a large
tethperature drop (relative to the pressurization, high-pressure product, and
fnse steps) due todesorption and depressurization. As can be seen from Fa.
4.41, the net effect’is-that the adsorbent retains more of the heavy component
than it would under isothermal conditions (i.e., the magnitude of the second
term on the right-hand side is larger), so recovery is diminished.

Aside from gaining a better understanding of PSA systems via thewr
inherent thermal response, there is an even greater icentive to understand
this behavior. To elaborate, in many PSA systems 1t is important to prevent
complete breakthrough, (e.g., during feed and cocurrent blowdown steps),
which would reduce the purity of the product. Conversely, if breakthrough 1s
not imminent at the end of these steps, the product recovery cannot be as
high as possible, since any purified gas left 1 the column is exhausted with
the byproduct. Similarly; a rinse step should be allowed to proceed until
breakthrough isjust commplete, To go further would reduce recovery, and to
stop prematurely would reduce purity. Accordingly, both high product purity
and high-recovery PSA performance can be achieved by terminating such
steps very precisely. A minor problem 1s that many composition sensing
instruments have long response times or large sample volumes, so that
on-line measurements are often impractical. That 158 where the thermal
response comes in,

The fact-that the shock wave of temperature usually comcides with the
composition front'can be exploited to control the timing. Evidence for that s

‘shown both 1n Figure 4.20, which was described previously, and in Figure

4.22, in which, again, oxygen 15 being separated from air. In the latter figure,
the pressure increases from 2.0 to 5.2 atm. as feed ig being admitted to and
product is being slowly released from the column. As can be seen, the
average temperature in the bed rises, but the sharpness and magnttude of the
temperature front are essentially the same as when pressure was constant.
Equivaient, but reverse effects occur when the bed pressure decreases.”® The
possibility of controlling the step times in this manner can prevent reduced
recovery [e.g., due to diminished adsorbent capacity or when operating
conditions {or ambient conditions) vary significantlyl. In fact, this concent was
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Figure 4.22 Bed temperature histortes for a combined pressunzation and feed step.
The numbers 1 through 5 Indicate thermocouple locations in the bed, from near the
feed end to near the product end. The application is production of oxygen from ar
with zeolite 5A. The pressure increases linearly with ume from 2.0 to 5.2 atm.?

used to control feed and rinse step times for the five-step cycle experiments
described in Section 4.5 [ef. Figures 14(a} and (b)),

4.9 Pressurization and Blowdown Steps

Until now, attention has been focused on complete PSA cycles and overall
effects. There are, however, cases in which the individuadl steps are important.
For example, when the heavy component of a mixture lis valuable, it may be
desired as the sole product or as a co-product. In that case, the blowdown
step, in particular, 1s vital to the performance of the PSA system, and it is
important to know the composition of the effluent as a: function of pressure,
or to predict the composition profile in the bed at the end of blowdown, In
other situations (e.g., mvoivilg pressurization by feed or by an intermediate
product from a parallel bed) it may be of interest to predict the composition
profile in the bed dunng pressunzation. :

In that vein, perhaps the first treatment of composition profiles at various
extents of pressurization was given by Flores Fernandez and Kenney.® They
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assumed local eauilibrium and neglected pressure drop, and they solved the
equations by finite differences. A subsequent model that examined pressur-
ization and wmcluded effects of axial dispersion, but not of mass transfer
resistance or pressure drop, was developed by Rousar and Ditl."! Another
locai equilibrium model was proposed by Kumar,?? and it was one of very few
to meorporate an energy baiance. That model was used to analyze adiabatic
blowdown behavior. More detailed models are discussed later in this section.

This sectton first examines the simplest cases of pressunization and blow-
down, and suggests that the key features predicted by more sophisticated
models can ‘be obtained anaivtically, In such cases, much less effort 1s
required, and reasonably accurate estimates of the expected behavior can be
obtaincd. That approach ncglects axial pressure drop and mass transfer
resistance, as i$ the case throughout this chaptér. Later in this section,
however, the impact of pressure drop on pressurization and blowdown 1s
considered.

It turns out that the counlmg of velocity, compositiont, and pressure is
graspable for systems governed by linear isotherms, but when nonlinear
isotherms are invoived the additional complexity makes the set of equations
unwieldy and to get detailed simulations via the method of characteristics is
noi practical. In addition, as noted in the previous section, the pressurization
and blowdown steps also may give rise to significant temperature shifts that
affect the validity of predictions based on-isothermal models.

For nressurization a number of possibilities exist, and the two simplest

extremes have already been covered, viz., pressurization with product (see
Section 4.4.1), ‘and with feed {(see Section 4.4.2). These were assumed to
begin with an initial condition in which the bed was purged with the pure
light component.-When the bed has not been completely purged, ssmulating
pressurization is slightly more complicated (see Section 4.4.3). All three cases
represent cyclic steady-state outcomes of operating a PSA cycle at local
equilibrium, without dispersive effects. A slightly more complex situation
occurs during startup, when the gas used for purging {(and possibly pressur-
ization) i§ not pure. Other possible complications arise from minor variations
I operating procedures. For exdmple, a pressure equalization step employs

- the gas evolved from one column (as it depressurizes) for pressurizing a

parallel column. Such gas may have a slowly or suddenly varyirig composition,
due to uneven rates of desorption, poor synchromization of the valves, or
contamination by residual matenal in the connecting fittings.

Pressurization at startup or with gas having vanable composition can be
regarded as fitting the following: possible scenanos: (1) Pressurizing with gas
that gradidally becomes-leaner in the heavy component, during which a shock
wave cannot form, or (2) pressurizing with gas that gradually becomes richer
in the heavy component, during which a shock wave may form if the
composition chiange is sufficiently large, or (3) pressurizing with gas that is

-significantly richer in the heavy component than the initial interstitial gas, for

which formation of a shock wave is unavoidable. For simplicity, let us restrict
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consideration to a cycle having complete purge. To determne whether a
shock wave may form, one must simply examme whether the characteristics
intersect {(in the space—time domain being considered). The paths of the
characteristics are given by Ea. 4.33, and the composition as a function of
pressure can be determined from Eaq. 4.32, When the characteristics do not
intersect, regardless of the initial and boundary conditions, that pair of
equations is sufficient to predict the composition profile during pressuriza-

. tion. On the other hand, situations that result m the formation of shock

waves require a few additional steps to predict the ultimate composition
profile. When pressure varies, the shock wave trajectory can be determined
by employtng Ea. A.7 from Appendix A, as follows

APy,
Ugy = 04—po* APyA {4.6Y)

The interstitial velocity is obtamed by summing Ea. 4.4 for components 4
and B. '

BP BUP duPy,
Tt Begy 3z + (Ba— By, iz ={ (4.70)

In this equation, the axial dependence of pressure can be neglected, which,
given the dependence of pressure on time, leaves a separable ordinary
differential equation,

dinp duy,
T Byt + (Ba— By) g =0 (4.71)

lntegratlon requires boundary conditions, and 2 convénient set is: o = ¢ at

z=L,and v = (b at z = 0. The result 1s the expression that was simply stated
earlier 1n this chapter:

-z din P

S PN R P 4o

When Eqgs. 4.6 and 4.69 are combined, the shock wave: velocity may be found
from

- Bz din P :
_ . (472
B RGN T T R )
The dependence of y, on P, and that of y, on z; can be expressed via

Eaqs. 4.7 and 4.8, respectively. By combining those with Eq. 4,72, the coupied
material balances can be solved to get:

L4 T 47
T+ (a-1)y, (4.73)

Y2 =

where o =y (1 — y,0)/1yioll — yy)k and yyq and y,, are the imnitial
eompositions at the leading and trailing edges of the shock wave, respec-
tively. Thus, o is a sort of selectivity, analogous to relative volatility for
vapor-tiquid equilibrium.
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Thus, to find the ultimate axial position of the shock front at any pressure
requires a sequence of steps: the mitial conditions give a; then the composi-
tion ahead the shock front can be found from

: 178 '
=1-Q1 «yn)(;’%p’“} (4.74)

{(which is essentially the same as Eqgs. 4.32 and 4.50); next the composition
behind the shock can be determined from Eq. 4.73; and finally the axial
position can be computed from

AT )”““m(M\J (4.75)

z=z°(7&) \ T, SEXCED

{which 1s essent:ally the same as Eq. 4.33) using the composition shift at the
trailing edge of the shock front.

To illustrate the point, itis appmnrlate to compare such results with those
obtained by fimte dlﬁ”crence techiiques, Figure 4.23 shows predictions of the
previous equations and those presented py Rousar and Ditl®' for oxygen
enrichment. [t can be seen that the endpoints coincide, as does much of all
three profiles. The principal distinction s due to rounding, which is inher-
ently due to dispersion being included in the numerically derived results.
All the resuits shown for the equilibrium theory were obtained with a calcul-
ator in several nunutes time. Similar results have been obtfained by Flores
Fernandez and Kenney,” and are shown in Figure 3.2.

If we turn our attention now to blowdown, and still restrict conditions to
tocai ‘equilibriuth; it is ciear that blowdown 1s simpler than pressurization.
That is because there is no interaction between the initial and boundary
conditions. Furthermore, 1n previous sections of this chapter, the initial
condition prior to blowdown was usually taken to be uniform, which led to
relatively stmple material balance calculations. Some subtieties arise for the
case of pressurization with feed (cf. Section 4.4.2), when dead volume at the
product end was considered {(cf. Section 4.4.6), and when the heat effects
accompanying blowdown were found to be deleterious (cf. Section 4.8). The
most important feature of blowdown 1s the effluent compesition, which m
most instances continuously changes as pressure falls, excent when a rmse
step precedes blowdown, yielding the pure heavy component throughout
blowdown Another topic of practical interest 15 the ultimate COmDOSlthﬂ
profile i the bed following blowdown,

1f the mitial composition profile is known, applying the local cqulhbrlum
model for systems with linear 1sotherms s fairly simple. For example, in
order 10 nredlct the effluent composition during blowdown or the residual
mterst:tlal gas composition following blowdown, one need only apply charac-
teristic equations such as Eags. 4.74 and 4.75, where y, and z, represent the
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Figure 4.23 Composition profiles during pressunzation of a bed of zeolite 5A, to
which various mixtures of oxygen and mitrogen are admitted. P =6 atm. Initial
conditions: {a} yo, = 0.1, (b} y5,=0.21, (c) yo,=0.60. 8 =0.517. Numefical resuits
from Rousar and Ditl.}!

mitial compoesition and position of a particular charactenistic, For a given set
of initial conditions, 1t 15 easiest to choose a final composition y, then to
determine the necessary pressure ratio £, and finally the ultimate axial
position z. Otherwise {i.e., given the pressure ratio), a root-finding procedure
1s needed to determune the final composition.” When the mitial composition
profile 1s uniform, Eq. 4.75 indicates that there will be no axial composition
gradient as the pressure falls, Regardless, Eas. 4.18 ‘and 4.19 can be used
with the composition—position—pressure mformation to determine the aver-
age composition and quantity of the effluent during blowdown. To relate
these to flow rates, it would be necessary to select a depressurization rate:
simplistically 4P /dt = constant, or somewhat more realistically, d In P/dr =
constant, although any operating policy can be accommodated.

In the models presented earlier in this chapter, the pressure gradlcnt
through the column 15 assumed to be negligible, In that situation the basic
equations governing pressurization and blowdown steps arc not much more
complicated than those for steps at constant pressure. Neglecting pressure
drop is reasonable for most conventional PSA units, but 1t 1s clearly mnappro-
priate for single column, rapid pressure swing processes, which are discussed
1 Section 7.3. The detailed modeling of pressurization and blowdown steps,
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taking into account pressure gradients through the column, has attracted
much attenhon recently. For example, a detailed model was suggested by
Lu et al.,”** who studied both pressurization and blowdown. Their model
mcluded mass transfer vesistances, axial dispersion, intraparticie convection,
and axial pressure drop, but not heat effects, and was solved by finite
differences. Other similar models have been suggested®~* and a brief
summary of the major conclusions from that work is given here.
To a first approximation, the pressure drop through a packed adsorbent
bed can be represented by Darcy’s Law:
‘. >
p= B2 (4.76)
p iz
Coupling this with the differential fluid phase mass balance for a plug flow
systemi (cf. Eq. 5.2) with rapid equilibration yields

%_!11 e mle + (1 —f)(a‘q*/dc)] ;E[P(%?)r], ' (4.77)

where, for ah 1sothermal system, da™ /dc represents simply the local slope of
the equilibrium isotherm. The appropnate initial and boundary conditions
are, for pressunzation:

P=PF, =0, forall z (4.78)
P=P, t>0, forz=20

apP

(7

with Py, and P_ mterchanged for blowdown.
When pressure drop through the column is negligible, Ea. 4.77 is equiva-

lent to Eq. 4.6, which was discussed previously. For a pure gas, A4, it reduces
to;

%{:- = +B.Pu/z | (4.79)

where the sign reflects the orientation of the column and the direction of
flow. This may be integrated directly to obtain the dimensionless time
required to pressurize or depressurize the bed:

volume of gas fed to the column
= holdup 1n the column =g ‘ (4.80)

which was obtained originally by Cheng and Hiil.>” In this situation, pressur-
1zafion and blowdown are symmetric pr'océsses. This symmetry is lost, how-
ever, when the pressure gradients are significant since the pressure response
15 then governed by Ha. 4.77, which is nonlinear. This is tllustrated in Figure
4.24, which shows pressure profiles for pressurization [Figure 4.24(a)]
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Figure 424 Axial pressure profiles during (a) pressurization and (b) blowdown of an
adsorbent bed with a nonadsorbing gas. Py =5 atm, P; =i atm, L = [ m, reference
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SION.




158 PRESSURE SWING ADSORPTION

6
q*=10; k=1
0.
p 01 _
(atm)
a4l
1.0 6
2 -
2.4
15.0
0 L - i A |‘
g.0 0.2 0.4 0.6 0.8 1.0
X
(a)
1.0
Ia 15.0
0.9 ;___"______,__
£]
08¢ 7/
2.4
0.7F
1.0
0.6%0_5\\“;
Noor Bati— T
0.5 —> S —— =
.0 0.2 0.4 0.6 0.8 1.0
X
b

Fignre 4.25 Theoretical profiles of (a) reduced total pressure and (b) mole fraction
of the more strongly adsorbed component (y,) during blowdown of an adsorbent bed.
Py=5aim, P, =1 atm, y,=105, K =10 (lincar isotherm), 8 = dimensionless time,
(From Lu ct al,, 3 with permussion.)
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Figure 4.26 Theoretical profiles of total pressure ( p), mole fraction of 0O, (a) and
mole fraction of N, (b) during pressurizatton and blowdown of a 5A zeolite bed
equilibrated with air, calculated from the anaiytic solution. (From Scott,™ with
permission.)
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and blowdown [Figure 4.24(b)}, over identical pressuré ratios, calculated by
numerical integration of Ea. 4.77.% Blowdown is clearly siower than pressur-
ization. The dimensioniess times for pressurization and blowdown are, re-
spectively, about three and ten times the characteristic time defined by:

r o= _omelr (4.81)
© B(Pu- PL) '

{n this exampie, the pressure profiles during pressurization and blowdown

poth assume the form of simple propagating waves. With mixtures of dlfferi
ently adsorbed components (or with muxtures of inert and adsorbing species

the profiles assume more complex forms. Many such ramifications, mcluding
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Fipure 4.27 Companson of experimental pressure profile 'for prcssulillz)agclr;eorfn :Sr;
activated carbon bed with CO, and theoretical pr_oﬁles ,prcd:cted_fror)n d:: £ mass
transfer modei (LDF), (2} equilibriam adsorption model, and (3) mode
adsorption. (From Hart et al.” with permission.)
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the effect of 'a nonlinear isotherm and the effect of using the Ergun equation
for pressure drop (in place of Darcy’s Law) have been investigated by
Rodrigues et a3

One sttuation of special mnterest 1s to use a PSA process to concentrate
strongly adsorbed component(s) from a feed of low concentration. An exam-
ple of this was studied by Rodrigues et al.* The bed is ihitially at equilibrium
with a linearly adsorbed light component, at mole fraction 0.5 and a total

_pressure of 5.0 atm. As the bed is depressurized to atmospheric pressure, the

pressure along the axis of the bed responds as shown in Figure 4.25(a).
Simultaneously, as shown in Figure 4.25(b), the mole fraction of the more
strongly adsorbed component rises rapidly at the open end of the bed, to
about 0.65, and the profile then pivots about this point until it reaches a more
or less uniform profile through the bed. Thereafier, the profile remains
almost uniform through the bed, rising asymptotically towards y, = (.90. At
this point, essentially all the less strongly adsorbed species have been re-
moved from the bed, and it would be possible, in principle, to recover the
strongly adsorbed species tn highly concentrated form by deep evacuatton of
the bed (see Section 6.10).

An alternative approach has been followed by Scott,™® who has shown
that, if the column can be regarded as mfinitely long, a relatvely simple
anaiytical solution may be obtamned. Profiles of pressure and composition for
pressurization and blowdown, calculated with parameters representative of
air—zeolite SA, are shown in Figure 4.26. The composition profiles for
pressurization [Figure 4.26(a)] show a complex wave form that ncludes a
partial shock, which appears as an inflection at small values of 8. The profiles
for blowdown [Figure 4.26(b)] contain only simple waves; that is, they are
everywhere concave downwards. :

The effect of finite mass transfer rate has been mvestigated by Hart et al.”
Their experimental data for pressurization of an activated carbon bed with
€0, are shown m Figure 427 together with theoreticai curves calculated
according to three different assumptions: negligible adsorption, instanta-
neous adsorption, and adsorption at a fimite rate according to the linear
driving force {(LDF) model (£ = 0.2 s~ '). The experimental data lie closest to
the finite rate model, although there is a significant deviation in the long-time
region. It seems likeiy that this dewviation may be attributed to heat effects,
which will reduce adsorption in the long-time region.

4.10 Conclusions

The locai equilibrium theory approach 1s the sunplest available for simulating
or designing PSA systems. Furthermore, when data are sparse {e.g., no PSA
pilot pilant data), it is the most reliable method because it does not depend

FAEIN]
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on semuempirical parameters that can only be determuned from data, Such
methods can lead to excellent designs when kinetics are fast. Even when
kinetics are slow (though not controlling), such methods can predict overall
performance (e.g., 1 terms of recovery and byproduct enrichment) very well.
The main and perhaps only drawback 1s that, when kinefic constramts are
impeortant, it becomes impossible to estimate product purity reliably.

Nevertheless, a variety of aspects of PSA operation can be taken into
account by equilibrium-based theories. Some that are illustrated in this
chapter are: a vanety of cycie and step options, wide ranges of operating
conditions, isotherm nonlinearity, heat effects, and deadzones in PSA
columans. In several instances, the simple theories have been verified exper-
mentally, so there is litite doubt as to their reliability when the assumptions
are reasonably valid.

Chilton once said, “The simpier things become n a piece of research or
development, the closer one has come to the truth.” Pigford added to that,
“The simpler an explanation 1s, the more widely it will be understood,
appreciated, and used.”*? In pressure swing adsorption systems, it 1s impossi-
ble to achieve greater simplicity than local equilibrium models provide and
still retain fundamental understanding of the process. Whether the model
predictions are close to the truth or not depends on the extent to which the
assumptions are valid. For all that, it 1s seldom possible to improve perfor-
mance beyond the capability predicted by an equilibrium model because
dissipative effects nearly always diminish performance. Hence, striving to
conform to those assumptions can be worthwhile, not only because it wili be
possible to predict performance accurately and simpiy, but, more important,
because performance will be superior. Whether modeling via the local
equilibriurmn approach can be “understood, appreciated, and used” depends
mainly on whetherthe implied superior PSA performance can be achieved in
real applications.

Future efforts should be directed towards a unified treatment of equilib-
riumn based separations accounting for the several diverse factors that until
now have been accounted for separately. An examnle would be to account
for the effécis of nonlinear ssotherms on sequential pressurization by feed
and feed steps. Another facet to-examine is the coupling of isotherms, since 1t
is widely observed that the light component adsorbs proportionately iess in a
mixture than the amount due to uptake of the heavy component. This effect
would tend to improve PSA performance, and might partially compensate for
the effects of being nearly adiabatic (which is physically realistic), as opposed
to the assumed 1sothermal condition of the adsorbent bed. Furthermore,
experimental work could be done to validate the combined effects, to analyze
cycles of more complex steps, and to account for a wider variety of properties
and conditions., One example would be to generalize the dependence of the
observed “cffective” separation capacity of an adsorbent, especially with
respect to flow conditions, as alluded to in Figure 4.3,
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CHAPTER

S

Dynamic Modeling of a
PSA System

The simplest approach to the modeling of a PSA separation process involves
the use of equilibrium theory, which has been discussed in the previous
chapter, The advantage of this approach 15 that it allows analytic solution of
the governing material balance equations by the method of characternstics.
The closed-form eauilibrium theory solutions provide prelimiary design
guidance and useful 1nsight mto the system behavior. The guantitative value
of this approach is, however, restricted to idealized gystems in which the
adsorption selectivity is based on differences in equiltbrium and there are no
significant dispersive effects such as aaal mixing or finite resistance to mass
transfer. Under these conditions a perfectly pure raffinate product is ob-
tamed. Equilibrium theory does not allow easy extension to the more realistic
sitnation where disperswve effects are significant and product purity is limited.
Moreover, in real PSA systems (equilibrium controlled) there are two prob-
fems with this approach. In bulk separations the velocity varies through the
bed, and, although an analytic solution for the concentration front may stiil
be obtamed, except in the case of a linear 1sotherm, the solufion 15 in the
form of a cumbersome integral which generally requires numerical evalua-
tion.* A more serious difficulty arises in tracking the concentration waves for
adsorption and desorption in partially ioaded beds sinee, depending on the
initial profile and the form of the cauilibrium relationship, one may observe
the formation of combined wave fronts {e.g., partial shock plus simpie waves),
Under these conditions the simple model is no longer adequate and it s
necessary to track both waves and the transttion point sirnuitaneousiv.’
During pressure changes the characteristic lines are curved and the task of
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tracking the shock and simpie waves becomes even more difficutt. Further-
more, (he equilibrium theory approach is clearly not applicable to systems in
which separation is based on kinetic selectivity.
The alternative route, which s discussed in this chapter, 15 to develop a

dynamic simulation model, mcluding the effects of axial mixing and mass

transfer resistance. Such dispersive effects are always likely to be present in

real systems, even when eauilibrium controlled. The dynamic stmuiation

model is therefore more realistic and sufficiently generai to be applied for
detailed optymization studies of both classes of process. However, unlike the
equilibrium theory approach, dynamic simulation mvolves tracking the tran-
stent by repeated numerical integration of the governing equations. This
approach, therefore, provides the advantages of flexibility and greater accu-
racy at the expense of increased computation. Both the simpier linear driving
force (LDF) approximation and more detailed Fickian diffusion equations
have been used to model the effect of mass transfer resistance. In an
equilibrium-controlled process the detailed form of the kinetic model 15 of
only secondary importance, and it 15 found that very little advantage 15 ganed
from using the more realistic pore diffusion model. Therefore, for equilib-
rium-controlled separations the LDF model proves adequate for all operat-
ing conditions, whereas a more detailed mass transfer model 15 sometimes
necessary for separations based on kinetic selectivity.

5.1 Sufnmary of the Dynamic Models

The theoretical modeling of a PSA system has been widely studied m order
to gain a clearer understanding of this rather complex process. A summary of
the published dynamc modeis for PSA systems in chronological order 15
compiled in Tablé 5.1. These models are based on a one- of two-bed process
operated on a Skarstrom cycle or on a modified cycle depending on the
requirements of the particular system. Because of the transient nature of the
process and the complexity of the equations describing the system dynamics,
the growth of PSA modeling has followed the route of graduai development
by progressive elimnation of the simplifying restrictions. Starting from very
simplé models, which are valid for only a few reai PSA systems, it is now
possible to include an adequate representation of all the more mmportant
factors that may affect performance, and thus to obtamn an adequate quanii-
{attve model which ¢an be extended to almost any PSA process.

Detailed numerical simuliations have in general been developed only for
single-ped or two-ped systems, but since the simuiation gives the effluent
composition as a function of time, the extension to & multipie-bed process s,
n principle, straightforward. However, although muttiple-bed ' systems are
widely used . m industry, a détailed report of a multibed process simulation
has been published only for hydrogen purification.?’

Table 5.1. Summary of Dynamic Models for Pressure Swing Adsorption Systems
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Many of the models have been tested experimentally for particular sys-
tems, but no attempt 1s made here to review the resulls of such studies on an
mndividual basis, Rather we have attempted to provide a conceptual summary
in which the models-are discussed in terms of their salient features. The
models may be differentiated according to the following aspects:

. The fluid flow pattern (generally plug flow or axially dispersed plug flow).
. Constant or variable fluid velocity.

. The form of the equilibrium reiationship(s).

. The form of the kinetic rate expression(s).

. The inclusion of heat effects (isothermat /nonisothermal).

. The numerical méthods used to solve the system of equations.

[= LA R T I

5.1.1 Fluid Flow Models

Flow through an adsorption column is a PSA system is no different from flow
through any fixed adsorbent ped. The flow pattern may therefore be ade-
quately represented by the axial dispersed plug flow model. A mass balance
for component ¢ over a differential volume element ywields:

%, 2 de¢ 1 — ¢ ag

‘-DL'&—;-}‘-&?(L’C‘-) +"B~T+’—‘E—*§TW0 (3.1)

In this model the effects of all mechanisms that contribute to axial mixing are
lumped together into a single effective axial dispersion coefficient. More
detailed models that include, for exampie, radial dispersion are generally not
necessary. When mass transfer resistance 1s significantly greater than axial
dispersion, one may neglect the axial dispersion term and assume plug flow.
Axial dispersion 1s generally not important for large industrial units, In smajl
laboratory uniis the axial mixing may be more significant due to the tendency
of the smaller particies to stick together to form clusters that act effectively as
single particles in their effect on the fluid flow. Subject to the plug flow
approximation Eq. 5.1 reduces to:

ac; 1 — g 8§,

A (o) + G+ 2 E TN (5:2)
However, when the eguations are to be solved numerically, it 1s generally
advantapgeous to retain the form of Eq. 5.1 since inclusion of the axial
dispersion term eliminates discontinuities m the siope of the concentration
profile. The solution for the plug flow situation 1s then generated simply by
assigning ‘a very large value to the axiai Peelet number (uL/D ). This
approach also allows easy investigation of the effect of axiat dispersion on the
cyclic steady-state performance.

Trace Systems

When the adsorbed component 1s present at low concentration in a large
gxcess of an inert carner {which is more or less true in purification processes
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such as air drying and hydrogen purification), the change in the gas veiocity
through the bed due to adsorption /desorption can 'be neglected. Provided
that the pressure drop through the bed is small, the nterstitial velocity can
therefore be considered as constant. In fact the frictional pressure drbn in
most actual systems is not very large and may usually be neglected:?® For a
frace system Eq. 5.1 therefore becomes:

e, dc; dc; 4 — g 37,
D — it S VT e
Loz Yo Y F e a =9 (5-3)
Bulk Separation

When the moie_ fraction of the adsorbable component (or components) in the
feed is large, the con_dition for constant veioctty s no longer fulfilled and a
more detailed analysis to account for the variation In veiocity through the

adsqrbent bed s required, based on the continuity condition (dssuming
negligible pressure drop)

Yo = C % f(z) (5.4)

vzl

Constant Column Pressure

C m Eq. 54 15 a constant when the adsorption column is operated at a
constant total pressure. Therefore under constant column pressure condition
the qverall material balance eaquation, which gives the variation of fluid
velocity through the column, takes the form:
aU 1 - £ 1« 3q, .
Caz_'l' ps ,Ll*g?' =0 (55)

_Combinmg Eas. 5.1 and 5.5, the component material balance equation for
bulk Separation at constant column pressure is obtamed:

&, de,  dc; 1 g |G nag
_p 2% N AT L N, T i1 _
DLBzz +uaz 4 57+ : (8! wy ar)——O {5.6)

Assuming that the ideal gas law holds [i.c., ¢; = Fy,/(R,T,)}, the component
and material balance equations become: -

[

3%y, dy; 9y, 11— RT,
"'DL-E{ + U'a? + a_f z %P
(93, & ag, |
X(g}'")?,-z-gf]=0 (5.7)
du RgTO 1—¢ = 50_,
7z + 5 pa 2 *-*T =0 {5.8)
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Table 5.2.  (Continued)

concentration of the bed undergomg purge n te
applicable for a self-purging eycle.
Velocty boundary coniditions:

Uuy = eo = f(P),

rms of raffinate product concentration angd {5 not

pressurization

(10a)
=¥ony  high-pressure adsorpuon (10b)
=), blowdown (10c)

c
=Geon, purge; G = 0 for self-purging cycle (10d)
ar
—_— = G
37 |p = L (] l)

The additional velacity boundary condition at .z =

same collocation coefficients for the velocity gradient
fuid phage. '

Initial conditions: clean bed

e(2.0)=0; G(z,0)=0
saturated bed

L allows the convenience of using the
as for the concentration gradient 1n the

(12)

c{z.0)=coi  g(z,0)=¢4* (13)

“The sum of th

o Thm uf the mqle fractions of n components i the gas phase at every pownt in the bed is equal 10

rem.mm erefore solving for {n ~ 1) components n 1he gas phuse s sufficient: the concentration of the
g component 1n the gas phase 1s obtaned by difference. This sei of equations applies tor flow

from z=0 to L. For flow fr 3 d /A
2 L. om x4 13 0 the /87 1erms become F :
conditions are nterchanged. / nesee, and the hounduy

integration. However, a full solution of the equations retaining the second

term in Eq. 5.12 is very difficult and has not yet been attempted except in the
work of Munkvold et al®® Several approximations have therefore been
pronosed to stmplify the sofution 1n an acceptable way.

The early PSA models®>~” assume that the column pressure remains
constant during the high- and low-pressure steps. It is further assumed that

y n the solid phase remams f tle tf

gas phase undergoes a square wave change in pressure. (D:::ﬁ;nb‘rc?v?;otwhz
the mqle .frac_tions in the gas phase remains the same as at the end of the
Dre;&dmg high-pressure step while the pressure 1s reduced; durmg pressur- -
1zat19n the residual gas profile is compressed so that it extenél’s only through a
fractional distance equal to the pressure ratio from the product end whi!egthf:
remainder of the bed is filled with feed.) These approximations are accept-
ablf{ for purificatton processes operated on a Skarstrom cycie Thé ap ro]:u-
mation of constar_lt column pressure during the adsorption a.nd deso?ption
steps algo holds for many bulk separation process cycies. However, the
change In pressure 1s not instantaneous, and in a bulk separation nmc:ass it
becomes important to allow for mass transfer between fluid and solid during
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: pressurization and blowdown, especially if the separation is equilibrium

controlled. Yang and co-workers™® 2151721 4nd Shin and Knaebel® have
used the expernimentally measured pressure—time history of the column (via a
best fit equation} to account for the changing column pressure. The real
situation is obviously best represented by this approach. In the absence of
experimental data, however, an approximation 15 necessary. One approach is
to consider that the column pressure varies either linearly or exponentially
over the period of-the pressurization or blowdown step.”? An alternative
approach is to assume that the column pressure changes instantaneously with
the pressure change followed by mass transfer (at constant high or low
pressure) between the gas and solid phases.”® The former‘s a good approxi-
mation for an equilibrinm-controlled separation, while the latter 1s more
appropriate for kinetic separations. Experimentally measured pressure pro-
files for equilibrium-controlled air separation on 5A zeolile and kinetical-
iy controlled air separation on RS3-10 {4A) molecular sieve are shown in
Figure 5.1.

5.1.2 Equilibrium Isotherms

The pressure range of PSA operation often exceeds the pressure range over
which expenmental equilibrium data are avaiiable, Moreover, the multicom-
ponent equilibria are commonly predicted from singie-component isotherm
data. Reliable models to represent both single and multicomponent adsorp-
tion equilibria are therefore an essential requirement.

Linear, Freundlich, and Langmuir isotherms have been used to define the
sigle-component adsorption in PSA purification processes. Although the
linear 1sotherm is the simplest equilibrium model, even a slight curvature of
the isotherm influences the cyclic steady state of a PSA separation and
should be considered. Since a PSA process involves both adsosption and
desorption at the same temperature, simple qualitative: reasoning suggests
that the form of the isotherm should not deviate too greatiy from lineanty,
otherwise either adsorption or desorption will become. unacceptably siow.
Moderate curvature of the isotherm {either type 1 or type II of Brunauer's
ciassification) ts accepiable, but it is obviously important that the portion of
the 1sotherm over which the process operates should be completely re-
versible. Any hysteresis, as occurs for example in the alumina—water system,”
(see Figure 2.5) will lead to an unacceptable buildup of the residuai concen-
tration 1n the adsorbed phase. In such a system PSA operation should be
confined to the region below the point of inflection, where the isotherm is
reversible.

The Langmuir model provides a reasonably good fit for most type |
isotherms over a wide concentration range and for type II isotherms up to
the inflection point. The Freundlich isotherm is also sometimes used, but,
since 1t does not réduce to Henry's Law, 1t 1s likely to be less reliable in the
jow-concentration region. In the simulation of PSA purification processes
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PRESSURE, PSIG

158 180

TIME, §

(a)

Figure 5.1 (a) Pressure profile m a small PSA column separating air on 5A zeolite
for oxygen production. The steps in sequence are depressurization (30 s}, purge (30 5),
pressurization (30 s), and production (90 s). The pressure drop during the production
step is due to additional product withdrawal for purging the other bed. Column size:
90 em {length)X 10 cm (i.d.), bed voidage =0.35. (From Ref. 31; reprmted with
permission.) (b) A representative -pressure~time history m a small PSA column
separatmg air on molecular sieve RS-10 for nitrogen production. The steps in
sequence are pressurization {15 s), high-pressure feed (35 s), blowdown (6 s), and
purge {3 s). Column size: 101.6 cm (length) % 2.08 cm (i.d.), bed voidage = 0.6. (From
Ref. 32: reprinted with permission.) :

accurate representation of the Henry's Law region is obviousiy essential; so
from this.perspective the Langmwr equation 1s preferable.

The bulk PSA separation processes that have so far been modeled are for
the most part binaries, together with a few ternary systems. To predict the
muixture isotherms the extended Langmuir model, the ioading ratio correla-
tion (LRC) and ideal adsorbed solution theory (IAS) have been applied.
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Figure 5.1 (Continued).

Extended Langmuir Model
ﬁ . b.c,
" %_1 N ib_,c, {5.13)
LRC Model
a _ _ bet (5.14)
Ts 14 Y b

-The LRC model is essentially the multicomponent extension of the hyvbrid

Langmuir-Freundlich equation. In the Langmuir-Freundlich equation the
concentration terms are raised to arbitrary exponents to provide an improved
empincai fit of the single-component data. Both extended Langmuir and
LRC modeis provide explicit expressions for the adsorbed phase concentra-
tions, 80 no iteration 1s needed during the simulation. By contrast, the [AS
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equations are implicit and an-ilerative subroutine 1$ therefore needed to
determine the composition of the equilibrium adsorbed phase. This increases
the bulk of the computation so the simpler explicit equations are generally
preferred, except in unusual situations.

Yang and co-workers'? have reported that for the adsorption of various
binary and ternary mixtures of CH,, CO, CQ,, H,, and H,S on PCB
activated carbon, the IAS and LRC methods give very similar results. It is
also of interest to note that for these systems the exponent values used in the
LRC modei are close to unity. In a more recent study Yang and co-workers™
have further shown that IAS and Langmuir models give very similar predic-
tions for muliticomponent adsorption of various mixtures of H,, CH,, CO,
and CO, on 5A zeolite. The extended Langmuir model has also been
successfully used to simulate the bulk PSA separation of methane—carbon
dioxide® and nitrogen-methane® on carbon molecuiar sieve ‘and
oxygen—nitrogen on both 5A zeolite” and carbon molecular sieve,'™'®
One may conclude that for most practical systems there is little to be gained
from using a more compiex 1sotherm model.

.5.1.3 Mass Transfer Models

The chowce of an appropriate model to account for the resistance to mass
transfer between the fluid and porous adsorbent particles 15 essential for any
dynamic PSA simuliation, The adsorbate gas must cross the external fluid film
and penctrate into .the porous structure durning adsorption, and travel the
same path in the reverse direction during desorption. The intraparticle
transport by diffusion generally offers the controlling mass transfer resis-
tance. The various mechamsms by which pore diffusion may occur have been
discussed in Chapter 2. In an equilibrium-controfled PSA process macropore
diffusion 18 often the major resistance to mass transfer. However, i the
macropore control regime there is no significant kinefic selectivity. In a
kinetically controlled process it is therefore desirable to operate under
conditions such that all external mass iransfer resistances are mmimized, and
the relative importance of the kinetically selective internal {micropore) diffu-
sion process is maintained as large as possible.

Full simulations of PSA systems using pore diffusion models have been
presented by Ruthven et al.’ and by Shin and Knaebel.!S The former study
deals with macropore diffusion in a nonlinear trace system while the latter
deals with micropore diffusion, with constant diffusivities, in a linear equilib-
rium system. Although the pore diffusion models are more realistic, the
associated computations are very butky, The linear driving force (LDF)
model has therefore been widely used with varying degrees of success,
regardless of the actual nature of the mass transfer resistance, since this
approach offers a simpler and computationally faster alternative.
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In the LDF model the mass transfer rate cquation is represented as:

dg, _ % — -
2¢ = kilal - @) {5.15)
where
e D c
kp=Q,——~ - macropore control
Rp go’
= Q—;wzﬁ micropore control (5.16)
[

In Ea. 5.15 g* 15 the equilibrium value of the solid-phase concentration
corresponding to fluid-phase concentration, c. -

Nakao and Suzuki*® have shown by solving the diffusion and LDF models
Independently for a single spherical particle subjected to alternate adsorp-
tion /desorption steps that, for cyclic processes, the value of € for macrop-
ore and micropore diffustion is not 15 (as suggested by Glueckauf and
Coates™) but is in fact dependent on the frequency of the adsorption and
desorption steps. They present a correlation from which the LDF constant, {)
may be estimated for any specified cycie time. Raghavan, Hassan, and
‘Ruthven®™ in their study solved the pore diffusion model for a PSA system
and py comparing the solutions denved from the simpler LDF model con-
firmed that Q 1s indeed dependent on cycle itme. The proposed correlation
based on the full PSA simulation 1s, however, somewhat different from that
proposed by Nakao and Suzuki based on a single-particle study, as may be
sean from Figure 5.2. Farooa and Ruthven® ran a limited test to examine
the validity of these correlations {based on a single-component study) for a
binary system by comparing with constant-diffusity pore model predictions.
The results, shown in Figure 5.3, suggest that the LDF model with either
correlation predicts the correct qualitative trends.

Alpay and Scott® addressed the same 1ssue by @ more fundamental
approach using penetration theory. They assume that ihe dimensions of the
adsorbent particle are sufliciently jarge that the concentration at the center is
not significantly affected by the boundary condition ai the particle surface
and is therefore constant, even when the particle 1s subjected to a periodic
change m surface concentration. Comparnison of the LDF rate expression
with the expression derived from the diffusion equation then yields Q0 = 5.14/
‘/E, which, over the range 1073 < 8, < 107" is very close to the correlation
of Nakao and Suzuki,

Detailed studies of diffusion in microporous adsorbents reveal that, for
both zeolites?™ 3 and carbon molecular sieves,*™*! the micropore diffusivity
varies strongly with sorbate concentration. The concentration dependence of
mucropore diffusivity is even more pronounced i a binary system since,
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Figure 5.2 Dependence of  (constant in the LDF rate expression) upon cycle time,
The correlations are given by Nakao and Suzuki®® (—.—.), Ruthven et'al.’® (.. . —
for A-=0.05 and Knudsen diffusion control, —-.-— for A=10.5 and molecular

diffusion control). Experimental data of Kapoor and Yang® (——). (Reprinted with
Dermission.)

unlike singie-component diffusion, binary diffusion is very sensitive to the
concentration profile within the adscrbent particles. In a kinetically con-
trolled PSA system the concentration profiles in the adsorbent particles are
nonuniform and changing continuously. The concentration dependence of
micropore diffusivity produces a more dramatic effect on the cyclic steady-
state Derformance"qf a PSA separation than on the corresponding single
breakthrough curve for a single column and must be considered when
reliable extrapolation 1s required over a wide range of process conditions.

The constant-dlffuswny model or the LDF model with an appropnately
chosen value of ) (Figure 5.2) can provide a qualitatively correct prediction
of the cffects of changes In process variables within a limited range, but such
models do not predict correctly the effect of changes 1n the operating
pressures. The devxatl_ons of the simplified models become more important at
higher pressures where the effect of concentration dependence of the diffu-
sw1ty is more pronounced.

“The extent‘.lon of the d:ﬂusxon modei to allow for concentration depen-
dence of the dlffuswmcs however, adds considerably to the bulk of the
numerical calculations. There is therefore a considerable incentive to adopt,
wnere Dosmble thc simpier LDF approach. A simple but practically useful
way of minimizing quantitative disagreements at high ‘operating pressures is
to calibrate the 0 values by matching the model prediction of purity and
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Figure 53 Comparnison of the predictions of the diffusion and LDF models for a
Skarstrom PSA. cycle showing the performance of two available correlations for
estimating the appropnaie value of (} as a function of cycle time. Pressur-
Lzanon/biowdown time=20 5, L/tpy=25s G=10, D, /rl=373x10"" s,
Dg/ri=117x10"" s~! other parameters are same as in Table 5.8. (From
Ref. 26.)

recovery with limited experimental data for the region of interest and then to
use these (1 values to mveshgate the effects of the other operating vanables,
Kapoor and Yang?' used this approach in their study of kinetic separation of
metiane from a mixture of methane and carbon dioxide over a carbon
molecular sieve, Others® have used the constant-diffusivity pore diffusion
model with the diffusivity values obtained by calibrating the model against
limited number of experimental runs. The constant-diffusivity micropore
diffusion model using calibrated effective diffusivities 15, however, no bhetter
than a LDF model using the limiting diffusivity with the calibrated (} values.
In view of the computational efficiency, the latter approach appears prefer-
able. The limitations of the LDF model discussed here are, however, not
important for separations based on difféerences in adsorption equilibrium. For
this class of separations, the LDF model approach is adequate in almost all
situations.

5.1.4 Numericai Methods

Even the simplest PSA model including mass transfer resistance is not
amenable to analytic solution, and efficient numencal methods for solving the
coupled partial differential equations are therefore needed to solve the
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model. Commonly used technigues for solving partial differential equations
are finte difference™* and orthogonai collocation.”"*% The dependent
variables in the goverming equations for a PSA system are functions of space
and time. By applying either of the technigues the partial differential ecua-
tions (PDES) are discretized in space, thus reducing the PDEs into ordinary
differential equations (ODEs), which are then integrated in the time domain
using a standard numerical mtegration routine.’”** Algebraic equations (lin-
ear_and/or nonlinear) may also appear together with the ODEs. In such
cases (Gaussian climination for linear algebraic equations and Newton's
method for nonlinear algebraic equations (or more sophisticated varations of
these methods) dre used simuitaneously with the numericai integration
routine for solving the coupled system of equations, Many standard computer
programs*” 9 containing a variety of powerful integration routines and alge-
braic equation soivers are available. The software packages referred to here
are those that are mentioned ini the various reported studies of PSA simuia-
tion. )

PDEs may alsd be reduced to ODESs by applving the method of character-
istics. Whereas the method has been widely used to solve the equilibrium
theory models, its application 1 the modeling of Kinetic separations is guite
limited.> 2

The main disadvantage of the finite difference method is the large number
of segments needed to approximate the continuous system. This resuits in a
large number of equations and therefore an mcreased integration load. On
the other hand, one major -advantage of orthogonal coliocation 1s that it
requires far fewer spatial discretization points'to achieve the specified accu-
racy. From a comparative study of the two methods in relation to PSA
simulation, Raghavan, Hassan, and Ruthven’ concluded that orthogonai
collocation is' substantially more efficient m terms of computational CPU
time,

5.2 Details of Numerical Simulations

The building blocks which constitute a dynamic simulation model for a PSA
system have been discussed in a general way in the previous section. We now
discuss the development of a complete simulation model. The simpler and
computationally quicker LDF model approach as well as the more rigorous
variable diffusivity micropore diffusion model approach are considered n
detail with numerical examples. -

5.2.1 LDF Model

PSA atr separation for oxygen production on 5A zeolite 1s considered as an
example of the LDF modei approach. Detailed experimental and theoretical
studies of this equilibrium-controlled separation have been presented by
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Faroog, Ruthven, and Boniface,® using a simple two-bed process operated

on a Skarstrom cycle (see Figure 3.4). The assumptions for the simulation
maodel are: '

1. The system is assumed to be 1sothermal.

2. Frictional pressure drop through the bed is negligible.

3. Mass transfer between the gas and the adsorbed phases is dccounted for
in all steps. The total pressure in the bed remains constant during the
adsorption and the purge steps. During pressurization and blowdown the
total pressure 1n the bed changes linearly with fime.

4. The fiuid velocity in the bed varies along the length of the column, as

determined by the overall mass balance. .

. The flow pattern s described by the axial dispersed plug flow model.

. Equilibrium relationships for the components are represented by extended
Langmuir isotherms.

7. The mass transfer rates are represented by linéar drwving force rate
expressions, Molecular diffusion controls the transport of oxygen and
nitrogen m 5A zeolite.”® For this particular operation, since: the pressure
15 always greater than atmospheric, any contribution from Knuodsen diffu-
sion is neglected and the LDF constants are taken. to be pressure depen-
dent according to the correlation for molecular diffusion control gven by
Hassan et al.’® This oniy affects the choice of mass transfer parameters
and does not in any way aiter the general form of the mass transfer rate
equations.

. The ideal gas law applies.

9. The presence of argon, which 15 adsorbed with almost the same affinitv as
oxygen and therefore appears with oxygen in the raffinate product, is
ignored. This assumption reduces the mathematical mode!l to a two-com-
ponent system, Theoretically the model can be extended to any number of
components, but the practicality is limited by the capability of the avail-
able integration routines.

o Lh

[vs]

The system of equations describing the cyclic operation subiect to these
assumptions 1s given 1 Table 5.2. Equations 1-11 fn Table 3.2 are rear-
ranged and wnitten in dimensioniess form. The dimensionless cquations may
then be solved by the method of orthogonal collocationito give the solid-phase
concentrations of the two components as a function of the dimensionless bed
length (z /L) for various values of ime. Details of the collocation form are
given 1n Appendix B. Computations are continued uniil cyclic steady state is
achieved. In the study of air separation on 5A zeolite, depending on the
parameter values, 15-25 cycles were required to approach the cyclic steady
state, ' :

The equilibrium and kinetic parameters used to simulate the experimental
rans are summarized in Table 5.3, together with details of the adsorbent, the
bed dimensions, and the cycle. The experimentally observed product purity
and recovery for several operating conditions are summarized i Table 5.4,




186 PRESSURE SWING ADSORPTION

Table 5.3. Kinetic and Equilibrium Data and Other Common
Parameter values Used in the Simulations of PSA Air
Separation for Oxygen Production

Feed composition 21% oxygen, 79% nitrogen

Aclsorbent Linde 5A zeolite
Bed length. (cm) 35.0
Bed radius (cm) 1,75
Particle diameter (cm) © 00707
Bed voidage 0,40
Ambient temperatuye (°C) 25.0
Blowdown pressure (atm) 1.0
_ Purge pressure (atm) 1.07 + 0.05
Peclet number 500.0

" Duratton of step 1 or 3
Duration of step 2 or 4
Equilibrium constant

0.3 of total cvele time
0.2 of total cvele time

for oxygen (K )) 4.7°
Equilibrium constant
for mitrogen (K g) 14.8°

LDF constant for
oxygen (k 4} (s™")

f DF constant for
nitrogen (kg)(s™")

Saturation constant for

62.0 (at 1 atm)”

19.7 (at | atm)®

oxygen {g 45} (mol/ecm™} 5.26 X 107
Saturation constant for
nitrogen (g4} (mol /em™) 52,6 % 1073

[

Chromatographic data (dimensionless) (Boniface®?),
Molecular diffusion control, tortwosty factor = 3.0 and particle porosity =
0.33; all experimental conditions are within the large-cycle-time region, for
which {} approaches the Glueckauf limit of 15,
" Miller et al.®

Since oxygen and nitrogen molecules are about the same size, ther satura-
tion capacities are assumed to be the same.

together with the theoretically predicted values from the numerical sirnuia-
tton. The mole fraction of oxygen in the product refers to the average oxygen
concentration in the product at steady state. The theoretical oxygen concen-
tration in the product at steady state was therefore computed at short
mtervals and was integrated to determine the average. Since the product rate
rather than the purge rate was fixed, the recovery caiculation was straightfor-
ward. The effects of cycle time, adsorption pressure, and product withdrawal
rate on the purity and recovery are shown n Figure 5.4, It is evident that the
theoretical model .gives a reasonably accurate prediction of both the purity
and recovery of the oxygen product over the range of experimental values
examined, _ _

The effect of varying the blowdown conditions was also investigated and
the results are shown in Figure 5.4(a). There 1s clearly very littie difference

E NP
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Table 5.4.  PSA Air Separation for Oxygen Production on 5A Zeolite;
Summary of Expenmental Conditions, Product Purity, and

Recovery
Feed  Product Mole % Recavery
flow flow  Cwcle Adsorpuon Oy m of O,
Experiment  rate” rate’  fme  pressure product (%)
No. {em?/s) (em/s)  (s) (atm)  Fxpenment Theory Experiment Theory
i 25.0 1.13 100 .48 20.0 93.4 17.0 20,1
92.6° 19.9%
2 25.0 1.13 150 1.66 R0 96.4 19.9 20.8
96.2% 20.7%
3 25.0 LE3 200 173 86.0 78.2 185 16.8
74.8° 16.1%
4 25.0 1.13 250 1.90 72.0 76.7 15.5 16.5
5 333 1.13 200 233 95.5 94.7 15.4 15.3
6 50.0 113 2400 341 1.0 95.8 4.8 1.3
7 66.7 113 160 4.30 95.3 96.3 7.1 738
8 86.7 2.55 160 4.35 953 96.4 174 17.6
9

66,7 3.98 160 4,26 95.5 96.2 27.1 27.3

“ 1 atm, 25°C.

» ]

Instant pressure change assumed during blowdown. All other theorentical results correspond (o
linear pressure change during blowdown.
Source:  From Ref. 22,

between the simulation results for an mstantapecus pressure change or a
linear pressure change during blowdown. :

For two sets of operating conditions, represented by experiments 1 and 4
in Table 5.4, the effect of varying the mass transfer resistance was mnvesti-
gated theoretically. The results are summarized in Table 55. Under the
conditions of experunent i a high-purity product is obtained, 'showing that
the system must be operating without significant breakthrough. Reducing the
mass transfer coefficient by a factor of 3 (case 2 of Table 5.5) gave very little
change in either purity or recovery of the oxygen product, implying that
under these conditions the system 1S operating close 'to equilibrium. Under
the conditions of experiment 4 {Table 5.4} the effect of increasing the mass
transfer resistance 15 more pronounced (case 3 and 4 of Table 5.5) since
under these conditions there 15 significant breakthrough and any broadening
of the concentration front as a resuit of increased mass transfer resistance
leads to a lower-purity product. This simpie investigation provides direct
verification of the assumption that the dynamic LDF mode} can provide a
reliable simulation of an equilibrium-controlled PSA system. Further direct
support for this conclusion comes from the work of Cen, Cheng, and Yang?
For the separation of a H,~-CH,~-H,S mumxture on activated carbon, the
concentration profiles calculated from both LDF and equilibrium theory
modets are practically identical (see Figure 5.5).

2ol
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Figure 5.4 Effects of (a) cycle time (experiments 1-4 i Table 5.4), (b} adsorption
pressure (experiments 3, 5, and 6 in Table 5.4) on purity and recovery of oxygen
product in a dual-bed PSA air separation process operated on a Skarstrom cycle.
Equilibrium and kinetic data and other common parameter values used for computing
the LDF model predictions are given in Table 5.3, (From Ref. 22)

The simulation model discussed here may be applied to any other binary
pulk separation using a two-bed process operated on a Skarstrom cycle.
Perhaps a more important observation is that the model can handle mass
transfer between fluid and solid adsorbent with forward and reverse flow
under both constant and varying column pressure conditions. The linear
pressure. change approximation may be easily modified to inciude the actual
pressure—time history either directiy or through a best fit equation. The way
m which the pressure equalization step 15 handled does. not depend on the
mass iransfer model and 15 discussed in the context of the diffusion model
This simulation model therefore contains all the information necessary to
simulate any other one- or two-bed PSA process operated on any of the
simpler cycles. Although the computer code ts written for a binary bulk
separation, it is in fact possible to use the same computer cade to sunulate a
purification process simply by assigning a zero value to the Langmuir con-
stant for the second component and bypassing the subroutine that solves the
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Figure 5.4 (Continued).

overall material balance equation. In this mode the computational load 18
only margmally greater than for the solution of the singie-component, con-
stant-velocity model. Further details of the modeling of trace PSA systems
are given in pavers of Raghavan et ag.™ "

For equilibrium-controlled separations the available Q versus 8, correla-
tions (summarized m Figure 5.2} are directly applicable. These correfations
cannot, however, account for the effect of the concertration deperidence of
micropore diffusivity, which, in a kinetically controlled separation, may be
quite important. An empirical but practically useful way of overcoming this
limitation was mentioned m Section 5.1. The effectiveness of such an ap-
proach is demonstrated by Kapoor and Yang?' for the kinetic.separation of
methane and carbon dioxide on a carbon molecular sieve. They calibrated
the {) values with experiments conducted by varying the adsorption /desorp-
tion ttme and product withdrawal rate at 3,72 atm Chigh pressure). For a fixed
cycle time the purity versus recovery profile obtained by varytng produoct
withdrawal rates was matched with LDF model predictions, and the pair of
) values that gave the best fit was chosen. The same procedure was repeated
for runs with different cycle times. The experimentai and best fit profiles are
shown in Figure 5.6, and the resuitant empincal {1 versus 8, correlation 1s
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Figure 5.4 (¢} Effect of product withdrawal rate (experiments 7-9 in Table 5.4) on
purity and recovery of oxygen product in a dualbed PSA air separation process
operated on a Skarstrom cycle. Equilibrium and kinetic data and other common

parameter values used for computing the LDF model predictions are given in Table
5.3. (From Ref. 22)

Table 5.5, Effect of Mass Transfer Resistance on Product Purity
and Recovery (PSA Oxygen)®

Faed Product Mole % Recavery
rate . rate k4 ky O, 1n of O,
No. (cm?/s) (cm?/s) ~" (] product {95)
1 25.0 1.13 62.0 19.7 93.40 - 20,10
2 250 1.13 200 6.6 93.29 20,08
3 25.0 1.13 62.0 19.7 76,70 16.50
4 25.0 1.13 20,0 6.6 75.718 16.30

“ For | und 2: adsorption pressure = 1,48 atm, blowdown pressure = 1.0, purge pressure = 1.07 aim,

cyele wme = FM) s; for 3 and 4: adsorption pressure = 190 atm, blowdown pressure = 10, purge
pressure = 1.1 atm, cvcle ume = 250 5, Other parameters as in Table 5.3,
Sotrrce: From Ref. 22,

A
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Figure 5.5 Effluent concentration at steady state obtained from a PSA cvcle separal-
mg 49.5:59.5:1.0 H,:CH,:H ,5 mxture on aciivated carbon: showing the closc agree-
ment between numerically solved equilibrium model ( } and LDF model {--.).
(O), (O) and { &) represent expenimental data for CH,, H,, and H, S, respectively.
{From Ref. 8; reprinted with permission.)

presented m Figure 5.2 together with the other correlations. It s evident
from Figure 5.7 that the LDF model using the {} values derived from this
calibration can correctly predict the effects of varying the product withdrawal
rate and the high operating pressure in the range 2.36-3.72 atm. The
calibrated (} values approach the limiting value of 15 for [arge cycle times, It
is important to note that this parttcular observation is specific to the system
and the operating conditions and therefore should not'be taken as a universai
upper lim:t for the calibrated } values in the long-cycle-time region.

5.2.2 Variable-Diffusivity Micropore Diffusion Model

In most of the studies in which the LDF model has been successfully applied
to PSA separations based on kinetic selectivity, key parameter values have
been chosen empirically by matching the model predictions to experimental
dafa. In this situation the model predictions can be censidered reliable only
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Figure 5.6 Performance curves for PSA separation of CH,-CO, m}xture ?‘?zazi
carbon molecular sieve. The cycle consists of four steps of equal duration: nrestmln) e
tion, product withdrawai accompanied by cocurrent aepressunzatlon,.cocurre.n o
down, and countcrcurrent evacuation. Adsorption pressure =-_3.72 atm, t?\'dcua on
pressure = 0.34 atm, feed rate =27 | ST}’ /evcle, product withdrawai rd—t%{]v;rc]m
from 0.21 to 135 1 STP /cycle; adsorbent diameter = 0.318 cm, bed Iength = 60 A e:;
bed radius = 2.05 cm {inner), bed voidage = 0.3. Solid symbols are experimental, 11)3 “
symbols are the best fit LDF model resuits obtamned by ad,;ustmg ._ﬂ v-alue:s.; )
eauilibrivm and kinetic data see Table 3.2. (From Ref. 21; reprinted with permission.

over the range covered by the experiments. Such an approach ?s clearly
unsuitable for the a prion prediction of system perfprmance. A reliable and
complete a priori estimate of PSA performance, based on mciel_aendently
measured singie-component equilibrium and kinetic dat.a over a w1‘dc ranlgle
of operating conditions is a major target qf PSA m?dclmg. qu a kxnctnca_ y
controlled PSA separation this requires the full mlcrop_ore dlffu;;;on modal
mcluding the concentration dependence of micropore diffusivity. i A_ snnplq
two-bed process operated on a modified cycle with pressure cquahzaflon _and
no external purge (Figure 3.16} is considered, and the vanable Qﬁuswny
micropore diffusion model is developed for a binafy bulk scn?ratlon. It 1s
imnoftant to note that the extension of this model, even to three compo-
nents, is not straightforward.
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Figure 5.7 Expenimentat product punty and recovery (solid symbols) for PSA separa-
tion of CH,—-CO, mmture on a carbon molecular sieve are compared with the LDF
modei predictions {open svmbols) using calibrated ) vaiues. The cvcle consists of five
steps of equal duration: pressurization, high-pressure feed, cocurrent depressuriza-
ton, countercurrent blowdown, and countercurrent evacuation, Total cvele time =

150 s and feed rate = 2.8 1 STP/cycie; other details are same as in the caption of
Figure 5.6. (From Ref, 21; reprinted with permission.)

The assumptions 1, 2, 4, 5, and 6 made for the LDF model are retained
here. Other approximations for the present model are:

1. Mass transfer between gas and adsorbed phases 15 accounted for in ail
steps except the pressure equalization, which is asstmed to be instanta-
neous. During pressurization and blowdown steps a square wave change in
pressure as assumed, with a constant pressure maintained throughout the
adsorption or desorption step. These are good approximations for small-
scale laboratory units, although in farge industriai-scale operations the
column pressure is never really constant, since the product withdrawal
valve 18 normally opened before pressurization 1s compiete. The modeling
of varying column pressure does not depend on the kinetic modei and has
been discussed in greater detail in Section 5.1,

2. The pressure equalization step 1s difficuit to handle in a Tigorous manner,

The approximate representation adopted by Hassan et al.’ 15 therefore
retamed, M is assumed that the adsorbed phase concentration 1n both
columns remains frozen during pressure equalization, Since the columns
are either pressunzed or depressurized simultaneously from both ends, it
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is assumed that there 15 no mxing in the midsections of the columns. The
feed and the product ends-of the high-pressure column are connected to
the product and feed ends, respectively, of the low-pressure column. The
gas from the corresponding haives 1s assumed to be uniformiy mixed, with
due allowance for the difference in initial pressures and therefore in the
number of moles of gas initially present m each half-column. The resulting
gas mixtures are then uniformiy distributed through the relevant haives of
the two columns.

3. In the particle mass balance it is assumed that the adsorbent consists of
uniform microporous spheres; any macropore diffusional resistance 1s
neglected. This is a good approximation, since, in a kinetically selective
adsorbent such as carbon molecular sieve, the diffusional resistance of the
micropores 18 much larger than that of the macropores. (The relevant
particle radius in the time constant 1s that of the microparticles.)

4. The gradient of chemical potential 1s taken as the driving force for
micropore diffusion with a constant intrinsic mobility. This leads to a
Fickian diffusion equation in which the diffusivity is a function only of the
adsorbed-phase concentrations. Ideal Fickian diffusion with constant dif-
fusivity 1s also investigated for comparison. '

5. The fluid -and the - solid phases -are linked through an externa] film
resistance, even though a large value 15 usually assigned to the external
film mass transfer coeflicient to approximate equilibrium at the particle
surface. In conjunction with the collocatton method this proves simpler
than the aiternative approach involving the direct application of the
equilibrium boundary condition at the particle surface,

The model eguations subject to these assumptions are summarized in
Table 5.6. Equations that are similar to those in Table 5.2 are not repeated in
Table 5.6. Equations 1, 2a, 3, and 7-11 i Table 5.2 topether with Eqs. 1, 2, 7
and the appropriate set of diffusion equations (Eas. 4, 5, and 8 for the
constant-diffusivity case, and Eas. 11-14 and 4 for the concentration-depen-
dent diffusivity case) in Table 5.6 are rearranged and written in dimensioniess
form. The dimensionless equations may then be solved by the method of
orthogonal collacation to obtain the gas-phase composition as a function of
dimensioniess bed length {z/L), and the solid-phase composition as a
function of both the dimensionless bed length and the dimensionless particle
radius (7 /R ) for various values of time. Details of the collocation form are
given in Appendix B. Starting from a given initial condition the computations
are continued as usual until cyclic steady state 1s reached.

The air separation data for nitrogen production on a carbon molecular
sieve reported by Hassan et al.'® are chosen to illustrate the importance of
the concentration dependence of the micropore diffusivity on the perfor-
mance of the kinetically controlied PSA separation. The experiments, carried
out in a two-bed PSA unit using the modified cycle with pressure equaliza-
tion and no purge, were conducted over a wide range of high operating

NAYE
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Table 5.6. Equations for PSA Simulation Using Pore Diffusion Model

Except for the following changes all other equations i Table 5.2 apply. The subscript { has the
same meantng as an Table 5.2,

Mass transfer rale across the external film:
05; 3 ’
j;,"-ﬁ;_k,r(f.—f.-h»nﬂ) (1)

Velocity boundary condition for pressunzation:
ey =0 (2)
Equantion 2, which replaces Eq. 10a in Table 5.2, is a more appropriate veiocity boundary
condition for the pressurization step. Moreover, with this boundary condition it 15 no longer
necessary 10 specify pressurization gas quantity as an fnpui.
Particle balance:

dg; ilg 5 84,
“Ex“:ﬁlﬁ?(Dr?a‘F)] )
Boundary conditions:
dq,
Er A ()
ag; | '
i 57 |y g, = *r (0= Cllrer,) (5)

c,lran in Eg. 5 is related to q;l,.,Rp through the equilibrium isotherm:

Qj|r=Rp R [
T BT BiCile-g,

Equation 6, written for the two components and then solved simultaneously, vields

1+ Z:b,—c,-hvkl,} . (6)

i !
€ile-r, = Egj/(] - 29.‘) (7
L4
Constanr Diffusivity.  If the micropore diffusivity (D) is independent of conccnira!mn. Eq. 3
becomes:
Py _p T, 2 %
at i ar? r ar } (8)

The associated boundary conditions, Eas. 4 and 5, remaimn the same.
Concentration-dependen: diffusivity. The expressions for the dlfﬁlSIVlIICS in & binary Langmuer

systcn’; with constant mtrmsic mobilities (D, Dgo) have been given by Habgood™ and Round
et al.3%

Dy . Equ /Ay
Dy T=8,-6, (1-6g)+8,5 ,} (%)
. il _ dq 4 /8
D= =g ((1-00) 0, 52 ,,,,) (10)
{Continued)
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Table 5.6, - (Conttnued)

Except for the following changes all other equations 1n Table 5.2 apply. The subscript [ has
the same meaning-as m Table 5.2, ]
The appropriate forms: for ihe-diffuston equations are obtained by substituting Eqs. 9 and 10 in
the particie balance equations for component A (/= A4 n Eq. 3 and component B (i= B in

Ea. 3):
%qt_a; l;zﬂié; [(1—3],)(%«&% T—rﬂ)-r—aﬂ(%"—+%%)]
+aﬁ[(lwad)%+ﬂs%l(%+ggf‘—) (12)

Similarly the appgoﬁrlﬁte boundary conditions for the two components at the particle surface are
obtained by substituting Egs. 9 and 10 in Eq. § written for components 4 and B and solving
simuitaneously for (3g,4 /)l up, and (Bgg /3r),wr

294 | ky . ke

B |y = Dy 8 (Cam calemr,) = 1= 0al( €5 Caliar, ) (13
dq ky kp oo

‘g}ﬁ - R,,= “5;")‘(1 - 93)(% - "ulf'Rp) - D Bp{cy CAlr"Rp) (14)

* Equanions 9 and 10 are true for g, = g44 if this 1s not true, the expresstons will conimn additional

lerms,

Table 5.7. PSA Air Separation for Nitrogen Production on a Carbon Molecular Sieve:

Summary of Experimental Conditions, Product Purity,
Recovery, and Productivity*

Adsorption Moie % % Recovery Prodx_;c:ivity )
L /gy pressure oxygen of ( cm” N, )
Run No. ratio(s} (atm) in product nitrogen® _ hr. cm* adsorbent |
i 25 3.0 10.5 56.4 81
2 25 4.4 .15 537 106.2
3 25 58 6.0 49.2 1374
4 25 6.8 44 42.1 135.75
5 37 30 4.0 292 274
\] 37 4.4 1.8 2L6 30.76
7 37 5.8 07,075 1.1 - 214
8 37 6.8 0.6,0.7 1.7 17.3

?  Feed composition = 21% oxygen, 79% nitrogen, blowdown/desorplion pressure = t

{u'esaunnuion/'hlowdown time = 2 5, adsorption /desorption hime == 60 s, pressure equalizntion = 2 5.
Corrected for pressurizalion gas quanhity,
Seurce;  Massan et al.'¥

atm,
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Table 5.8. Kinetic and Equilibrium Data and Other Common

Parameter values Used in the Simulations of PSA Air
Separation for Nitrogen Production®

-Adsorbent Carbon molecular sieve
(Bergbav-Forschung)
Bed length (cm) 35.0
Bed radius (cm) 1,75
Particle s1ze {cm) 01.3175 {peliet)
Particle density (g /cm’} 0.9877
Bed voidage 0.40
Ambient temperature (°C} 25.0
Peciet number 1000.0
Equilibrium constant
for oxygen (K ;) 9.25%
Equilibrium constant '
for niirogen (K g) 8.9Y

Saturation constant for

oxygen (g 453 (mol /em™) 264 x 107
Saturation consiant for

nitrogen (g g5) (mol /em?) 2.64 X 1073
Limiting diffusional time

constant for oxygen (D /r2){s™Y) 27 %107
Limiting diffustonal time

constant for mirogen (Dy,/r2 (s™") 59%107%

# 1 values of 14 and 85 for oxygen and nitrogen, respectively, taken from the

correlation of Nakao and Suzuki have been used in computing the LDF mode]
predictions. )

Ruthven ef al.’
Farooq and Ruthven,®

pressures (3-7 atm) and therefore provide a suitable database. The expen-
mental conditions and the observed product punty, recovery, and productiv-
ity are summarized in Table 5.7. The equilibrium and kinetic parameters
taken from independent, singie-component measurements and used in simu-
fating these experimental runs are given 1n Table 5.8 The diffusion model
(with constant and varable diffusivity) and the LDF model predictions are
compared with the expersmental results in Figure 5.8. The predictions of the
constant-diffusivity pore diffusion mode! and the LDF model, with ) vaiues
adjusted for cycle time according to the correlation of Nakao and Suzuki,®
are very close. (This agreement provides additional confirmation of the
resuits shown in Figure 5.3.) It is clear (from Figure 5.8) that the concentra-
tion-dependent diffusivity model predicts the correct qualitative trends for
purity and recovery over the range of experimentatl vanables examined. The
constant-diffusivity model {and the I.DF model), on the other hand, cannot
predict the correct trend of recovery with operating pressure, and, even
though this model predicts the correct trend for the variation of product
purnty, the qualitative disagreement at the higher pressures 15 too large.
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Figure 5.8 Fffect of adsorption pressure on (a) nitrogen product punty and
(b) nutrogen recovery at two different L /vgy ratios m a kinetically controlled PSA
air separation process (modified cycle) showing the comparison among the expermen-
tal data, the LDF model, and the diffusion model with constant and variable
diffusivity. Experimentai conditions are gwen in Table 5.7 and other parameters m
Table 5.8. (From Ref..26.)

Industrial PSA nitrogen units operate at pressures between 7 and 10 atm
(with blowdown to atmospheric pressure) and.at a relatively low L /g, Tatio
(< 25 s). A fairly pure nitrogen product (> 99%) 1s produced. This levei of
purity is not predicted by either the LIDF model or by the constant-diffusivity
pore diffusion model. In fact at L /gy = 25 s the mtrogen product purity
profiles from the LDF modei as well as the constant-diffusivity pore diffusion
model become asymptotic at an oxygen concentration of about 8%. It 1s
therefore evident that the formation of nitrogen product containing iess than
1% oxygen, which 15 roufinely observed in large-scale industrial units operat-
ing at relatively low: L /bg,, ratios, 1s correctly predicted only when allowance
is made for the concentration dependence of the diffusivity. The concentra-
tion dependence of micropore diffusivity evidentiy has a strong effect on the
steady-state performance of a kinetically controlled PSA separation. The
variable-diffusivity model provides a reliable a priori estimate of such perfor-
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Figure 5.8 (Continued).

mance based on independently measured single-component equilibrium and
kinetic data. ,

The flexibility of a PSA simulation model for accommodating various
cyclic operations is determined mainly by the versatility of the fiuid flow
model. (The flexibility of the fluid flow model used here has been discussed
m Section 5.1.) There 15 therefore no reason to prevent the application of the
pore diffusion model to other cycie configurations.

Effects of Process Variables

Having established the validity of the concentration-dependent diffusivity
model for air separation over carbon molecutar sieve, the model may now be
used to investigate the effects of some important operating parameters on the
petformance of the system. Some results are summarized in Figure 5.9. For a
_Skarst-rom cycle operation with no purge, increasing adsorption pressure
improves product purity at the expense of dimmishing recovery. It 15 shown
that duai-ended pressure equalization improves both purtty and recovery
over those obtawned by Skarstrom cycle operation without purge. Desorption
without purge dees not produce a high- -purity produ¢t when the feed pres-
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Figure 5.9 Effects-of some mmportant operating parameters on purity and recovery of
nitrogen n a kinetically controlled PSA air separation process. Adsorption /desorp-
uon time =60 s, pressurization /blowdown time =15 s, kinetic and equilibrium pa-
rameters are given tn Table 5.8. The solid line shows the eflect of increasing the
adsorptton pressure (in the direction of the arrow) for a Skarstrom cyele with no
purge. For two different operating pressures the effect of introducing a double-ended
pressure equalization step, as.in the modified cycle 1s shown by dotted lines leading to
the points (). The effect of increasing purge/feed is shown by chan dotted line
lcading to pomt () at purge /feed =10, and the effect of changing the L /by, tatio
from 20 s at pomt (X) to 35 s at pownt {+) is mdicated by dot—dash lne. The effects
of increasing and decreasing the kinetic and equilibrium parameters for oxygen and
mtrogen (by factors of 1.5 and. 2.0, respectively, relative to the experimental values)
are also shown. The open symbols show the effect of changing the values for oxygen,
and the closed symbols show the effect of changing the values for nitrogen. The
directions of the mcreasmg variables (L /vgy, Py, and &) and the kinetic and
equilibrium seiectivities ($y and Sg) are indicated by arrows,

sure is low. The product purity may be significantly improved i a iow-feed
pressure operation by regenerating the adsorbent bed with product purge.
However, the recovery 1s reduced by mtroducing purge. Another way of
increasing the product purity when the feed pressure 15 tow is to increase the
L /vy ratio, but product purge appears to be more efficient. Of course,
when operated at high feed pressure a very high-purity product may be
achieved without resorting to any external purge and coasequently, at compa-
rable purity, the recovery is much higher than that from a Skarstrom cycle.
The effects of varying the kinetic setectivity (Sg = Do, /Dy, and the equilib-
rium selectivity (S = K, /Ky,) about their experimentai vaiues are also
illustrated. 1t is evident that varying the oxygen diffusivity or equilibrium
mainly affects the purity. Varying the nitrogen diffusivity affects mainly the
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recovery, and changing the nitrogen equilibrium affects both purtty and
recovery. An improved molecular sieve for mitrogen from air by pressure
swing adsorption would therefore reauire stronger oxygen equilibrium and for
slower nitrogen diffusion. It should be recalled here that there are limits up
to which such improvements may be effectively explotted in this type of cycle

(see Section 3.4).
5.3 Continuous Countercurrent Models

In order to understand the contmuous countercurrent flow model for a PSA-
separation process, it is necessary to recall once again that the steps mvolved

Product
z=l, i
; i T
ol
=I5 e L
Pig |
g
L L l
| i
za0 If )
, !
Pressurization  Adsarption Blowdown Purge
a
Product
zvl,
= —
e 1
z=
Adeocption Purge
b

Figure 5.10 (a) Skarstrom PSA cycie. (b) Continuous countercurrent How model
representation of a Skarstrom PSA cycle.
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in a basic Skarstrom PSA cycle are pressurization, high-pressure adsorption,

countercurrent blowdown, and countercurrent purge, as represented in Fig-

ure 5.10(a). If mass transfer between solid and pas phases during the
pressurization and blowdown steps 1s assumed to be negligible, then at cyelic
steady state the amount adsorbed during the adsorption step should be equal
to the -amount desorbed during the purge step. Transient PSA simulation
with a frozen solid approximation dufing pressurizatton and blowdown has
been validated -for both purification processes*~"'®% and kinetically con-
trolled bulk separation.'** Therefore, for these processes, the operation of a
Skarstrom cycle at steady state can be viewed as a continuous countercurrent
flow (CCF) system in which the immobile solid phase adsorbs from the
high-pressure stream and desorbs to the purge stream with zero net accumu-
lation in the solid phase. This representation is shown schematically in Figure
5.10(b).

The idea of representing the PSA system as a continuous countercurrent
flow operation was first proposed by Suzuki.®® He developed the CCF model
for a trace component system and compared the steady-state concentration
profiles from this model with:those from the transient simulation. In addition
to using the frozen solid approximation during pressurnization and blowdown
for the transient simmlation, Suzuki also adopted rapid cycling to aftain a

1l
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Figure .11 (&) Solid-phase and (b). gas-phase concentration profiles from the CCF
model (—— adsorption, --- desorption} and the transient simulation model (O end
of adsorption, ® end of desorption} are compared for air drying on activated aiumina.
(From Ref. 58; reprinted with permission.)
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Figure 5.11 (Continued).

small throughput ratio so that solid- and gas-phase profiles also remained
nearly frozen during the adsorption and the desorption steps. Under these
conditions, the steady-state profiles from the CCF model were found to be
good agreement with those from the transient simulation, as may be seen
from Figure 5.11. While these extreme assumptions may be realistic for a
purification process, 1n a bulk separation process there will generally be
significant excursions of the concentration profiles during the adsorption and
the desorption steps. Farooq and Ruthven® extended the CCF model for a
bulk separation process (the model equations are given in Table 5.9) and
showed that, even without a very small throughput ratio, the CCF model still
correctly predicts the qualitative trends of experimental purity and recovery
data for a PSA nitrogen unit using carbon molecular sieve. The results,
including transient modei predictions, are shown in Figure 5.12. This study
also showed that mass transfer during pressurization and blowdown steps will
not mmpair the predictions of the CCF model. Although the transient model
is quantitatively superior, the simplicity and computational efficiency make
the CCF model! useful at least for initial selection of the range of conditions
within which more detailed studies should be concentrated. There are,
however, some limitations of this approach. The CCF model soiution 18
invariant to changes in cycle time as iong as the durations of the adsorption
and description steps are kept eaqual. The CCF modei s applicable in
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Table 5.9. Continuous Countercurrent Flow Model Equations for
a Bulk PSA Separation Process®

Assumptions 1-7 discussed in connection with the LDF model apply.
Componeat mass balance:

md(ujcﬂ-) T d(j,-,- o

dz € df M
Contnmity condition:
Y= C; (constant’) . 2)
.Dvera]l mass balance:
di; I~ g dﬁ )
v ] - B
mCygy Y Lo =0 3)
L
Mass transfer rates:
dig;;
'E"“k.'j(qz'_qi) 4
Adsorplion equilibrium:
4_ bl )
T i+ Zb,-c,- ;

L these equaktons 1= A4 for component 4 and B for component B, y=Hor L, and m=-1or
— 1. The vaiues t=H and m = +1 represent high-pressure flow, =L and m= — { represeni
purge flow.

Boundary conditions: high-pressure flow

Caplenn=€qp} Ugtlzmo= gy (6)
purge flow
P
CAL‘:-L:(?:')CAHL-D v lemr = gy = Gy Q)

The concentration boundary condition for purge flow represents the fact that part of the
high-pressure product is expanded to low pressure and used for purge. g, and vgy are related
by the purge to feed veiocity tatio, (.

The assumption of zero net accumulation in the solid phase feads to:

ddn da. 5
ﬂ—a—"}'(l—a) T =0 . (8)
In this equation a = iy, Aty + 1) The factors @ and {1 — a) with the solid phase accumulation
terms for the high- and low-pressure steps. respectively, have been introduced to maimtan
consistency tn mass tronsfer raies between the CCF approximation and the transient simulation.

: (Continued)

Table 5.9, {(Conunued)

From Eqgs. 4 and 8 we get:

__akyaly + (- o)k g o
alk +(1—ayk,, : (9}

Substituting Ea. 9 into 4 and rearrangmg vields:
dt?;; L N
dt = (n—l+ma) kei(q?ﬁﬂ——qﬁ;) (tn)

where n =1 for high-pressure flow and 2 for purge flow; and
i

.
“ i fakyy H1/(1- )k, an
Combining Eqgs. 1, 3, and 10 gives:
dty; e g 1
L s *
Vi Y (nHH_ma)(ka‘(‘hH L)
~ Xy Lkalaly - a)) =0 (12)
v g i .
s Y e Tv may ‘Eh;(q?n-q?‘:.ﬁﬂ (13)

Equation 12 for i = A and Eq. 13 are simultaneously integrated for high- and low-pressure flow
using the fourth-order Runge—-Kuita method to obtatn’ ¢ ; and v; at different axial locavons i
the bed. The boundary conditions for high-pressure flow are known at z = () and those for purge
are given at z = L; therefore, the solution procedure requires iteration. Values of the dependent
variables for purge flow are guessed at z = 0. The integration is then performed from z =0 to
L, which 15 repeated until known boundarv conditions for purge flow at z = L are satisfied.
Jacobian analysis 15 performed te update the trial vaiues, which accelerates the speed of
convergence. Values of ¢p; at different locations are obtaned by difference from total concen-

tratron. Steady.state adsorbed-phase concentraiions are then calculated from Eq. 9.

?  The material batance Egs. 1 and 3 should aciually be written 1n terms of equivalent velocities 1n

order to ensure that the total volume of feed and purge used in actual operation are the same 1n the
steadv-stale representation. However, such a restriction on the mass balance leads to an equrvalant
purge to feed velooity rano given by GI(1 — a)/al. For o =05 Gl —a)/ai= G, but when o — I,
G — 0, and when a — 0, G «v o, and therefore the CCF model fails for éycles in which the adsorption
and desorption steps are unequal (ie., o #05) The present form of material balance equations,
although iess accurate from the point of mass balance between the actyal operabon and stendv-state
approximation (except when a = 0.5), extends the usefulness of the CCF model 1o the evcles in which
@« 0,5,
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Figure 5.12 Effects of (2) L / vgy; ratio (G = 1.0) and (b) purge to feed velocity ratio
(L/von=25 s) on the purity and recovery of mitrogen product 1 a PSA air
scparation process {Skarstrom cycle) showing comparnison among the expenmenital
results, the CCF model, and the transient model predictions. Adsorption pressure = 3
atm, blowdown /purge pressure = 1.0 atm, adsorption /desorption time = 60 s, pres-
surization /blowdown time =15 s, diffusional time constanfs used for oxygen and
nitrogen were 3.73x107% 57! and 1.17x107% 57, respectively. The CCF model
results were computed with =15 for both oxygen and- nitrogen; cycle-time-depen-
dent {1 values according to the correlation of Nakao and Suzuki were used in the
transient model simuiation . (From Ref. 59.} :

principle to both kKinetic and equilibrium-based separations. Its applicability

to the latter class 1s restricted to trace systems with significant mass transfer

resistance, The fact that one solid-phase concentration profile cannot be in
equilibrium with two different gas-phase profiles prectudes the use of this
model for equilibrium-controlled separations with negligible mass transfer
resistance. Similar reasoning also precludes the extension of the CCF model
to account for heat effects.

e

DYNAMIC MODELING OF A PSA SYSTEM 207
15 T T T o
L " Experimantal x
\ Tronsient model [* I
1 . CCF modei v 80
\
\,\ b
B r N ] c
S5 g
B 1ok i g
S P
£ -4 40 &
e F s
5 . o
5o |
3 1 ] g
e L a
a3 £
g | w1 20 e
5] - Q
0 2
G
{b)

Figure 5.12 (Continued).

5.4 Heat Effects in PSA Systems

One factor that has been (gnored in our discussion on the dynamic modeling
of PSA cycles is the heat effect (see Section 4.8) .and, so far, the basic
assumption of isothermal behavior has been retained. As a result of the heat
of sorption, there 1s always some temperature excarsion in a PSA cycle, and
depending on the magnitude, this may significantly reduce the efficiency of
separation. The amplitude of the temperature swing depends primarily on
the heat of adsorption, the throughput, and the heat transfer characteristics
of the packed adsorbed column. In laboratory scale units, small-diameter
thick-walled metal columns are generally used, and the high heat capacity
and thermal conductivity of the column walls serve to-minimize the tempera-
ture variation. Even then it 1s found that the 1sothermal assumption usually
predicts a better separation than 1s actually achieved. In order to approach
true isothermal operation, one has to go to a very small column diameter and
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a small throughput ratio, as n the air drying experiments {on silica gel)
reported by Chihara and Suzuki® These authors were the first to investigate
the effect of nonisothermality in a trace component PSA system.* Later,
Yang and co-workers”™ '* ¥ showed that heat effects are even more detrimen-
tai to the performance of equilibrium-controlled bulk separation processes.
Nonisothermal studies have further revealed, as-may be mtuitively deduced,
that the adiabatic condition, which is approached in a large commercial
operation, generally results in the worst separatton. Whereas for many
equilibrium-controlied separations, the jsothermal approximation may mean
a'major departure from physical reality, this 1s usually a good approximation
for separations ‘based on kinetic selectivity since mass transfer rates are
generaily much siower in such systems.

The LDF model discussed in Section 5.2 is extended here to allow for
nomsothermal PSA opeération. The additional assumptions are summarized
and the hieat balance equations are given in Table 5.10. '

1. The equilibrium constanis are the most sensitive temperature-dependent
terms, and it 1s assumed that the Langmur constants show the normal
exponential temperature dependence (b = be™ 44787,

2. The temperature dependence of the gas and solid properties and the
transport parameters is assumed negligible.

3. Effective thermai conductivities of the commercial adsorbent particles are
reiatively high, and therefore intraparticle temperature gradients can be
neglected. Thermal equilibrium s assumed between the fluid and the
adsorbent particles, which is also a very common assumption 1n adsorber
calculations.®

4. Bulk flow of heat and conduction i the axtal direction are considered in
the heat balance equation, For heat conduction we consider the contribu-
tion from axiai dispersion only. The contribution from the solid phase
becomes important at low Reynolds number, which 1s, seldom, if ever,
approached in a PSA operation. An overall heat transfer coefficient is
used to-account for heat loss from the system. The temperature of the
column wall 1s taken to be equal to that of the feed. Faroog and
Ruthven,"-%2 in their studies on heat effects in adsorption column dynam-
ics, have shown that the major resistance to heat transfer i an adsorption
column is at the column wall, and a simple one-dimensional model with all
heat transfer resistance concentrated at the column wall provides a good
representation of the experimentally observed behavior. The advantage of
using the one-dimenstonal model is that the System behavior at the
isothermal and adiabatic limits may be very easily investigated by assigning
a large value and zero, respectively, to the heat transfer coefficient. The
isothermal condition is also approached if the simulation is carried out
with AH = (0.

5. The boundary conditions for the heat balance gauation are wniten assum-
ing the heat-mass transfer anajogy for a dispersed piug flow system, The
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Table 5.10.  Additional Equations for Nonisothermal PSA:-Simutation Using LDF
Approximation

The set of equations in Table 5.2 together with the following equations constitute the model

equations for nonisothermal PSA simulation. The subscripts have the same meanngs as 1n Table
5.2,

Fluid phase heat balance®

a*r ar  _av l—¢& 4 aT
KL—Z—+CK(UH+T§£)+(CK+~TC,)H—!

o ]—EBE 2h
~ L (- AH) = g (T = T,) =0 1)

Tempe_rature dependency of Langmuir constant:
b, AH; ( P ]

IHE—=_ R, N\T™ T, )
Boundary conditions: pressurization, high-pressure adsorption, and purge
ar . ar| .
KLE—Z'z_0=_U{zn'ﬂpgcps(rtr—ﬂ"_Tltuﬂ); QEE:-L—:O 3
(T‘z-oﬁ)burge': (Tiz—L)adsurptiun (4)

Equation 4 defines inlet gas temperature of the bed undergoing :purge m terms of raffinate
product temperature from the high-pressure bed. This is not applicable when the beds are not
coupled through a purge stream. Blowdown:

BTl a7

5Eiz-—-ﬂ_O: Ex-!_,=0 - (5)
Initial condition (same for both ciean and saturated bed conditions)

r(z,0)=T, (6}

? When the small laboratory columns are msulated from outside the fluid phase heut batance ¥q. | is

modified as follows to account for the heat capacity of and conduction through the column walk:

A "\ At
ﬂ(K,_jfi.+—@(—q—)a—-—+(u?-I+T§-&)

£ A [Jaz? dz dz
A - A A AT
+ (TCI + Am G+ ;ZPHQCICP—H:H) n

S an
-V any ey A yen

£ "‘ "y

effective axial thermal conductivity of the fluid aiso follows from the
assumed similarity between mechanisms of fluid phase mass and heat
transfer.

6. Weighted average values for gas density and heat capacity based on feed
composition are used in a muiticomponent system.

The numerical soiution of the set of coupied nonlinear equations 1-11
Table 5.2 and 1-6 in Table 5.10 gives gas- and solid-phase concentration and
the bed temperature at several locations 1n the column for various values of
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Table 8.11. Paramelers Used in Computing the Theoretical Curves i

Figures 5.14 - 5,16 Showing the Existence of Two
Different Cyclic Steady States

5A zeolite®

Activated alumma®

Feed gas composition

1% Ethyiene in
helium

0.39% Moisture 1n

alr
Particle diameter (mm) 0.7 4-5
Bed ledgth (cm) 35.0 100.0
Bed radius, i.d. {em) 175 10.0
0.d. {cm) 21 —
Bed voidage 0.4 0.4
Feed temperature {K) 298.0 (ambient) 303.0 (ambient}

Gas density (g /em*)
Adsorbent density-(g /cm?)

L5 X 077 (1 atm)
1.14¢

1.2 x 107 (1 atm}
1.2

Heal of adsorption {cal /mol) — 800004 — 24040
Gas heat capacity (cal /g °C) 1.2376 0.238
Adsorbent heat
capacity (cal /g:°C). 0.206° 0.3
Heat transfer coefficient
(cal fom? 5°C) 0.0 0.0
Effective axial thermal Deduced from
conductivity of fluid analogy of mass
{eal fecm £ °C) und heal transfer 0.0018
Adsorption pressure {atm) 3.0 5.0
Blowdown /plirge
pressure (atm) . 136 1.0
Peclet number 110 10% {plug fow)
L /tgy ratio(s) 591 4.0
Purge to feed velocity ratio 1.54 2.0
G0/ Co . 83107 £993.16
q0/4x 0.92¢ 0.0 Qinear)
LDF mass transfer
coefficient {s~')
high pressure 019 2.78 % 10™*
low pressure 0.18* 1.3 10"
Adsorption /purge time {s) #0.0 540.0
Pressurization /blowdown
time (s} 20.0 1400
* Heal cupucity and thermak conductivity of stecl were used to account for the wall eflect,
b Chihara and Suzuki ’
Y Ruthven et al.™
4 Faroog and Ruthven.®?
“ Hassan et ab' :

time. Convergence to cyclic steady state may be very slow under adiabatic
conditions, reguiring n some cases up to 100 cycles. A more detailed account
of nonisothermal PSA simulation is given tn Ref, 19.

Yang and co-workers used similar nonisothermal models to study several

equilibrium-controlled separation processes (see Table 5.1). They neglected -

the axial thermal conduction but considered the temperature dependence of
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the gas concentration according to the ideal gas: law. The temperature
variation in the bed at any given point was 20-40°C. The experiments were
carried out in small-diameter columns (4.1 cm i.d.) and therefore suffered
from heat loss by wall conduction and exchange with the surroundings.
(Under true- adiabatic conditions the temperature variation could reach
100°C.) In some studies they replaced the LDF rate equation with more
detailed diffusion models, In the introductory section of this chapter it was
pointed out that in an equilibrium-controlled separation the detailed form of
the kinetic model 15 of only secondary mmportance. This 15 also true in the

TIME, mn

{a)

Figure 5,13 () Steady-state temperature—time histories measured at three locations
(feed end A, middle B, and product end C) for the equilibrium controlled PSA bulk
separation of an equimolar H,-CO mixture on activated carbon in a singie bed,
five-step cycle (I-V indicate pressuration, adsorpation, cocurrent blowdown, counter-
current-blowdown and purge). ——, experimentai, ---, numencallv solved equilibrium
model (equivalent to LDF mode! with large mass transfer coefficients. (From Cen and
Yang'®, with permission.)
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(b)

Figure 513 (b) Steady-State temperature histories for an equilibrusm PSA bulk
separtion (eguinotar mixture of H ,-CH , on activated carbon, ---, expenimental, ——,
macropore diffusion model). Other details as in part (a). (From Doong and Yang'?,
with permission.}

prediction. of nonisothermai behavior. Representative temperature profiles
_from the 'work of Yang et al. are shown in Figure 5.13. Since direct

measurement of concentration profiles in the bed s not easy, the tempera-
ture vs, time profiles measured at various positions in the column provide a
practically useful way of locating the advancing mass transfer zone in the
column. Espitzlier-Noel® observed a sharp rise m the bed temperature at
the product end prior to breakthrough of nitrogen during the high pressure
production step of a PSA air separation cycle for oxygen production on SA
zeolite, The temperature variation at various pomts along the bed is shown n
Figure 5.14. The temperature profiles are also useful for understanding the
improved performance of a PSA separation that may be achieved by allowing
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- Figure 5.14 Vanation of temperature with time at vanous points along the bed for

an oxygen PSA system, at cyclic steady state, operating on a modified Skarstrom cycle.
I-1V indicate, respectively depressurization, purge, repressurization, and high-pres-
sure production. (From Ref. 31; reprinted with permission.)

heat exchange between adsorbers or by introducing high heat capacity inert
additives, as proposed by Yang and Cen.®

5.4.1 Two Different Cyclic Steady States 1n PSA Systems

A detailed study of a PSA purification system under both iscthermal and
nonisothermal conditions was conducted by Faroog, Hassan, and Ruthven.'”
The simuiation resuits reveal that if the system is adiabatic there are at least
two different solutions to the model equations so that, depending on the

_ initial condition of the beds, two different cyclic steady states are obtamed.
The desirable steady state, giving a pure high-pressure product, 1s achieved
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Figure 5.15 Co_mnuted profiles for PSA air drying on activated alumma showing
appmach to cychc_ steady state from clean bed initial conditions. Steady-state profiles
with both beds mitially equilibrated with feed at high pressure are also shown. The
profiles represent the_end of the high-pressure adsorption step and, starting for a
clean bed, are shown afier 19, 39, 49, 59, 69, 79, 89, 99, and 109 half-cycles,
(a) Gas-phase conceniration profile, (b) adsorbed-phase concentration profile,

(c) temperature: profile. Parameters used i the numerical simulation are
> I - iven 1n
Table 5.11. (From Ref. 19.) £
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when the beds are tutially clean. Starting the svstem from a saturated
condition leads to a different steady state with significantly different profiles
of both concentration and temperature and a less pure final product. Steady-
state bed profiles for clean and saturated bed initial ¢onditions are shown i
Figure 5.15. This 15 equally true for both linear and nonlinear equilibrium
isotherms. Different cyclic steady states corresponding to clean and saturated
bed nitial conditions may also be obtamed for an 1sothermal system when
the equilibrium relationship is nonlinear.'*?> In their study Farooq, Hassan,
and Ruthven further showed that for a linear isothermai system the steady
state is unique and the solution of the model equations (using a iarge value of
h or AH = () converges to the same final cyclic steady state from all imitial
conditions. ft 1s clear that multiplicity can arise only when the equations
contatn a significant nonlinearity. In the isothermal case the noniinearity
comes from curvature of the equilibrium isotherm, but in a nonisothermal
linear equilibrinm system the same type of behavior atises from the tempera-
ture dependence of the adsorption equilibrium constant.

Limited experiments, emploving a dual-bed system operated on a
Skarstrom cycle, were conducted with the ethylene~helium—-5A system to
confirm the existence of more than one cyclic steady state. The columns were
insulated as much as possible to attain a near-adigbatic condition. When
insulated from outside, the heat capacity of the column wall and conduction

i . T v -
THEORETICAL
bed 2 —anmen
] bad i N
EXPERIMENTAL
= Claon hed "
2 gk} Saturated bed o
Ll
a
(. ]
-
O 41 r
2r i
oo 00000060000
Thaoratica) 000000000000000H
0[**4“"*L“k*11JLkLl11JhLL&4JdnLxJ1JLLxAJJLLLLzAJJLLx;Jngx;_
a 10 20 30 ) 40 50

Ne. of Hglf Cyclas

Figure 5.16 Companson of experimental product composition with prediction of
theoretical model for PSA separation of ethylenc—helium on 5A zeolite showing the
difference in behavior for the clean and saturated bed initial conditions (bed ¢
saturated with feed at low- pressure and bed 2 equilibrated with feed at high
pressure). Note that for the clean bed case theory predicts a perfectly pure product.

Parameters used in computing the model predictions are given in Table 5.11, {From
Ref. 19.)
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Figure 5.17 Comparison of theoretical ‘and experimental temperature profiles for
PSA separauon of ethylene—helium on'5A zeolite at cyclic steady state. (a) Clean bed
initial condition, (b) saturated bed initial condition (bed I equilibrated with feed at
low pressure and bed 2 equilibrated with feed at high pressure). Parameters used in
computing the model predictions are given in Table 5.11. (From Ref. 19.}

of heat through the column wall become umportant factors that must be
accounted for m .the heat balance equation. The approach of the product
conceniration to cyclic steady state from two different mitial conditions 1s
shown in Figure 5.16. The temperature profiles at the end of adsorption and
desorption steps after the eyclic steady state was reached-are given in Figure
5.17. Both the product concentration and the experimentai temperature
profiles agree well with the model predictions and the existence of two
distinct steady states, depending on the initia] condition of the beds, is
confirmed, Clearly, the performance of the system is markedly superior when
starting from initially clean beds m that a purer high-pressure product is
obtained.

The existence of multiple steady state has certain practical implications,
since it-means that under certain conditions the operation may be unstable to
a perturbation in feed composition or flow rate. Furthermore, if 2 unit is shut
down during operation, it may be necessary to purge the beds before the
operation can be successfully resumed with the desired product purity. An

Note: A novel mathematical anaylsis that provides for the direct determination and stability
analysis of evclic steady states has recently been developed: D. T. Croft and M. D. LeVan, Chem.
Eng. Sci. (in press). See also Proceedings of Fourth Yniernational Conference on Adsorption,

Kyoto, Mav 1992.
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attempt to restart the system after it had been standing 10 a loaded condition
for some time could well lead to the saturared bed Steady-state operation
rather than the more desirable clean-bed steady-state operation, which gives
a purer product. Of course the change of steady state would not show in the
product concentration if the system 1s operated such that the concentration
front 1s mamtained well inside the column with a large margin of safety,

References

1. J. C. Kavser and K. S. Knaebel, Chem. Eng. Sci. 44(1), 1 (1989).
2. G. Flores-Fernandez and C. N, Kenney, Chem. Eng. Sci. 38(6), 827 (1983).

La

1. E. Mitchell and L. H. Shendalman, AJCAE Symp. Ser. 69(133), 25 {1973},

K. Chihara and M. Suzuki, 1. Chemn. Eng. Japan 16(1), 53 (198:3)..

K. Chihara and M. Suzuki, J. Chem, Eng. fapan 16(4}, 203 (1983).

X W. Carter and M. L. Wyszynski, Chem. Eng. Soc. 38(7), 1093 (1983},

N. 8. Raghavan, M. M. Hassan, and D, M. Ruthven, AFChE £ 31(3), 385 (1895).

I

P. L. Cen, W. N. Chen, and R. T. Yang, tnd. Eng. Chem. Process Des. Der. 24(4), 1201
(1985).

9, R, T. Yang and S. j. Doong, AfChE J. 31(11), 1829 (1985).

10. M. M. Hassan, N, S, Raghavan, D. M. Ruthven, and H. A, Bouniface, AICAE . 31(12), 2008
{1985,

11. N. 5. Raghavan and ID. M. Ruthven, AICAE J, 31€12), 2017 (1985).

12. §. 1. Doong and R. T. Yang, AICKE J. 32(3}, 397 (1986).

13. M. M. Hassan, D. M. Ruthven, and N. S. Raghavan, Chem. Eng. Sci. 41(5), 1333 (1986).
14. N. S. Raghavan, M. M. Hassan, and D. M. Ruthven, Chem. Eng. Ser. 41(11), 2787 (1984},
15. P.L.Cen and R. T. Yang, ind. Eng. Chem. Fundam. 258(4), 758 (1986,

16. H. S. Shin and K. 5. Knaebel, AIChE J. 33, 654 (1987),

17. §. 1. Doong and R. T. Yang, AFChE J. 33(6), 1045 (1987).

18. M. M. Hassan, N. §. Raghavan, and D. M. Ruthven, Chem. Eng. Sci, 42(8), 2037 (1987).
19. S. Farocg, M. M. Hassan, and D. M. Ruthven, Chem. Eng. Sci. 43(5), 1017 (1988),

20. H. 8. Shin and K. S. Knaebel, AICKE J. 34(9), 1409 (1988).

21. A. Kapoor and R. T. Yang, Chem. Eng. Sci. 44(8), 1723 (1989).

22, S. Farcog, D, M. Ruthven, and H. A. Boniface, Chem. Eng. Sci. 44(12), 2809 (1989).

" 93, 1. L. L. Liow and C. N. Kenney, AICAE J. 36(1), 53 {1990).

24. M. W. Ackley and R. T. Yang, AICAE J. 36(8), 1229 {1840).
25. J. AL Ritter and R. T. Yang, ind. Eng. Chem. Res. 30(5), 1023 {1991},
6. §. Farooq and D. M. Ruthven, Chem. Eng. Sci. 46(9), 2213 {1991),




N )

218 PRESSURE SWING ADSORPTION : DYNAMIC MODELING OF A PSA SYSTEM 219
27. M. Chlendi, J. Granger, E. Carcin, and 1. Tondeur, Fvdrogen Purification by Multicolumn, i 56. Dn. M. Ruthven, N. 8. Ragavan, and M. M. Hassan, Chem. Eng. Sei. 41, 1325 (1986).
Mudtisorbent PSA: Modelling, Design, Optrmization. Fourth International Conference on , 7
Adsorption, Kyoto, Japan, May 17-22, 1992, ' 57. S. Faroon and D. M. Ruthven, Chem. Eng. Sci. 45(1), 107 (1950).
] i . . 1985).
28, S.J. Doong and R. T. Yang, AICKE Symp. Ser. 264(84), 145 (1988). 58. M. Suzuki, AICRE Symp. Ser. 81(242), 67 (1985)
29, J. F. Wehner and R. A. Withelm, Chem. Eng. Sci. 6, 89 (1956), : 59. 8. Farooq and D. M. Ruthven, AICKE J. 36(2), 310 (1990). o
;ses. Butterworths, Stoneham, MA (1 3
30. G. Munkvold, K. Teague, T. F. Edgar, J. J. Beaman, Gas Separaton & Purification (in ] 60. R.z'l;l‘!ang. Gas Separation bv Adsorption Processes. Butterworths, Stoneham
p. 211
pressk. . _
; . Res. 39(6), 1976 (1990).
3i. P. M. Espualier-Noel, Waste Recycle Pressure Swing Adsorption to Enrich Oxygen from Air. ] 81. S. Farcoq and D. M. Ruthwen, ind. Eng. Chem. Res
PhD. thesis, University of Surrey, Guildford, UK, 1988. : 62. S. Farooq and D. M. Ruthven, ind. Eng. Chem. Res. 2%(6), 1084 {1990).
. 32, H.S.Shin, Pressure Swing Adsorption: A Study of Diffusion induced Separation. Ph.D. thesis, 63. R.°T. Yang and P. L. Cen, /nd. Eng. Chem. Process Des. Dev. 25(1), 54 (1986).

The Ohio State Unversity, Columbus, Ohio, 1988, 64. D. M. Ruthven, D. R. Garg, and R. M. Crawford, Chem. Eng. Sci. 30, 803 (1975).
33. R. Desai, M. Hussain, and D. M. Ruthven, Can. J. Chem. Eng. (in press)

34. Y. D. Chen, J. A. Ritter, and R. T. Yang, Chent. Eng. Sci. 45(9), 2877 (1990).

35. S, Nakao and M. Suzuki, /. Chem. Eng. Japan 16(2), 114 (1983).

36, E. Glusckanf a.nd 11 Coates, J. Chem. Soc. 1315 (1947).

37. E. Alpay and D, M. Scott Chem Eng. Sei. 47, 499 (1992).

38. D. M. Ruthven and K. F. Loughlin, Ckem. Eng. Sci. 26, 1145 (1971}

39. 1. H. Doetsch, D. M. Ruthven, and K. F. Loughlin, Can. J. Chem. 52, 2717 (1974).

40, K. Kawazoe, M. Suzuki, and K. Chihara, J. Chem. Eng. japan 13}, 151 (1974),

41. K. Chihara, M. Suzuki, and K. Kawazoe, J. Chem. Eng. Japan 11(2), 153 (1978).

42. . U. von Rosenberg, Methods for the Numerical Solution of Partial Differential Equations.
Gerald L. Farrar and Associates, Inc., Tulsa, Oklahoma, 1977 (fourth pnint).

43, L. M. Sun and F. Meunter, AICHE J. 37(2), 244 (1991).

44, B. A. Finlayson, Method of Weighted Residuals and Varigtional Principles. Acadenuc Press,
New Yorl, 1972.

45. 4. V. Villadsen and W, E. Stewart, Chem. Eng: Sci. 22, 1483 (1967).

46, J. V. Villadsen and M. L. Michelsen, Solution of Differential Equation Models by Polynomial
Approximation. Prentice-Hall, Englewood Cliffs, New Jersey, 1978.

47. L. bapidus and J. H. Seinfeld, Numerical Solution of Ordinary Differential Equartions.
_ Academuc Press, New York, 1971.

48. 1. H. Seinfeld, L. Lapidus, and M, Hwang, fnd. Eng. Chem. Fundam, 9(2), 266 {(1970).

49. FORSIM, A Foriran Package for the Automated Solutton of Coupled Partial and/or
Ordinary Differential Equation Systems. Atomic Energy of Canada Limited, 1976,

50. IMSL Library User's Manual, IMSL, inc., Houston, Texas, 1982,
51, N. Hag and D. M. Ruthven, /. Cotloidal Interface Sci. 112(1), 164 (1986).

52. H. Boniface, Separation of Argon from Air using Zeolites. Ph.D. thesis, University of New
Brunswick, Fredericton, Canada, 1983,

53. G. W. Miller, K. §. Knaebel, and K. G. Ikels, AICKE 1. 33, 194 (1987).
54, H. W. Habgood, Can. J. Chem. 36, 1384 (1958).
35 G. F. Round, H. W. Habgood, and R. Newlon, Separation Sci. 1, 219 (1966).




1A

CHAPTER

PSA Processes

In previous chapters we have described the principles underlying the opera-
tion of a PSA process and shown how the process may be represented in
terms of simplified mathematicai models. However, apart from the discussion
in Chapter 3 concerning the factors goverming the choice of cycle, the more
practical aspects of PSA process design have been ignored and few details of
comparative performance have been given. An account of several representa-
tive PSA processes that have been developed to the industrial scale 1s
presented in this chapter together with comments on some of the more
practical design aspects and the thermodynamic efficiency. Detailed informa-
tion on practical design and system performance is not'widely available in the
open literature and the comments presented here therefore represent only a
partial account. Further information can be obtainéd from the extensive
patent literature, although the details are often confusing.

6.1 Air Drying

The “heatiess drier” was the earliest practical PSA process, and the factors
governing the design and performance were studied in detail by Skarstrom.'
The process, which is widely nsed for small-scale applications such as the
drymng of instrument air operates on the simple two-bed Skarstrom cycle (see
Section 3.2). Essentially bone-dry product air (1 ppm H,0) can be readily
achieved with either alumina or zeolite (4A or 5A) as the desiccant, but
beaded alumina 1s the usual choice. '

~nl
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The equilibrium 1sotherm for water vapor on alummna 1s less strongly
curved than the corresponding isotherm for zeolite adsorbents (see Figure
2.5) and as a vesult, the working capacity in a PSA system 1s higher. However,
a more important consideration is that alumina beads are physically more
robust than most other desiccants and do not fracture or suffer attrition
under the rather harsh operating conditions of a PSA process. Indeed,
provided that the feed air is clean, the life of a PSA drier packed with
alurmna ‘beads is very long; continuous operation without changmg the
adsorbent over a period of 20 years has been reported.

6.1.1 Design Considerations

Product purity 15 normally the primary requirement and, since the water
vapor concentration in the feed is generally quite low, a pressure equalization
step 18 not normally inefuded in the cycie. Minimization of the purge, subject
to the requirement of a pure product, is therefore the major objective in
optumization of the operating cycle. The process operates under essentially
adiabatic conditions, and conservation of the heat of adsorption is therefore
a major consideration determining the selection of operating conditions. In
essence the desiccant bed must be sufficiently long that, during the adsorp-
tion step, the thermal wave (which travels faster than the mass transfer zone)
does not escape from the bed. The heat retained in the bed heats the purge
gas during the desorption step, thus reducing the volume of purge required
to desorb the water. If the bed is too short so that the thermal front 15 not
coniamned, some of the heat will be lost (as sensible heat m the product
stream). Under these conditions a greater volume of purge will be needed to
clean the bed with consequent loss of process efficiency.

Skarstrom enunciated three general principles for the design of a “heat-
less drier™ '

L. Conservation of the heat of adsorption (as discussed). This requires
retatively short cycles with low throughput per cycle.

2. Regeneration at low pressure using a fraction of the product stream as a
reverse-flow purge. In order to produce a pure product the actual purge
volume should exceed the actual feed volume at all points in the bed.

3. For a pure product the absoiute pressure ratio { P, /P, ) should be greater
than the reciprocal of the mole ratio of the product to the feed.

It is clear that, under cyclic steady-state conditions, all water vapor
entering with the feed must be removed in the purge (apart from the small
loss m the blowdown). The maximum water vapor content of the purge gas
will be the same as that of the high-pressure feed. Cyclic steady-state
operation is therefore only possible with a volumetric purge-to-feed ratio
greater than unity, The third principie also follows directly from the overall
mass balance. A useful summary of the procedure that 1s normally followed
m the design of a PSA drier has been given by White,?

Noyobr
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6.1.2 Bed Diameter

The bed diameter s chosen tn the normal way based on the design through-
put requirement. The maximum velocity in upflow 1s normally limited to 75%
of the mumimum fluidization velocity to avoid the mcreased attrition resuiting
from particle vibration, which becomes serious, even in-a well packed bed, as
the fluidization velocity is approached. A somewhai higher velocity, perhaps
double the fluidization velocity, can be toierated 1n downflow.”

6.1.3 Bed Length

The bed iength 15 determmed primarily by the requirement to contam the
temperature front, which, in an air drier, travels at a higher velocity than the
concentration front (the mass trapsfer zone). The situation is as sketched m
Figure 6.1. The concentration front 15 confined to the entry region of the bed
and oscillates dunng the cycle over only a relatively small distance. The
precise form. of the profiles and the degree of penetration into the bed
depend of course on the humidity level and cycle time as well as on the
nature of the desiccant. Experimental concentration profiles from an operat-
ing unit are shown in Figure 6.2; the corresponding effluent concentrations
are shown in Figure 6.3, The temperature front extends towards the product
end of the bed, and the amplitude of its movement during the cycle 1s much
greater than that of the concentration front. The area between the two
limiting temperature fronts is proporttonal to the latént heat of the water
adsorbed (and desorbed) during each cycle, while the area between the two
concentration fronts 18 proportional to the mass of water adsorbed and
desorbed m each cycle. .
More than half the bed generally operates simply as a gas—solid heat
exchanger, and it would indeed be possible to replace the adsorbent in this

End of Product Step
[

Distance 3=l

Figure 6.1 Sketch showing qualitative form of concentration and temperature pro-
files in a “heatless drier” at cyclic steady state. The precise form of the profiles
depends on many factors, including the properties of the adserbent and the duration
of the cycle.




i |

224 PRESSURE SWING ADSORPTION

IEST DATA
BED LENGTH 1.36m
BED. DIAMETER 02t m
ADSORBENT Z2-Smm ACT. ALUM.
ADSORBATE  H> O (VAPOR)
IMPRESSED GAS : AIR
TEMPERATURE 294 °K.

PRESSURE  5.65 xI0° Pa

NEMA CYCLE 600 Sec.

PURGE TIME 280 Sec.

INFLUENT ADSORPTION TIME 300 Sec.

Fﬂu;»;zm PURGE FLOWRATE 0.0204 kg/s

——END OF ADSORPTION
-——-END OF REGENERATION

ADSORBENT LOADING, kg/ kg

Py o .

fa
ADSORPTION 8ED LENGTH OQUTLET

Figure 62 -Experimental concentration profiles for a heatless air drier packed with
an activated alummina adsorbent. (From D. H, White,? with permuission.)

i
INLET

region by an inert solid with a high heat capacity. Since the heat capacity of
the inert solid can be higher than that of the adsorbent, a reduction in overall
bed volume can be achieved. The required bed tength (typically 1-2 m) is
normally determined from a classical heat transfer calculation, following the
method of Anzelius,* although a full dynamic simulation of the nomisother-
mal PSA cycle, as described in Section 5.4, 15 preferable, since such an

approach provides more detailed and reliable information concerning the
effects of the process vartables..

6.1.4 Purge Flow Rate

Under ideal equilibrrum conditions the partial pressure of moisture in the
purge stream ieaving the bed will be the same as that of the entering feed.
Consequently, the stoichiometric minimum purge volume (measured at purge
pressure) 15 equal to the actual feed volume {measured at feed pressure). If
the purge flow 1s reduced below this level, the steady-state mass balance will
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TEST DATA

Adsarpent: ALCOA F-200 3.2mm
Adsaroent per Champer: 1.8 kg
Bed Size: 012065m Dia. x 1L27m Long
NEMA Cycier 600 sec.

Purge Time: 270 sec.

Influent Slowrare: O.02211 kg/sec
inlet Pressure: 6333 x 10° Pa
Infet Temperature: 294° K
Purgs Fiowrate: 0.0078634 kg/sec.

Purge Fressure: (41X x 10’ Pg

infer Water “apor Dewpomnt (Avg):28<¢ 33°K (gt Fressure)
Outlet Water Vapor Fresipont (Avg):211.93° K (at Fressure)

Achivated  Aluming

Adsarption Time-: 200 sec.

Figure 6.3 Performance test data showing constancy of effluent dew pomt over a 25

hour period for a “heatless drier” packed with an activated alumina adsorbent. (From
D. H. White,? with permission,)

not be satisfied and the moisture front will slowly advance through the bed.
To allow for the obvious dewiation from the ideal equilibrium situation, a

margm of at least 15% over the theoretical mmimum purge 15 normally
desirable: '

purgerate [} Py
feedrate 1'15(?;)(?;) : (6.1)

where the flow rates are expressed on a molar basis and i, i, refer to the
feed and purge times.
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6.1.5 Product Purity

The product purity is determined by the bed length (or the dimensionless
ratio L /vt,) and the purge-to-feed ratio, Experimental results obtained with
a column of 5A sieve of different lengths at various purge-to-feed ratios are
summarized 1n Figure 6.4. The asymptotic line 15 simply calculated from the
mass balance:

€k F—(P/Py)P

°F g (6.2)
P

With adeauate purge and adeguate bed length the product air 15 essentially
bone dry. I the purge is insufficient or if the bed length 15 not long enough to
contain the temperature wave, the performance deteriorates.

6.2 Production of Oxygen

Air separation to produce oxygen was one of the processes described in the
early PSA patents of Skarstrom.® It has been commercialized at scales

R

PSA PROCESSES ' 227

ranging from a few liters per minute, for medical oxygeln, to tens of tons per
day for industrial systems. A zeolite adsorbent, generally 5A or 13X, 15
normally used. When thoroughly dehydrated, such adsorbents show a selec-
tivity towards nitrogen with a separation factor of about 3.0-3.5.* Oxygen
‘and argon are adsorbed with almost the same affintty; 50 the separation is i
effect between oxygen plus argon and nitrogen. The maximum attainable
oxygen purity is therefore about 95-96%. The presence of dargon as an
impunty 18 of little consequence for medical purposes, ‘but 1 1s a significant
disadvantage for welding and cutting, since the flame temperature, and
therefore the cutting speed, are significantly reduced. Substantially higher
separation factors (ay, 0, ~ 8-10, with correspondingly higher nutrogenca-
pacity) have been reported for thoronghly dehydrated CaX and, various 10nic
forms of chabazite.”® The Henry constant for nitrogén on these “second
generation” adsorbents is too high to permut effective desorption at atmo-
spheric pressure, making them unsuitable for use in a conventional PSA cycle
operating at pressures above atmospheric. These adsorbents are, however,
used 1 many of the more modern large-scale vacuum swing or
pressure /vacuum swing processes. The development of these processes pro-
vides an excellent examnle of the need to tailor the :process cycle to the
properties of the adsorbent.

6.2.1 Small-Scale Medical Oxygen Units

At the scale of domestic medical oxygen units the cost of power is a less
significant consideration than process sumplicity and reliability. Most small-
scale units use a two-bed system, operated on a Skarstrom cycle, sometimes
with the addition of a pressure equalization step {see: Figure 3.6). Typical
performance data are shown in Figure 6.5 (see also Figure 3.7). Although a
fairly high product purity 1s attamnable, the recovery is relatively low so that
the power consumption s high. A significant improvement in recovery can be
achieved by the inciusion of a pressure equalization step (see Figure 3.8), but
in smali-scale units the additional compiexity may not be justified.

6.2,2 Industrial-Scale Units

At larger scales of operation proper optimization of a PSA system 1s essential
in order to.compete with alternative processes such as cryogenic distillation.
Recent trends have been reviewed by Smolarek and Campbell.? Capital and
operating costs contribute almost ecually to the overall cost of a PSA
process, and the cost of power is by far the most important component of the
operating cost. These considerations lead to competing requirements in
optimization. Process efficiency and therefore power cost can be reduced by
imtroducing additional pressure equalization steps, but the increased process
compiexity, requiring an increased number of beds and with the associated
valves and piping, increases the capstal cost.
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Figure 6.5 BExperimental performance data for a simple two-bed PSA oxygen genera-

tor operated on a Skarstrom cycle. Note that for high product purity the recovery 1s
less than 109%. (Previously unpublished expenimental data.)

The “Lindox” process,'® shown schematically in Figures 3.10 and 3.11, 15
typical of the first generation of large-scale PSA oxygen systems. The process
operates on a modified Skarstrom cycle with two or three pressure equaliza-
tion steps (depending on the number of beds). Both three- and four-bed
versions were developed at scales of up to 40 tons/day of oxygen product,
The process 15 normally eperated between three and one atmosphere pres-
sure and produces a 90% oxygen product gas (dry and free of CO,) with an
oxygen recovery of about 38% and a power requirement of about 1.7 kWh
per 100 SCF oxygen product (eqivaient to 48,000 J/moie product gas).
Productivity is about (.018 moles of oxygen product gas per kg of zeolite per
cycle. The overall mass balance 15 shown in Figure 6.6, and a more detailed
description of the cycie is given in Section 3.2,

Since the origimal commercialization of the Lindox process in the eariy
1970s a good deal.of further development has occurred, leading to major
improvements in process economics. To take full advantage of the higher
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Figure 6.6 Comparison of LINDOX PSA axygen process with a modern two-bed
VSA process. Figures are approximate estimates based on information from a varnery
of sources,

setectivity and capacity of the “second generation” adsorbents requires
desorption at subatmospheric pressure, necessitating the use of a vacuum
swing or pressure /vacuum swing cycle. This [eads to a substantiai reduction
in the adsorbent inventory relative to the traditionai pressure swing process
but at the cost of a somewhat more complex cycie with poth a feed
compressor and a vacuum pump. Since the valves and piping must be larger
for vacuum operation, there 1s some penalty 1n capital cost, but this is more
than offset by the reduction 1in adsorbent inventory and power cost.

Modern VSA oxypen systems generally operate between about 1.5-2.5
atmospheres on the high-pressure side with desorption at 0.25-0.35 atmo-
spheres so the pressure ratio is substantially greater than for the earlier
supra-atmosphenc pressure processes. The cycle 1s basically similar to the
original Air Liguide cycle (Figure 3.12) but with the addition of a pressure

egualization step, The adsorbent (CaX) is poisoned by traces of water or

carbon dioxide so pre-beds are often mcluded to remove these components.
The use of vacuum desorption eliminates the requirement for muitiple-bed
systems to recover the energy of compression. As a result the more modern
VPSA oxygen processes generally use oniy two beds rather than the three or
four beds of the earlier large-scale pressure swing procgsses, with consequent
reduction of capital costs. An approximate performance comparison between
a modern VSA oxygen process and the original LINDOX process 1s given in
Figure 6.6. Power requirements are similar, but the adsorbent inventory has
been reduced to about 20% of that required in the first generation processes
as a resuit of improved adsorbent capactty, reduced: cycle time, and the
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Figure 6.7 Comparative costs of oxygen produced by VSA and cryogenic processes
as function of product rate. (From Smolarek and Campbell,” with permission.)

elimination of the need for multiple beds. Such processes can also produce
the nitrogen product in relatively pure form, which 1s of course an advantage
where both oxygen and nitrogen are required. The VSA process 1s clarmed
to be competitive with cryogemic distillation for product rates of up to
3000 Nm?/m or about 100 tops /day (see Figure 6.7).

6.3 Production of Nitrogen

The most common PSA nitrogen process depends on the use of a kinetically
selective carbon. molecular sieve adsorbent in which oxygen diffuses faster
than nitrogen. This difference in diffusion rates makes oxygen the preferen-
tially adsorbed component, even though there is very little equilibrium
selectivity (see Figure 2.11). The choice of contact time is eritical since if the
contact time 1s too short there will be no significant adsorption, while, if the
time 15 (oo long, equilibrmim will be approached and there will be no
selectivity. In this type of process the argon goes with the nitrogen product
since the diffusivities are similar.

Most modern nitrogen PSA processes use a two-bed configuration oper-
ated on the cycle shown in Figure 3.16."' Descriptions of the process have
been given by Schrdter and Jintgen,'* Pilarczyk and Knoblauch," and by
Nitrotee."! This system can produce 98-99% pure nitrogen (+ Ar) which 1s
adequate Tor mmost purging and merting operations. Although a higher-purity
nitrogen product can be obtamned directly from this process, 1t 15 generally
more economic to use a final (“DEOXO”) polishing step. The stoichiometric
quantity of hydrogen required to oxidize the residual oxygen is introduced,
and the gas stream is then passed over a catalyst bed in which essentiatly all
the oxygen is oxidized to water, which 1s then removed by adsorption on a
zeolite desiccant.
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lFlgulT; 6.8 Small-scale skid-mounted PSA mitropen generator. (Courtesy of Nitrotec,
nc, B

A schematic diagram of the Bergbau Forschung process 1s shown in Figure
3.15, and a typical small-scale unit, produced and marketed by Nitrotec, is
shown in Figure 6.8. The process operates between 6-8 and 1 atmospheres
pressure. Standard units are produced in varying sizes with nitrogen product
rates from 60 to 60,000 SCFH. A typical overall mass balance is shown in
Figure 6.9, and representative performance data are summarized mn Table
6.1. The reduction in throughput and the corresponding reduction in recov-
ery and the increase in the specific energy requirement with increasing purity
of the nitrogen product are cleariy apparent. The econamics of this type of
process are at thewr best.an the 98-99% purity range at product rates of
200-800 Nm® /h, although’ much farger umts (up to 4800 Nm® /hr or about
150 tons/day) have been built."® Typical operating costs (assuming electric
power at $0.05 per kwh) are about $0.30=0.40 per 100 SCF 28 Nm*) for
98% and 99.5% punity respectively (1992 figures)*. At this level costs are
comparable with a cryogenic unit over a farriy wide range and only at the

*These cost estimates were kindly provided by Mr. Herbert Retnhold of Nitrotec.
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1 mole Air S —3> H.P. Product
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Haste Product
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Figure 6.9 Overall mass balance for PSA mtrogen production process, See Table 6.1,

Table 6.1. Performance Characteristics of Nitrotec Nitrogen Generator®

Specific energy

Product rate 0, impurity N, recovery Power kWh /N m”
ANm (%} (%) (kW) product)
96 3 84 26 .27
57 1.0 51 23 0.40
39 0.5 35 20 - 051

21 0.1 15 16 0.76

Feed rale; 140 Nm® /h, hali-cycle ume 2 muns; adsorbent beds {2): 76 cm diam > 150 cm height
{approx); working pressure; 8 atm/1 atm, Data are from Nitrotec brochure,” courtesy Nitrotec
Corporation, Glen Burnie, MD, and other sources.

highest purity ieveis (> 99.5%) and production rates (> 200 tons/day) does
the cryogenic system gain a ciear economic advantage (see figure 8.10).

6.4 PSA Process for Simultaneous Production of O,
and N,

Most PSA processes produce one pure product and an impure byproduct, but
by proper design of the operating cycle it 15 n fact possible to produce two
reasonably pure products, subject of course to the limitations imposed by the
overall mass balance. An example of such a process 15 the Air Products

s
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vacuum swing adsorption process (V5A),'™!" which iis described here. An-
other similar cycle is discussed in Sections 4.4.5 iand 4.5. The process
operates with what is basically a two-bed system, but each “bed” actually
consists of a prebed for impurity removal in series with the main adsorption
bed, The séquence of operations, which involves five distinct steps, 18 shown
schematically in Figure 6.10(b). The following description 15 taken from
Sircar."?

Feed / O, Product. Air at near-ambient pressure is passed through the prebed
and main bed, which have been previously raised to ambient pressure mn
steps (d) and (e) of the cycle. H,0O and CO, are removed in the prebed,
and the dry CO, free amr then passes to the main bed, where N, is
selectively desorbed to vield the oxygen-rich product stream, some of
which 1s stored in a gas tank for use as the pressurization gas in step (c).
This step 1s ternmuinated at or before the breakthrongh of N,

N, Rinse. A stream of the N,-rich product is passed through both the prebed
and the main bed in the cocurrent direction. The effluent is a dry CO,
free gas with a composifion close to that of air. A part of this gas 15
therefore recycied as feed air to reduce the load on the prebed. This step
18 continued until both the prebed and main bed are essentially saturated
with nitrogen,

Vacuum Desorpiion. Both adsorbers are now evacuated from the O, product
end {countercurrent direction), producing the nitrogen-enriched product
stream. This stream, however, contamns essentially: all the CO, and H,0
desorbed from the prebed. A fraction of this gas is stored for use as the
nitrogen rinse (step b) in the other pair of beds, while the remainder is
withdrawn as the N,-rich product. Evacoation is continued in this manner
until the pressure reaches a preset value at which the valve between the
prebed and the main bed 1s closed,

Evacuation /O, Pressurization. Evacuation of the prebed s continued with
the desorbate being added to the nitrogen-rich product. Meanwhile the
main bed is pressurized with part of the oxygen-rich product from the
storage tank.

Air Pressurization. Finally the interconnecting valve petween the pre and
main beds 15.opened, and the prebed is brought up to feed pressure with
oxygen from the storage tank through the main bed, thus completing the
cycle. The performance Is shown n Figure 6.11. (See also Figures 4.14 and
4.15.)

6.5 Hydrogen Recovery

The increasing demand for hydrogen, particuiarly in jpetroieum refining and
petrochemical processing, has provided a strong-economic motivation to
develop processes to recover hydrogen from refinery fuel gases, coke oven
pases, and other similar sources as well as from more traditional sources such
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Figure 6.12 Sequence of bed switching and pressure varjation in a four-bed hydro-
gen PSA process. (From Suzuki,® with permission.)
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as reformer off gas. For most applications a high-purity hydrogen product is
required (at least 99.99% and often 99.999%). Since hydrogen 15 adsorbed
much less strongly than almost any other species, a well-designed pressure
swing system can meet this challenge. Indeed this 1s one application for
which PSA has a clear advantage over almost all other possible approachcs,
for many of which these purity levels are unattamable.

Commercial implementation of PSA processes for hydrogen recovery
dates from the late 1960s, but the earlier processes were small-scale three- or
four-bed umits with relatively modest performance {~ 70% recovery) de-

Table 6.2. Details of Test Conditions and Performance Data for a Four-Bed Hydrogen

PSA Purification System

Adsorbent 5A zeolite
Size 1-4 mm (4-18 mesh)
Form spherical beads
Bulk density 0.4 ke /1
Feed cong,
H, 69.2vol %
N, 26.8
CO 2.2
CH, 1.8
Pressure
Adsorption P, 8.6 kg /om?®
Purge P, 1.5 kg fem?
First equilibration P, 52 kg fem?

Second equilibration P, 19kg/ecm?

Run no, ! 2 3 4 5 6 7 8- 9 10

11

Feed rate (Nl/min)* 14.9 146 146 210 209 209 83 83 16 146 1435
Cycle Time (min) 120 240 48.0 84 168 336 210 420 47 8.0 8.0
Column size - 4.3 cm g, X 200 cm L. 43cmid. X 100 cm L.
Adsorbent (kg) 2.06 X 4 bed 1.0 X 4 bed
Product conc.
H, (vol %) 99.73 8561 76.19 99.38 84.22 7655 99.93 83.48 99.87 9793 88.41
N, 027 1341 2115 (.62 14.52 2086 007 1519 0.13 206 109
CO 0.0 0.52 148 00 068 145 00 068 00 0.0 0.39
CH, 0.0 0.47 118 00 058 114 00 065 00 001 030
H, Recovery (%) N 884 949 772 903 9.6 777 905 700 786 BIY
Adsorbent )
productivity 21,7 427 849 214 426 852 213 425 170 218 290
Q (N1/kg ads., : :
cycle)
Space velocity

(1/min) 0.66 0.63 0.62 0% 087 084 037 037 130 1.29

? Ni=liters at 273 K | atm.
From Tomita et al.,” with permission.
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6.5.1 The Four-Bed Process

The system for the four-bed process is essentially similar to the four-bed
oxygeriprocess (Lindox) shown in Figures 3.9 and 3.10. A mixed adsorbent of 1
activated carbon and 5A zeolite is commonly used, although, since the 1 Ly |3 5
selectivity for most impurities reiative to hydrogen is high, aimost any - < =

: . - i : . 4t [ 43 . 46
adsorbent can be employed. Production of a hydrogen product with 99.99% ® Blowdown
i I - 1o Fuel
@ (\?) 13 (\2‘) 15 @ t ‘ System

Adsorption
Bed

purity at 75% recovery from a feed containing 70-80% hydrogen is claimed
for the four-bed process with two pressure egualization steps. The process

N . : R Feed
operates between 20-30 atmospheres and 1-2 atmospheres. The cycle is (a)
w, —
5
? A i
ED A
ao.s i €1p cim e | ™
" €30 o N AR
s - 1 2 3 4 5 8 7 8 9 10 11 12 13 min 20 sec.
> [%) [T .
= 100 § o Time (minutes)
] £ & (&)
3 L
8 £ 5
* %
c [
& L E TIME UNIT
© y ; ; i
c £ |1l2|3lalsis]7]8]|9|10]11]{12]13]1a]15]|18|17]18]
- L a o T
w 1.0 ; g . 1 a lslulszn E30 PP t'an | P ‘Em{sm €A | Fa I
2 g . i
§ ’ ¢ £ 2 iewm | Fr A €0} E20 | £30 ap 80 " £r | ean
5 £ |
. ] B EIR[EIR { KR | FR . i
Q o 4 Fecd Rote  Bed Length 4 0.01 3 = c 2 + Elo (e e PR 60 g
o : / ; (I i tem} g~ oo P |emfem|enl e A £ Em]Em LI
= . ' Fay 8.3 200 - o | .
3 . /_.—' ' (@R TN 200 ~ g L EGERED P EIRGER ] LR | PR [ e |ezolem| pe
E o4} / [T ) 200 '
- ® 46 100 3 cD( 6 len| @ 80 4 ER [E2R | €IR | FR A £10 | €20
Q ‘
o 7 | € j£0 €0 L a0 4 E1A {ER | £ | ¥R A
T
B 8 Iy £10 E20 | 30 P E 80 P €Ir [E2R 1EIR ! R l i %
— L : : 9 A I A L .
70 80 b 100 1 :

i 2 3 4 5 & 7 8 9 10 11 12

Hydrogen Recovery (vol%) Time {minutas)

Figure 6.13 Experimental recovery—purity profile for four-bed H, PSA system.

{c)
(From Tomita et al..? with permission.)

Figu_re 6.14 _(a)' Flowsheet, (b) pressure history, and {c) switching sequence for
polybed (ten-bed) PSA hydrogen purification process. (Courtesy of Umon Carbide.)
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shown in Figure 6.312. Details concerning the optimization have been given by
Doshi €t ai.? Results of an experimental pilot scale study of the four-bed
hydrogen PSA process have been reported by Tomita et al.?* Some of their
results are presented 1n Table 6.2 and Figure 6.13.

A detailed theoretical optimization of the design of a zeolite-based hydro-
gen PSA unit, for feed and product specifications typical of industrial
practice, has been carried out by Smith and Westerberg.®® Their results
illustrate cleariy the economy obtained from an optimai choice of operating
pressures and the number of equalization steps. For smaller-scale plants a
single equalization step 15 preferable, but as the throughput increases the
optimum shifts towards two or three equalization steps as a result of the
propoitionately greater importance of operating versus capital costs (see
Figure 1.3). The optimal operating pressure, for a system with two equaliza-
tions, 1s about 18 atm. These conclusions are In line with current industrial
practice, :

6.5.2 Polybed Process

The polybed process operates on a similar principie but with seven to ten
beds and at least three pressure equalization steps. This ncreases the
hydrogen recovery to the 85-90% range, but the improvement i perfor-
‘mance must be weighed against the increase in capital cost. The process
flowsheet i1s shown in Figure 6.14. Both four-bed and polybed processes
operate typically with a pressure ratio 20-30 atm/1 atim. The overall mass
balance 15'shown in Figure 6.15. Purities as high as 99.9999% are achievable
with the polybed system, although 99.999% is more common.

Feed

Reformer Off-Gas Hydrogen Product
20 atmospheres 19 atmospheres

1 Kole B — —mee- 0,66 mole

H, 17% H, 94.99%

ch, 22.5%

CoOiCH, 0.5%

Waste Produce
1 atmosphere
0.34 moles
H, 32%

67%

co
cosli, 1%

Figure 6.15 Mass balance for poiybed PSA hydrogen purification process.
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Table 8.3. Composition of Typical Coke Oven Gas

Concentration

Components (% by vol.}

H, _ 59.99
CH, .76
N, 6.68
cQ 5.45
C,H, 1.66
0, 140
O, 1.26
C,H,, 0.53
C,H, 0.11
C,H, 0.09
C.H, 0.02
C.H, 0.02
C4H, 0.02
CeH, 0.01
CyHypp 0.01
CsH 0.01
CeH 4 0.01
C,H,, 0.01
C,H,, _ 0.01

Source? Ref. 30.

6.5.3 Bergbau - Forschung Process

Asan aiternative to the zeolite-based hydrogen recovery processes developed
by Union Carbide, Bergbau-Forschung has developed equivalent processes
using a wide-pore carbon molecular sieve as the adsorbent. A four-bed
system is used with five smaller preadsorption beds contamming activated
carbon and operating between atm and 1 atm. The process sequence, which
18 basically similar to that used m the four-bed Union Carbide system, 1s
shown in Figure 6.16. This sysiem has been used primarily to recover
hydrogen from coke oven gas containing about 60% hydrogen (see Table 6.3).
Hydrogen product purities as high as 99.999% at a recovery of 85% are
claimed, and the largest umts have a product rate of 10° Nm®/h. The
performance thus appears to be broadly similar to that of the Union Carbide
polybed system, but since only four beds are used, there should be a capital
cost advantage. :

6.6 Recovery of CO,

Carbon dioxide 15 present at relatively high concentrations (15-35%) in the
flue gases from many industnes such as steel and lime production. Since CO,
15 strongly adsorbed on many adsorbents, mcluding both zeolites and carbon
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Figure 6.17 Schematic of vacuum swing process for CO, recovery from the efffuent
gas from a steel works. (From Schréter and Jintgen,'2 with permission.)
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Figure 6,18 Schematic diagram of a four-bed vacuum swing system for recovery of
CO, from flue gas. (From Pilarczyk and Schréter,”™ with permission.)
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Table 6.4, Pérformance of Bergbau VSA Process for Recovery of CO, from F:lue Gas

Run 1 Run 2 Run 3
Compressor P1 (m* /h} 65 65 65
Compressor P2 {m?/h) 350 160 100
CO, punty (%} 98.8 98.6 98,7
Product rate (kg /h) 5.9 4.8 4.1
Recovery (%) 72 62 53
Total epergy of P1 + P2 3.0 1.0 0.8
KW /h kg CO,

“  Feed: flue gas contwiming ~11 vol% CO, at 36 m* /h (STPY adsorber: four beds, cach 96 liters packed

with wide-pore CMS.
Source:  Rel. 30,

molecular sieves, a vacuum desorption system 1S necessary. A high selectivity
for CO, 15 achieved by the use of a narrow-pore carbon molecular sieve

, adsorbent, similar to that used for mitrogen production. However, the process

differs from the mtrogen process in that the product (CO,) is the more
strongly adsorbed component. A -sunple two-bed vacuusm swing system oper-
ating between about 1.2 and 0.05 atin has been developed and built at a
Japanese steel works.” The process schematic is shown mn Figure 6.17. 99%
product punty and a recovery of 80% at a product rate of 3000 Nm®/h are
claimed, A more complex four-bed version of this process has also been
developed to the pilot plant stage.* The schematic of the process is shown in
Figure 6.18 and performance data are given m Table 6.4. As a result of
environmental pressures the possibility of extracting CO, from the stack
gases of coal-fired power stations is under active study at the pilot plant
stage,”! although, with current technology, the power costs are too high to
make such a process econonycally attractive.

6.7 Recovery of Methane from Landfil Gases

A somewhat similar process has been developed for recovery of methane
from landfili gases.'®'% 'These gases contain mainly methane (50-65%) and
carbon dioxide (35-50%) as wel} as small amounts of nitrogen, with many
different hydrocarbons and sulfur compounds wn trace comcentrations, A
two-stage mitial purification process is employed. In the first stage hydrogen
sulfide 1s removed at a temperature of 40-50° C using a bed of iodine-im-
pregnated activated carbon. This acts as an efficient catalyst for conversion to
elemental sulfur, and residual H, S levels as low as I ppm can be achieved. In
the second stage hajocdrbons and heavier hydrocarbons are removed in a
conventional activated carbon adsorber. The final stage of the process utilizes
a four-bed vacuum swing system to recover methane from the purified landfill
2as using a narrow-pore carbon molccular sieve. The remainmg impurities
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(b}

Figare (_5.19 (a} Simplified flow diagram and (b) cycle sequence for the Isosiv paraffin
separation process. (From Cassidy and Holmes,?’ with permission.)
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(CO5. N,, O;) diffuse 1nto the adsorbent much faster than methane, which 1s
therefore produced as the raffinate product. A high recovery {over 90%) is
reported, with the product containing 87-89% methane with the balance
CO, + N,.

6.8 Hydrocarbon Separations

The separation of linear from branched and cyclic hydrocarbons using 5A
zeolite as the adsorbent is one of the earliest examples of a molecular sieve
separation process. In the low-molecular-weight range (up to Cy,) a pressure
swing version of the “Isosiv” process is commonly used. The system, which is
In essenice a standard pressure /vacuum swing systern, 1s shown schematically
w Figure 6.19. High-purity linear paraffins are produced as the desorbate
during the evacuation step, while during the adsorption step a raffinate
stream depleted of normals 1s produced. The operating temperature and
pressures depend on the molecular weight range, but for the C, feedstock,
350°C with 4 pressure swing from 20 to 0.2 atm js typical” A somewhat
similar process has been deveioped by B.P. %2

6.9 Process for Simultaneous Production of H, and CO, from

Reformer Off-Gas

The crude hydrogen stream from a steam reformer contains significant
auantities of carbon dioxide, which, by appropriate design of the separation

'CRUDE K,
FEED

% COMP

l}bﬁ O PROQUCT £0,
o ¥
(Y~

(FUEL GAS)

: %‘—@ PRODUCT #;,
(a)
Figure 6.20 {a) Simplified process flow sheet, (b} flow schedule for the Gemini-9

process for sunultancous production of H, and CO, from reformer gases. (From
Sircar!’ and Kumar et al.,* with pernussion.)
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Figure 6.20(c) Vartation in CO, ioading during the cycle for the Gemini-9 Process.
(From ¥umar et al.,* with permission.)

process, can be recovered as a valuable byproduct. A PSA process for
simultaneous production of pure hydrogen and carbon dioxide from such a
feed gas has recently been developed by Air Products and is described here
as an example of the third generation of PSA processes designed to achieve
both energy efficiency and dual product recovery. Two variants of this process
nave been developed. The onigmai version (Gemini-9)'"* used nine adsor-
bent beds in a series-parallel arrangement but in the later VETrsIon immfovcd
performance was obtained, at a somewhat lower capital cost, by using a
modified cycle with only eight beds (Gemini-8).*

The flowsheet for Gemini-9 15 shown schematically in Figure 6.20. There
are six parallel beds contamning a zeolite adsorbent (NaX ) that selectively
removes H,O and CO, from the feed gas (the A beds) and three parallel
beds packed with a second zeolite adsorbent (a mixture of NaX and 5A) that
seiectively removes CQ,, CO, CH,, and N, impurities from the hydrogen
product (the B beds). During the adsorption steps one A and onc B bed are
connected in series, but the desorption steps for the A and B beds are
different, as will be described.

'6.9.1 Cycle fm‘. the A Beds

Al. Adsorption. Following pressurization with the hydrogen-rich product gas
the feed gas is passed through the bed at the highest pressure of the
eycle (P ). CO, and water vapor are removed, and the effluent passes to
a B bed for removal of the trace impurities (CO, CH,, and N,) together
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with any CO, that has passed through A bed. This step is termunated
Just prior to breakthrough of the C, mass transfer front.

A2. CO, Rinse. At the termination of the adsorption step high-purity CO,
at the feed gas pressure is passed through the bed in the cocurrent
direction. The effluent has a composition similar to that of the feed, and
it 1s recycled as feed to another of the A beds. This step is continued
until the bed 1s essentially saturated with high-purity CO,.

A3. Countercurrent Depressurization. The A bed is blown down countercur-
rently to atmospheric pressure, and the effluent from this step, which
consists of high-purity CO,, 15 collected as byproduct. Part of this gas 15
recompressed to Py for use in the CO, nnse step A2,

A4. Countercurrent Evacuation. The bed is evacuated from the feed end to
the lowest pressure of the cycle (P, ). The residual CO, from this step is
added to the byproduct stream. _

AS. Countercurrent Pressurization I. The evacuated A bed is connected with
a B bed undergoing B2 (see Section 6.9.2) in order to transfer a part of
the residual gases from the B bed to the A bed {product end), thus
raising the pressure n the A bed to an intermediate level P, (P_< P,
< Pyl

Ab. Countercurrent Pressurization I, To complete the cycle is pressurized
to Py using the hydrogen product gas introduced at the product end.
The pressurizing gas 1s i fact the recycied efffuent from a B bed
undergoing step B7.

The variation in CQ, loading during the cycle (for the A beds) is shown
schematically in Figure 20(c). At the end of the feedstep (Al) the beds are at
point (1} on the feed isotherm. At the end of the rinse step (A2) the loading
corresponds to point (2) on the pure CQ, isotherm. At the end of the
blowdown step (A3) the CO, loading has fallen to point (3} and the gas
released is recompressed for use as the high-pressure finse gas. During the
evacuation (step A4) the toading falls to point 4 and the CO, desorbed in this
step constitutes the product stream.

6.9.2 Cycle for the B Beds

Bl. Adsorption. Prior to this step the B bed is pressurized to Py with
hydrogen product gas. The B bed in series with an A bed during step Al
recewves the CO, depleted gas from the A bed and removes the remain-
ing CO, and other impurities to yield highly pure hydrogen as effluent.
Part of the hydrogen product is used to purge another B bed (step
B5) and to pressurize both B and A beds (steps B7 and A6). The
adsorption /product withdrawal step s terminated just before the iead-
g impurity breaks through.

B2. Countercurrent Depressurization 1. The B bed is connected with an A
bed, which is undergoing step AS and a portion of the desorbed and
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R . mterstitial gas 1s transferred throngh the feed end to the A bed (counter-
g § 8838 current), thus reducing the pressure from Py to P,
E B Soa B3. Countercurrent Depressurization I1. The bed is connected to another B
B bed, which 15 undergoing step B6 and more of the desorbate and
B RPN interstitial gas is removed (countercurrentiy) through the feed end,
glooo reducing the pressure to P,
- S8 B4. Countercurrent Denressunzatlon 1. The bed is blown down from P, to
Er] .
?.. Sl wwa atmosnherlc_ Dress'u're, and the eﬁ_iuent gas, which contains a proportion
& Slgge of the feed impurities t(_)gether W:lth some hydrogen, 1s r_ejec:ted. )
SR B5. Countercurrent Purge. The bed is purged at atmospheric pressure with
L = high-purity hydrogen product to descrb any mpurities further. The
- 3| B8R . effluent is rejected.
S ijoes o g g B6. Cocurrent Pressurization. The pressure in the bed is raised to P, by
'8 o g § ; 22g i 3 connecting with another B bed ur'ldergomg step BS
8 g g § ghgmp~——og o0 B7. Countercurrs:nt Pressurization. Final pressurization of the B bed to Py
T 5 ] 28 is accomplished with hydrogen product, introduced from the product
2 - ggg end. During the later part of this step the B bed is connected with
ERE: ] FEE N ©g another A bed undergoing step A6 and both beds are then pressurized
SI1E| | 888 | 22|18 = 953 g0 to Py,
x| (838 | £5IEBEBTTON op , A .
& - & S S The B beds pass through two complete cycles _(stegs B1 to BT) while the A
§ % g 5 ﬁ 3 ‘;oa beds go through one cycle so that each B bed hapdles the gas from two_A
% E S S S § 5 & Q beds during the compiete cycle. This. approach reduges s:gmﬁcantly th_c S1Ze
k| g " z e of the B beds. A key feature of this cycle 15 that 1thc A and B beds are
E by &t é gz gg 2 I°o~ connected 1 sertes during the adsorption step but they are regenerated by
@A Bm|583 1L B PR SN twa entirely different sequences. The overall performance 15 summarized in
8 re|TT° .56 -% % 2ee | E % Table 6.5. It 15 evident that the hydrogen product has a purity greater than
g8l sLETE g ?j, 8% |5 £ 99.999% and the fractional recovery is about 86-87%, while the CO, prod-
[ IR P = - ot EE' % g8gxww | §8 uct 1s produced at a purity pf about 99.4% with about 90% Tecovery. The
& |als LRI ERBA022288 |58 Gemuni-8 process gives slightly fower purity and recovery of CO,, but there is
f’g. 5 - Bt ﬁ;gg“g SHEE %E; a significant reduction in the size of the compressors and the power con-
.E 5 iy Q [~ A4 frreet E: SUth]O]’l
Cuj) 'q:-: 13 é o e
HEHEHEE
% i 6.10 PSA Process for Concentrating a Trace Component
E dq ) oG . . . .
5 BE g §§ In the processes described so far in this chapter the objective has generally
E been 1o produce a pure raffinate product, although in some cases the more
2aBlaoss strongly adsorbed species (the extract product) 1s alio recovered n concen-
w2 BIRANR trated form. However, particularly in environmental applications, it is often
_‘; - necessary to concentrate a trace component for disposal or further process-
E 2| cmo ing. Provided that a sufficiently selective adsorbent is available, PSA appears

to be well sumited to such applications, although to date few, if any, processes
of this kind have been commercialized. Fxamiples of two such processes that
have been developed to the pilot plant scale are deseribed n this section.
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The basic principle of a PSA “conceatration process” may be understood
from equilibrium theory (see Section 4.2 and Figure 4.25). Consider an
adsorbent bed equilibrated at pressure P, and mole fraction (of the more
sitongly adsorbed species) y,. If the equilibria are linear:

. P P
q:;:]\ACA"-:KAY'RTE QE=KBCB=KB(1‘Y)W (6.3)

By combining the differential mass balance expressions for both components
{Ea. 4.4), we obtain:’

1aP [ 1 1 ]3§Py) () (6.4)

Badt T\B, By ot "oz
and by elimimating the term dv/dz between Egs. 4.4 and 6.3

(2) 4 (3] - Do)y diny
arf, 1+ (B~ )y dz J, 1+{p—- Ny dt
i which 8 = 8,/B8g and the total pressure differential arises from the
assumption of negligible pressure drop across the column [P = P(¢)]. Since
y = y(z, 1), the left-hand side of Eq. 6.5 is simply the total time derivative of
y, and the variation’ of composition during pressurization or blowdown steps
15 given by Fa. 4.8, K follows by direct mntegration that the variation m
composition during pressurization er blowdown will be given by:

(6.5)

i 8 \B-L .
A el 3
Yo (1 “‘}’u) (I)(l) (66)
Eauations 4.4 and 6.4 yield:
I apP | a(oPy) | d(wP)
'B;-é—r- + (ﬁ - 1) 3z + Y 0 (67)

Neglecting the axial variation of pressure leaves only the time dependence; so
the velocity during a pressurization or blowdown step can be found simply
integrating from the closed end:
- dln P

o - z d (6'8)

Ball + (B~ Lyl

The fraction of A desorbed during blowdown from pressure P, to P is
given by:

P Pdt
F, = fP 8,2 (6.9)

and substituting for ¢ and y from Egs. 6.8 and 6.6:

I

— aAB-1 1/(8-1)
B {1-=y}) P ¥y ;
Fa= 15 Yo | P, (1 — y)28- DA ay (6.10)
Similarly, for the fraction of B desorbed:
1 Yo 1AL - 8) Py y(2~ﬁ)/(ﬁ-n
Fy= - ( ) ————— ]y 6.11
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In the limit of ¥, — 0 and 8 = 0 (high: seiéctvity) these expressions reduce
to:

y_ 5 |

=7 | (6.12)
[ y/vo )

FA=£lnllu;J

Fy=1—P/P,

Figure 6.21 shows F, and F, plotted against the pressure ratio for
different vatnes of y,. The curves are nonlinear, but, when the selectivity 18

3
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i T . .
B=0.01 B
8.8 - v,78.3 4
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o
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o | .
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Figure 6.2% Fractional c!esomtlon during blowdown for different combinations of y,
and S, calculated according to Eas. 6.10 and 6.11.
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Figure 6.22 ' Experimental data showing concentration of hydrogen _from a _Hz—Hc
mixture during blowdown of a small:experimental column of 5A zeolite, equilibrated
initially at 77 K with a stream containing (:16% H, He at 214 atm. Column
15.6 cm X 0.77 ¢m 1.d. packed with 20-40 mesh 5A mol sieve particles. (From Ruthven
and Faroon.*)

Table 6.6. Recovery of H, from the He by Cryogenic PSA®®

Adsorbent 5.6 g 5A zeolite (pelleted)
Feed 0.18% H, in He at 21.4 atm
Hydrogen uptake 240 cm’ STP
Exhaust gas 220 cm* STP

Puniy 93% H,

Recovery 85%

Bed was equilibrated with feed, blown down o stmospheric pressure, and
evacnated to 001 am. Exhaust gas was collected from vacuum pump.
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-
x

modest (B = (0.5) and the initial moie fraction 15 darge (y, = (.5}, the
deviations from linearity, for both ¥, and Fy, are small. However, when the
selectivity is high and the mitial mole fraction of A is small, the curve for F,
becomes essentially linear, bul the curve for F, assumes a highly nonlincar
form. It is clear that, in this situation, by a sufficiently large reduction in total
pressure aimost all of component B can be desorbed with very littie desorp-
tion of A. A further deep blowdown or evacuation step then allows A 1o be
removed in concentrated form.

This analysis is for a linear equilibrium system, but the effect of isotherm
nonlinearity 18 actually to enhance the degree of sepdration and concentra-
tion that can be achieved in this type of process. Since the isotherm for the
more strongly adsorbed species will generally have the higher curvature, even
less of this comnonent is desorbed during the initial blowdown compared
with the equivalent linear equilibrium svstem.

A process of this kind has recently been developed as & mcans of
concentrating and removing the traces of tritium from the helium purge
stream of a lithiurs breeder reactor.™ To achieve a high concentration ratio
(~ 103 requires a high selectivity ratio {as well as a high pressure ratwo), and
for H, (or tritium) this can be achieved only by operating at cryogenic
temperatures with vacuum desornfion at a very low pressure. Laboratory data
showing the feasibility of recovering hydrogen at greater than 90% purnty and
with a similarily high fractional recovery from a stream containing traces of
H, i He are summarized in Figure 6.22 and Table 6.6. The process
schematic is shown n Figure 6.23,

The same principle was used by Yang and co-workers®" in recent studies
of the possibility of removing and concentrating trace organtcs from air and
50, from flue gas. It 15 also utilized in the Air Products fractional vacuum
swing adsorption process {FVSA), which produces 90% oxygen together with
98-99% nitrogen.®® The cycle, which 15 essentially similar to that used in the
hydrogen recovery process, involves four steps:

« Adsorption with feed air at 1.1 atm abs. with simultaneous withdrawai of
oxygen product.

- Reverse flow biowdown with discharge of the blowdown gas (impure
nitrogen) to waste.

- Evacuation to 0.1 atm with colleciion and recompression of the mitrogen
product.

- Pressurnization with product oxygen.

With CaX zeolite as the adsorbent the selectivity (@ ~ 10) 1s high enough
that most of the oxygen 1s elimimated in the blowdown step. About half the
adsorbed nitrogen can be recovered at 98-99% punity during the evacuation
step which run at about 0.1 atm abs. The schematic diagram together with
performance data are shown in Figure 6.24.
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6.11 Efficiency of PSA Processes

The thermodynamic efficiency of any separation process (the First Law
efficiency) can be defined simply as the ratio of the mnimum work of
separation (the negative free energy of mixing) to the actual work required to
drive the separation process, Such efficiencies are generally less than 15%
and even fower than this for most PSA systems. The values for two represen-
tative air separation processes are given in Table 6.7. The nitrogen produc-
tion process 15 markedly less efficient than oxygen production, reflecting the
irreversibility inherent 1n a kinetically based separation. Afthough thermody-
namic efficiency provides a rational basis for comparing the effictency of
different PSA processes based on the same type of cycle, it 15 much less
useful for comparing different types of separation process or even radically
different PSA cycles. Furthermore, the thermodynamic efficiency gives only
an overall measure of performance and provides no mformation as to the
sources of efficiency. An exergy analysis provides far greater insight.

The exergy of a substance is the maximum useful work that can be
obtained by interaction with the environment. It is in essence the free energy
relative to the normal environment as standard state, For a nonreacting
system in which potential and kinetic energies are insignificant:

Ex = (h ~ hy) = Ty(5 — 8y) (6.13)
The exergetic efficiency is then defined as:
les i Ex aduw
moles product product (6.14)

moles feed EX oeu

The feed exergy (Bx.,) mcludes the work of compression while the
product exergy (EX qu) includes the energy of compression (or expansion)
to reduce the product to atmospheric pressure. For comparing different PSA
processes, operated over différernt pressure ranges, a more useful definition is
the overall efficiency (1) defined by:

molar ‘exergy of product, corrected to | atm
n = - (6.15)
: net energy mmput :

where the net energy input is'the energy of feed compression less the energy

Table 6.7. - Thermodynamic (First Law) Efficiencies for PSA Air Separation Processes

Principaf Process Enerjy Separstive work Efficiency
Process .. product (] /g mole product) (I /g mole product) (%)
“Lindox” 90% O, 4.8 x 10* 3055 6.3
(Figure 6.8)
“Nitrotec™ 3.2 %104 66} 21
(Figure 6.11 and 99% N,
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of expansion of the product to atmospheric pressure. For a vacuum swn_:g
process in which the product Is produced at subatmospheric pressure, the
jatter quantity will be negative, Beuation 6.15 differs from the normal
definition of the First Law efficiency in that the separative work associated
with the waste product 1s excluded and the energy of compression (or
expansion) of the product to atmospheric pressure is allowed for. 7

‘A detailed exergy analysis of PSA air separalion processes has been
reported by Banerjee et al.*>*" For oxygen production tWO process .conﬁgu-
rations were considered: the two-bed Skarstrom cycle with and without a

. pressure equalization step. The variation of compressor work and exergetic

efficiency with operating pressure is shown in Figure 6.25. For the cycle
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Figure 6.26. Grassman diagrams showmg losses of exergy for Slgarstrom cyci&;blo'\:;
down to atmospheric pressure} for oxygen production (a} without _andg o wtih
pressure equalization. Operaling pressures are, respectively, 15,6 and 3.9 bar, the

= oo 390
values for which the compressor work 18 minimized. (From Banerjee et al., with
permission.)
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without pressure equalization there 1$ a shallow munimum 1 the compressor
work curve at about 15 atm, while for the process with pressure equalization
the compressor work 15 greatly reduced and there is a sharper minimum at
about 4 atm. The exergetic efficiency reaches a maximum at about 5 atm for
the process with pressure equalization but increases monotonically for the
process without pressure equalization. The corresponding Grassman dia-
grams for operation at their optimal pressures (in terms of compressor work)

are shown in Figure 6.26. The exergetic efficiency is about 17% for the
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Figure 6.27 Grassman diagrams showing exergy losses for nitrogen produciion with
three different cycles. (a) Skarstrom cycle and (b} Skarstrom cycie with pressure
equalization (Py) =8 atm, P, =1 atm); {c) vacuum swing cycle (Py =1 atm, P, =
0.2 atm). (From Banernee et 1l.,*" with permission.)
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Table 6.8. Exergy Analysis of Three PSA Air Separation Processes®

(1) PSA (3, process (2) PSA N, process  (3) VSA N, process

Adsorbent 5A zeolite CMS CMS
Cycle Skarstrom + P.E. Self-purging + P.E. Vac. swing
Py /P, (atm) 39/10 “8.0/1.0 1.0/02
Recovery (%) 60 33 63
Energy inpui
(a) Compressor /vac. 41,120 31.500 12,800
{b) Product compression - 2,800 — 4,800 + 35,7100
/Jexpression ‘ {%) (%) {9)
Total input 38,320 100 26,700 100 18,500 100
Product exergy 7270 5,600 360
Product exergy at | aim 4,470 11.7 800 3.0 4,360 23.5
Waste product 6,230 16.3 1,730 6.5 720 39
Bed ioss 13,430 35.0 12,450 465 5,100 276
Compressor /cooler losses 14,200 kY, 9,470 355 8,050 43.43
Other losses (e.g., valves, 2,270 - BS 320 1.7
elc.)
Process efficiency (9%) 11.7 : 30 235

a

Encrgy and exergy expressed as 3 /mole product. Product exergy is corrected to 1 atm, m all cases,
by allowing for work of expansion or compression. Process efficiency 1s defined by Eq. 6.15.

process with pressure equalization when operated under optimal conditions
in terms of the power requirement.

A similar analysis has aiso been made for the two-bed nitrogen production
process including both the self-purging cycie and the vacuum swing cycie.
(Figures 3.12 and 3.17). The corresponding Grassman diagrams are shown in
Figure 6.27, The exergetic efficiency of the self-purging process 1s about
17.6% at an operating pressure of 8§ atm, and the corresponding energy
requirement is about 8.7 kWh per kmole of product. For the vacuum swing
cycie the exergetic efficiency is much lower (~ 2.8%) since the product is
delivered at subatmospheric pressure. However, the energy requirement is
also iewer {about 3.6 kWh per kmole of product). If the product nitrogen
were compressed to 8 atm, the total work requirement would be mcreased to
5.6 kWh /kmole product, but this is still substantially lower than for the
Pressure SWing process. .

A detailed thermodynamic comparison of the three ar separation pro-
cesses, based on Banerjee’s figures, 1s given m Table 6.8. For all three
processes the major sources of inefficiency are the losses in the feed compres-
sor or the vacunm pump and in the adsorbent bed. Comparing the two
supra-atmosphertc pressure processes (1 and 2), the efficiency of the kineti-
cally controlied nitrogen process is substantially lower than that of the
equilibrium-pased oxygen process, reflecting the inherent irreversibility of the
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kinetic Drocess. More significantty, however, the comparison between the
vacuum swing process (3) and the supra-atmosphenic processes {1 and 2)
shows clearly the thermodyramic advantage of vacuum swing. This advantage
stems from the large reduction in the energy input so that, even when the
ener_gy required to compress the product 1s allowed for, tﬁe net energy
requirement 1s substantially reduced. However, this advantage, which trans-
late_s directly into a reduction of the DPrOCess operating cost, must be offset
agamnst the increased capital costs associated with vacuum swing operation,

which rec_;uires both a compressor and a vacuum pump as well as much larger
ducts and valves.
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CHAPTER

7

Extensions of the PSA Concept

The basic pressure and vacuum swing processes have been developed v a
variety of ways by making use of ingenious multiple-bed cycles 10 conserve
energy and separative work. The processes described in Chapter 6 give some
indication of the range of such solutions. In all these processes the relation-
ship with the original PSA concept 1s auite clear. However, the PSA concept
has also been developed in other ways, leading t0 processes an which the
reiationship to the parent process is less obvious, Three such developments,

none of which has so far been developed on an industrial scale, are described
in this chapter,

7.1 The Pressure Swing Parametric Pump

The term parametric pumping was coined by Wilkelm in the 1960s to
describe a novel class of liguid-phase separation processes in which sépara-
tion 15 achieved in an oscillating flow system subjected to a periodic change 1n
temperature and other intensive thermodynamuc variable.! He and his co-
workers focused on temperature swings, but they conterplated also the
synciironous cycle of pressure, pH, and eiectrical and magnetic fields, In fact,
he cited the earliest patent of Skarstrom {PSA air dryer) as an example of a
pressure parametric pump.

The essential features of a thermally driven system are shown in Figure
7.1. During the heating half-cyele liquid flows upwards, while the flow 15
reversed during the cooling half-cycie. The basis of the separation can be
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Figure 7.1 “Thermal parametric pump showing (a) the principle of operation and
(b) the zigzag progression of the concentration profile 1 successive cycles.

easily understood from equilibrium theory. The wave velocity 15 given by
(Ea. 2.50);

= (2] - 2 71
w°=(_fﬁ)c_:l+((l — €)/€) dg*/dc (7.1)

If adsorption is exothermic:

(g_a_“j) <(i€i) (12)
de hot de cold

.

b
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50
(wc)hot > (Wc)oold (73)

Each cycle therefore leads to a net upward movement of the solute, as
illustrated in Figure 7.1(b). Over a large. number of cycies a very high degree
of separation can be achieved between the two reservoirs.

The main drawback of parametric pumping is that it was originally
envisioned and reduced to practice as a batch process. In fact, published
accounts of experimental attempts mdicate that perhaps 50 or more cycles
are necessary to approach cyclic steady state. Pigford and co-workers? at-
tempted to remedy that by suggesting a similar process, which they called
“cycling zone adsorption.” Their concept was to admit feed to the first of
several zones (fixed beds of adsorbent) connected in series, rather than to
drive it back and forth through a single fixed bed, as in parametric pumping.
They were able to relate the number of zones for continuous operation to the
corresponding number of batchwise cycles. Nevertheless, to achieve a good
separation in a confinuous system requirtng several fixed beds has since been
shown to be just as impractical as a batchwise system that required enormous
time (i.e., several days),

It 15 often said that PSA separations are similar to parametric pumping
with pressure rather than temperature as the controlling thermodynamic
variable. However, thc relationship between parametric pumping and a

l fla
Ies

L—13

IIS

[

Figare 7.2 A pressure swing parametric pump (the “molecular gate'). 1-6, motor
and drive; 7--11, adjustable stroke pistons; 13, adsorbent bed; 12,12°, product drawoff
pants; 15,16, feed and pre-drier. (From Keller and Kuo,” with permission.}
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conventional PSA system 1s somewhat remote, since independent control of
pressure and flow, which is a key feature of the parametnic pump, is lacking
in PSA. A true pressure swing parametric pump has, however, been demon-
strated by Keller and Kuo,” who called their process the molecuiar gate. The
essential components of such a system are shown schematically in Figure 7.2.
The pistons, which are of unequal displacement, are coupled so that a
constant phase angle 15 mamntamed. The synchronized movement of the
pistons is adjusted so that the gas flows upwards through the bed at high
pressure and downwards through the bed at fow pressure but, since the
displacments are unequal, there is a net flow towards the smaller piston.
Feed is introduced near the center of the adsorbent bed (the optimal point
depends on the feed and product compositions), while a fraction of the gas 18
discharged as product from each cylinider at each stroke. The veiocity of the
concentration wavefront in the adsorbent bed is governed by Eq. 7.1, The
isotherm slope dg* /dc may be expressed in terms of the mole fraction in the
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Figure 7.3 Performance of the molecniar gate 1n air separation showing {a} the effect
of piston stoke -and (b) the effect of phase angle on productivity. Both products at
~ 9% purity; n-(a) the phase cycle s 45°, and in (b) the stroke ratio s 4:1. (From
Keller and Kuo® with permission.)
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gas phase {y).

dg* RT dg*

il (7.4)
Thus at high pressure dg* /dc 15 relatively smaller and w, 15 correspondingiy
farger. Th_e analogy between the thermal parametric pump driven by temper-
ature variation and the gas-phase system driven by a pressure variatio'n 15
therefore clear.

The maximum vanation in the volume between the pistons occurs when
the difference 1n phase angle is 45° If kinetic effects are unimportant this
condition should give the maximum variation. in pressure and therefore the
best performance. For air separation over a zeolite adsorbent the separation
factor (ay /02) s about 3.5. Assumming linear isotherms, this means that the
capacity ofthe bed 1s about three and one-half times as great for nitrogen as
for oxygen. For any given pressure change the ratio of the nitrogen and
oxygen volumes required to pressunize the ‘bed must lie i this rato. The
experimental data, shown m Figure 7.3, are in approximate accordance with

O~ ~90% N, [pluy argon)
8-~90% G,

o171 7T T T 7T T
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P -
40}~ -
F .

20—

PRODUCTIVITY, Ib 100 N, lor 0O% O, Moy It ADSORBENT
o
a
T

Log Leod

PHASE ANGLE, SHORT VS LONG PISTON
(b}
Figure 7.3  (Conttnued).
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these simple arguments; optimal performance is obtained when the phase
angle difference 1s about 45° and the ratio of the piston strokes is about 3.5:1.

As a separation process the pressure swing parametric pump has two
major advantages:

1. It can produce two pure products; so complete resolution of a binary
mixture may be achieved without the compiexity of the purge and rinse
steps that are reauired to accomplish this in the normal PSA maode (sce
Section 6.3). '

2. The system can be easily designed to provide efficient energy recovery,
since, on theexpansion stroke, the ‘mstons are driven by the pressure of
the gas. Conservation of this energy for use in the next compression stroke
can be easily accomplished either using a fiywneet or by coupling together
two units operating out of phase.

There 15, however, one serious disadvantage: the pistons and cylinders
must be large enough to accommodate virtually all the gas desorbed from the
bed at the lowest pressure of the cycie. For a bench-scale unit this is not 2
serious problem, but it does present a serious obstacle to scaleup.

7.2 Thermally Coupled PSA

In the previous section we considered the molecular gate as a pressure-driven
parametric pump. This system +4s also closely related to the Stirling engine
and thus to a novei class of processes that utilize periodic vanations in both
pressure and temperature together with an oscillating gas flow to effect an
energetically efficient separation. The basic eiements of a Stirling engine are
shown -in Figure 7.4. As in the molecular gate there are two pistons: a
pressure piston and a displacer, in an arrangement that is similar in essence
to that shown in Figure 7.2. The working gas 15 transferred backwards and
forward between the “hot space” and the “cold space™ by the displacer
piston. There is very little difference in pressure between the hot and cold
spaces; so the displacer does very little mechanical work. However, the
pressure throughout the system varies sinusoidally as a result of the move-
ment of the pressure piston. When 'the system operates as an engine, gas
expands in the hot space and flows into the cold space, driving down the
pressure piston. The displacer then moves down, transferring the cold gas at
low pressure back to the hot space. The pressure piston is then raised,
increasing the pressure In the system, while the gas in the ‘hot space is
heated, causimg a further rise In pressure, and the cycle is repeated. In this
mode of operation the net effect is that heat 1s transferred by the gas from
the hot to cold regions and an equivalent amount of work is delivered to the
pressure piston. The system can also be operated in reverse as a hcat pump
or refrigerator. In that mode, work 1s done by the pressure piston on the
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Figure 7.4 The principle of operation of the Stirling engme (dispiacer type).

working gas, and the_equivaicnr amount of heat is transferred from the cold
region to the hot region.

In ordef to reduce unnecessary heat losses, a regenerative heat exchanger
15 mnciuded between the hot and cold regions. This is essentially a space
packed with high-heat-capacity material that picks up heat from the hot gas
as 1t flows to the cold space, stores it, and transfers it to the cold gas
returning from the cold space on the next stroke of the displacer.

A thermally coupled PSA (TCPSA) system*® can be thought of as a Stirling
engine in which the regenerator is packed with a setéctive adsorbent and the
gas to be separated s the working fluid. Two possible arrangements are
shown in Figure 7.5. The arrangement shown in Figure 7.5(z) is directly
analogous to the displacer-type Stirling engine (Figure 7.4). The displacer
tr?nsfers t_he cold gas, at high pressure, from the cold space, throuéh the
adsorbent bed, where the preferentially adsorbed component is retained. The
heat of adsorption raises the temperature of the gas flowing through to the
hot space, where 1t is heated further from an external heat source. The
pressure in the system 15 then decreased and the hot gas 1§ passed back
lhr(_)ugh the adsorbent bed. The preferentially adsorbed species 15 desorbed
and carried down with the gas flow, which is cooled by the heat of desorp-
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Figure 7.5 Thermally coupled PSA process. (From Keefer®, with permission.)

tion. The more strongly adsorbed product 15 removed from the cold end of
the system, while the less adsorbed species is removed as.product at the hot
end. The TCPSA systemr is thus seen to be similar to the pressure-driven
parametric pump but with a temperature gradient across the adsorbent bed.
Heat and the more strongly adsorbed component move to the cold end while
the less-adsorbed ‘species moves towards the hot end. The same effect can
also be accomplished using two pistons operated out of phase [Figure 7.5(b)],
as in the “molecular gate.”

In addition to the energy recovery that can be achieved through mechani-
cat coupling of the compression and expansion ‘steps, this-system-also: pro-
vides for efficient recovery of the heat of adsorption and offers the possibility
that the additional enerpy required to drive the separation can be supplied as
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7.2.1 Test Results

Experimental data obtained for h

ydrogen purification and air s€ i
Produce oxygen) in a small iab o

oratory TCPSA unit are summarized in
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Figures 7.6-7.8. Even with a modest pressure ratio it is possible to recovery
essentially pure hydrogen at fractional récoveries greater than 95% from a !
feed containing 74% H, together with CO and CO, (Figure 7.6). Similarly,
for air separation (Figure 7.7), essentially complete elimination of mirogen to
produce a product contaming about 95% O, + 4.5% Ar can be easily
accomplished, with a moderate pressure. ratio, at a fractionai recovery of

) . Q. w—
about 67%. Even at comparatively low cycle speeds the productivity (Figure ! o E 2
- : RS
7.8) is seen to be far superior to that of conventional PSA ‘systems. - 25
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Figure 7.6 Performance of a TCPSA unit in the separation of svnthesis gas (74% - @ @ o o o oD D @ o 2 2 -~ o ‘f
H,, 25% CO,, 196 CO). The hydrogen product purity 15 plotted ‘against the flow split =S g
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pure product. (Courtesy of Highquest Engineering, Inc.)
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Figure 7.9 TCPSA system showing piston movements and associated flows and
pressure changes. :

7.2.2 Comparison with Conventional PSA

It is nstructive to explore, m greaier detail, the rélationship between a
TCPSA system and a conventional PSA process. Figure 7.9 shows the
sequence of the piston movements and the associated ipressure changes and

gas flows. The corresponding sequence of discrete steps for an equivalent
PSA cycle 15 also indicated:

0.5 and 2.3 g/dayg adsorbent, respectively.

oduct purity (). Comparative data for &

Q —
8
Performance of a TCPSA unit in air sepa

- Partial pressurization with light product end.

« Pressurization with feed (containing heavy product) from the feed end.

« High-pressure flow from the feed end with removal of a proportion of the
light product.

» Cocurrent blowdown (to light product end).

Figure 7.8
curves are pri
respectively,

(19spo> Wb /Aop /WB) LLIAILONAOYL DLIDELS

« Countercurrent blowdown (with removal of a proportion of heavy product
from feed end). '

- Countercurrent purge, at low pressure, with light product.
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This is essentially the cycle that would be used, in a conventional PSA
process, in order to recover both products. Of course, in a conventional PSA
process these steps would be distinct, whereas, in a TCPSA cycie, they are
merged, but this does not represent an essential difference.

One may also choose to regard a TCPSA process as analogous to a
distillation or countercurrent extraction process in which the light and heavy
products are refluxed at each end of the column. The refiux ratio required to
produce pure products depends on the separation factor {or relative volatil-
ity). Just as in a distillation process 1t 18 possible to obtamn pure products even
when the reiative volatility 1s small, by using a high reflux ratio; so, 1n a
TCPSA process increased reflux may be used to compensate for a low
pressure ratio. Whereas conventional PSA processes generally operate at
refatively high pressure ratios but with low reflux {in the form of countercur-
rent purge), TCPSA systems generally operate at much lower pressure ratios
but with higher reflux. The tradeoff in terms of power consumption obviously
depends on many factors, some of which are system dependent.

7.2.3 Scaleup Considerations

To date only small laboratory-scale versions of a TCPSA system have been
built, and, although the viability of the concept has been amply demon-
strated, important questions concerning the prospects for scaleup remam o
be rescived. The main difficulty is the size of the pistons (and cylinders) (see
Section 7.1). In a typical laboratory unit the ratio of cylinder volume to
adsorbent volume is about 10, atthough this figure varies widely depending on
the adsorbent and the gas composition, Direct scaleup to a production unit,
maintaining this ratio, 15 obviously unattractive, since the pistons and cylin-
ders become too large and expensive. The most obvious way to avoid this.
difficulty 1s to decrease the cycle time. This would give a proportionate
merease n throughput for a given size of system. However, mass transfer
resistance and pressure drop considerations impose severe restrictions on the
cyéle time {and the associated gas flow rates). As a result, with a packed
adsorbent bed as the mass transfer device the cycle time cannot be reduced
below about 2-3 sec (20-30 rpm). This limitation might, however, be over-
come by an improved adsorbent configuration. A monolithic adsorbent or a
parallel plate contactor with sufficiently small plate spacing and sufficiently
uniform gas channels offers the potential for a much faster cycle—un to
perhaps 200-300 rpm. At such speeds the cylinder volume per unit through-
put becomes much more reasonable; so that intermediate- and large-scaie
applications appear cost effective relative to conventional PSA systems,

7.3 Single-Column Rapid PSA System

Acthird PSA variant that may also be regarded as a variant of the parametric
pump was suggested by Kadlec and co-workers in the early 1970s.35 This
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system utilizes a single adsorntion column packed with smaller adsorbent
particlf:s (100-500 pm). As a consequence of the small particle size, pressure
drop through the bed s high (I-2 atm), and the cycle ume (typically 3—-10
sec) Is much shorter than in conventionai PSA system; hence the name
“rapid pressure swing.” -

The cycle (Figure 7.10) 1s very simple, mvolving in 1ts origmal conception
only two steps of equal duration: a combined pressurization-product with-
drawal step and the exhaust step. The RPSA cycle may thus be regarded as a
PSA cycle in which the pressurization and feed steps are merged and the
purge step 1s elimmated. Regeneration of the adsorbent occurs only during
the countercurrent depressurization step (normally to atmospheric pressure).
A large pressure drop in the direction of flow, durimg the combined pressur-
ization~-product withdrawal step, 18 needed to mantain the reguired purity of
the raffinate product. The pressure gradient between the feed and the
product end also allows continuous withdrawal of thé raffinate product even
during the period in which the bed i being regenerated by depressunzation
from the feed end. 7

During the pressunization—product step the more strongly adsorbed species
travels [ess rapidly through the column: so, praovided that the duration of the
feed step is not too jong, the less strongly adsorbed component may be
removed at the outlet as a pure raffinate product, Just as in a conventional
PSA _process. However, during the countercurrent. depressurization step,
withdrawal of the raffinate product continues at the bed outiet while the fow
1 thq inlet region is reversed. The more strongly adsorbed species 1s thus
desorbed and removed as a waste product from the feed end of the column.
The result of this pattern of pressure and flow variation is that, in the inlet
region of the bed, the concentration front moves aiternatively forwards and
backwards, but with a net forward bias, as 1n a parametric pump. Since the
wave velocity is higher for the less strongly adsorbed species, the mole
fraction of this species increases continuously as the sample of gas progresses
towards the outlet of the bed. This mechanism by which the progressive
enrichiment occurs has been likened to a ratchet.’

As a result of the short cycle time the productivity in the type of system 15
generally much greater than for a conventional PSA process, operating at
comparable product purity and recovery. This advantage is, however, offset

by the much higher energy requirement. A detailed summary of the earlier
experimental studies has been given by Yang!

7.3.1 Modeling and Simulation

The modeling of an RPSA process is similar in principle to that of a
conventiqnal PSA system (as discussed in Chapters 4 and 5) except that the
gssﬂmption of negligible pressure drop, which is generally a valid approxima-
tiOl:! during the feed and purge steps of a conventional cycle, 1s no longer
valid. The pressure gradient plays a key role 1n an RPSA process and must
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Tigure 7.10 The rapid pressure swmg process showing (a) pressure variation and
(b) the analogy with a ratchet. (From Kenney,' with permission.)

EXTENSIONS OF THE PSA CONCEPT 281

therefore be accounted for explicitly i any model. In general Darcy’s Law is
used to relate the flow to the pressure drop through the bed:

K ap g3 R _
~en 37 K% H(ri_:—;)-i—?’-g {7-5)

Both equilibrum and kinetic models (LDF approximation) have been
developed.

7.3.2 Experimental Studies

Turnock and Kadlec? studied the separation of a nitrogen~methane mrxture
by RPSA over 5A zeolite. Representative purity-recovery data and equilib-
rium theory predicttons from their study are shown m Figure 7.11. It 1s clear
that the nitrogen recovery was unacceptably low (< 5% at 90% product
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Figure 7.J1 Purity of nitrogen product versus product-to-feed ratio for a RPSA
process. (From Turnock and Kadlec,” with permission.)
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Figure 7.12 Effect of cycie frequency on product punty for separation of
methane-mtrogen mixture by RPSA. (From Kowler and Kadlec,® with permission.)

Cpurity). In a iater study with the same experimental system Kowler and
Kadlec® identified cycle frequency, duration of the feed step, and product
fiow rate as the major varables affecting the systern performance. The effect
of eycling frequency on product purity is shown in Figure 7.12. The optimal
frequency of operation appears to be independent of product flow rate. A

purity—recovery plot showing the effects of other important process variables,

when operating ‘at the optimum frequency, is shown in Figure 7.13. In this
study it was aiso shown that introduction of a no-flow step (both exhaust and
product valves closed) did not significantly affect the product purity. How-
ever, such a step redunces the exhaust flow rate, thereby increasing the overall
recovery of the raffinate product,
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Figure 7.13 Purity—recovery profile for N, -CH , separation by RPSA. (From Kowler
and Kadlec,® with permission.)

7.3.3 Air Separation by RPSA

A significant improvement in the performance of the RPSA process was
achieved by Keller and Jones,”!"' who introduced a delay step (inlet and
outlet vaives closed) prior to blowdown together with a shortened pressuriza-
tion step. The practical feasibility of using such a cytle for air separation (1o
produce oxygen