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Preface 

I 
Although pressure swing adsorpuon (PSA) IS not a new process, It is reaH:y 
only durmg the past decade that such processes nave achieved widespread 
commercial acceptance as the tec!1Ilotogy of choi.ce for marC than a few 
ratller specific applications. NowadaYS, however, PSA processes arc widely 
used, on a very large scale, for hydrogen recovery and aIr separation, and 
further important applicatIOns such as recovery of methane from landfill gas 
and production of carbon dioxide appear to be nnminenL The suggestion for 
a bOok on this subject came from Attilio BislO, to whom we are also Indebted 
for his continUing support and encouragement an:d for many l1elpfui com~ 
ments on the draft manuscriPt. 

The authors also WIsh to acknowledge the sem:m,ll contributlons of two 
p,oneers of this field. the late Frank B. Hill and Robert L Pigford. Several of 
their publications arc CIted In the present text, but their intluence IS far 
broader tIl an the citatIOns alone would suggest. Suffice It to say that much of 
the book would not have been written WIthout theI'r encouragement and the 
stimulus orovided by theIr widsom and inslghL Several graduate students and 
post~doctorais have made major contributIOns, most of which are recogI1Jzed 
explicitly by cltatlons. However, they, as well as others whose work may not 
have been directly referenced. also contributed In a very real way hy hclpmg 
the authors. through diSCUSSIOn and argument, to understand and appreciate 
some of the subtleties of PSA systems. It would be remISS not to mention hy 
name M. M. Hassan, J. C K.ayser, No S. Raghavan, and H. S. Shin. 

This boOk IS not Intended as an exhaustive revieW of PSA tecI1J1ology, 
neIther is it a deSIgn manual. Ratl1er, we !lave attemPted to present a 
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v. PREFACE 

coherent general account of both the technology and the underlying them-v. 
Perhans more than in other processes the rational design and optimizatIOn of 
a pressure swing adsorption process reqUIreS a reasonably detailed mathe
matIcal model. The two commonly used approaches to PSA modeling, 
equilibnum theory, and dynamic numerical simulatIOn are discussed In some 
detail In ChaDters 4 and 5. InevItably these chaDters are somewhat mathe
matical m approach. The details may be Important onty to those who are 
involved in process design and optimization but we hooe that the more 
general reader will still be able to gam some msight concerning the underly
mg prmCIDies and the strengths and limitatIOns of the various approaches. 

A three-way collaboratIOn between authors mevitably raises some diffi
culties since it becomes hard to mamtain consistency In style and emphaSIS 
and to avoid repetition between different sections of the text. We hooe, 
however, that tile 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, Fredencton, Canada 

National University of Singapore 

AdsorptIOn Research Inc., Dublin, OhiID 

D. M. Ruthven 

S. FarooQ 

K. S. Knaebel 
June 1993 
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CHAPTER 

1 
Introduction 

Pressure SWing adsorotion (PSA) IS not a new process and, like mOSI good 
InVentIOns, with the advantage of hinc1sIght the PrInciple appears obvIOus. As 
m all adsorption separatIOn processes, the essential reqUIrement IS an adsorH 
bent that preferentially adsorbs one componem (or one family of related 
components) from a nuxed feed. This selectivIty may depend on a difference 
In adsorotlOn equilibrium or on a difference In sorptIOn rales (kinetic 
seiectivity). In certam cases the difference m rates may be so great that the 
slower-diffusing species IS In effect totally excluded from the ad~0rhent 

(size-selectIve SIeVing), and In this situatIOn a verY effiCIent separation can 
obVIOusly be achieved. 

All adsorptIOn separation processes involve two PrInCIPal steps: (1) adsom
Non, durmg which the preferentially adsorbed species arc PIcked up from the 
feed; (2) regeneratIOn Or desorptIOn, dunng which these species are removed 
from the adsorbent, thus "regenerating" the adsorbent for use In the next 
cycle. The gcncrai concept IS shown In Figure 1 .. 1. J t JS n()s~ih!c to ontain 

useful products from either the adsorptIOn or regeneration steps or from 
both steps. The effluent dunng the adsorptIOn step is purified "raffinate" 
product from which the preferentially adsorbed species have been removed. 
The desorbate that IS recovered dunng the regeneration step contains the 
more strongly adsorbed species In concentrated fonn (relative to the feed) 
and is sometimes called the "extract" product. 

The essential feature of a PSA process IS that, dUring the regeneratIOn 
step. the preferentIally adsorbed specIes are removed bv reducmg the total 
pressure, rather than by raising the temperature or purgmg with a displacmg 

'i I 
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Fi!.!urc 1.1 The Cl)nCcpt of a PSA process. (:1) Change In c"llilihnlllll loading with 
prl~~:-;LJrC, (h) IdcidizL'ti sketch showmg nHlVcIHcllI of the adsorhed phase concentration 
prolllc (or the more strongly atisorbed species in a sUlloh; two-bed PSA process. 

agent (although a low-pressure purge step IS commonly Induded in the cycle). 
The process operates under approxlmateiy isothermal conditlOns so that the 
useful capacity IS the difference m loading between two pomts, corresponding 
to the Feed and regeneration pressures, on the same Isotherm fFigure L 1(a)l. 
Figure J ,l(b) shows schematically the movement of the concentration profiles 
during the high-pressure feed and low-pressure regeneration steps. The feed 
step IS normally termmated before the more strongly adsorbed component 
breaks through the bed, while the regeneration step IS 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, relative to other types of adsorotlOn process 
Such as thermal SWing, IS that the pressure can he Changed much more 
rapidly than the temperature, thus making It possible to operate a PSA 
orocess on a much faster cycle, thereby lncreasmg the throughout pCr lllllt of 
adsorbent bed volume. The major limitation IS that PSA processes arc 
restricted to components that are not too strongly adsorbed_ If the oreferen
imlly adsorbed soecies is too strongly adsorbed, an uneconomlcally high 
vacuum is reqUIred to effect desorotion during the regeneratIOn step. Thus, 
for very strongiy adsorbed components thermal sWmg IS generally the ore-
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ferred oot1Oo Since a modest change or temperature p:~duces, In gen~ral, a 
relatively large change In the gas-solid adsorptIOn eqlllllhnurn constaIH. 

PSA processes are no more complex than most of the more c?nvcnIlo~al 
separation processes, bUI they are d~fferent in o~~ essential t~a.t.ure:'lt~l: 
nroccss operates under tfJ:lnSlcnt condlti()I1s, wher~as most rroccsSCs s~c 1 . 
~bsorptio~, extractIOn, and distillation opcnltc under stcady-stutc coo til tlon<;;, 
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As a result, both the conceptual framework and ttlc deSign procedures arc 
Quite different. This difference can best be explaIned in rnath~matlcal terms. 
A steady-state process can be described mathematically by an ordinary 
differential eouatIOn (or a set of ordinary differential equations), and to 
obtain the relationship between the operating variables and the process 
performance requires only the integration of this set of equatIOns. By 
contrast, a transient process 15 described by a set of partial differential 
eouations and this reqUires a more complex solution procedure. As a result 
the relatIOnship between the process performance and the operational van
abies IS generally less obvious. Procedures for the design and scaleup or PSA 
units are for tile most part available 10 the open iiterature. However, they 
have not yet been generally accepted as part of the normal chemical engl
neenng curriculum and, as a resuit, a certain air of mystery persists. 

DeSPite their eariy inception, It was really only dnnng the 1980s that PSA 
processes gained widespread commerCial acceptance. This IS illustrated 10 

Figure 1.2, which shows a plot of the annual numbers of publicatIOns and 
U.S. patents relatmg to PSA processes against the year. The reasons for this 
unusually long delay between the mvention and commerCialization of such 
processes are not entirelv clear, but it seems likely that the opposition of 
entrenched mterests m the cryogcOIc gas mdustry and the lack of familiarity 
with the underlying pnnclples among practicing engmeers were probably 
significant factors. Dunng the 19705 II1terest In alternative separation pro
cesses was stlmulate(t by the escalation of energy costs aSSOCIated with 
the nsmg prIce of crude oil. Although energy costs fell dnring the 1980s, the 
impetus to examine alternative processes and to match the technoiogy to the 
product specifications has continued. 

1.1 Historical Development of PSA Processes 

The introduction of PSA processes IS commonly attributed to Skarstrorn l and 
Guerin de Montgareuil and Domme2 m 1957-1958. However, many of the 
essential features of this type of process were delineated much earlier m the 
papers of Kahle3

•
4 and in the pioneering patents of Hasche and Dargan,5 

Perley.' and Finlayson and Sharp,'* which were filed between 1927 and 1930 
hut have been largeiy overlooked by more recent authors. The Air LiQuide 
process, developed by Guenn de Montgareuil and Domme, utilized a va~ullm 
swing, whereas the Esso process, pioneered by Skarstrotn, used a low-pres
sure purge to clean the adsorbent bed follOWIng the blowdown sleo. Details 
of both cycles, which are still m common use, are given in Chapter 3. Some 
other key dates In the chronological development of PSA teChnology arc 

<I< The authors are grateful 10 Dr. Norman Kirkby of the UOIverslty of Surrey for pomtmg OUl 
this reference. 
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Table 1.1. Milestones In the HistOrical Development of PSA Processes~ 

Date 

1930-1933 

1953-1954 

]<)55-1956 
1957-1958 

First PSA patents Issued to Finlayson and SharD (U.K. 305,(92), 
Hasche and Dargan (U.S. 1,794,377), and PerieY:(U.S. \,H96,916) 

Papers by H. Kahle·,·4 outlinmg the prinCIPle of PSA {induding heat storagei 
and giving delajl!. ot a PSA process for removal of COl' hydrocarbons. and 

water vapor from air 
Svnthetlc zeolites produced commerclallv 

5 

F-rench patent 1,223.261, P. Guerin de MOnlgareuii and D. Domine (Air 
Uquide)2: the "vacuum sWing" PSA cycle is described. U.S. Palem 
2,944,627: c. W. Skarslrom (Esso Research and Englllcenng)l; the low-pressure 
purge step IS Introduced, and the Importance contammg the thermal wave IS 

emphasized 
Development and commerCialization 01 the" Heatless Dner" for sma1!-scale air 

drvmg and earlv versions of the" Isoslv" process tor separallon of linear 

hvdrocarbons 

1960-1965 

1965-1970 
]970-1972 
1972-1973 

1976 
1976-1980 

1982 
1988 

Development and commerCializatIOn of PSA hydrogen purificatIon 
First large-scale 02 PSA processes 
02 selecuve carbon sieves produced commerCially 
PSA mlrogen process usmg CMS adsorbent 
Sma1!.scale medical oxygen Units 

Large-scal<! vacuum SWlllg proc.:sses for air separation 
Second generation zeolite otds()rhent.~ lor air separailon hv vacuum sWing. 

making VSA cornpelllive with crvogelllc distillatIOn up to JOO IOns/day 

See also R. T. CassidY and E_ S. Holmes. A1ChE. Swnp. Sene!; '80(233) (iM- 75 (19M). 

summanzed in Tab!.:: L 1. The patents mentlOned are discussed In 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 explain 
both the advantages and limitations of the technology and hence determine 
the suitability for a given application: 

1. Product punty. The raffinate product (the less strongly adsorbed or 
slower-diffusmg species) can be recovered ill very pure form, whereas the 
extract product (the more strongly adsorbed or faster-diffUSing species) IS 

generally discharged in Impure form as a byproauct. Various modificatIOns 
to the cycle are possible to allow recovery of the preferentlallv adsorb~d 
specIes. However, these all add complexrty to the cvcle: so the process fits 
best where a pure raffinate product is reqUired. 

2. Yield or fractional recovery. In a PSA process, tl1e fractIOnal recovery 
(i.e., the fraction of the feed stream that is recovered as pure product) IS 
generally relatlveiy low compared with processes such as distillation, 
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ahs(.u·ption. Or <.:xtracllon. The recovery can he IIlcrcascd by Including 
addullmal steps tn the cvcle unl! by Illcrcilslng the number of adsorbent 
beds. but both these modifications increase the caPItal cost. A PSA 
Dfoc.ess therefore fits best when the feed is relatively cheap so that a high 
product Yield is not a matter of pnmary concern. 

3. Co~centration of trace Impunties. Where a highly selective adsorbent IS 

avaIlable a PSA process can provide a vallHlblc means of conecntrating 
in.lec II11PuritIes, but this applicatIOn has not yet been t1evciopcd it) any 
significant extent. 

4. Energy requirements. Like most separatIOn processes, the energy effi
CJency of a PSA process IS relatively low. The First Law efficiency (sep
aration work rciatlYe to energy consumed) IS III fact comparable wi-th that 
of processes such as distillation or extractIOn, but a PSA system uses 
mechanIcal energy, which is in general more expensive than heat. The 
power cost IS the major component of the operaimg cos.t for a PSA system. 

Fignre 1.3 
proce~ses: 

;;; 
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However, if the feed I~ already availahle al high :nres~urc. these co')!<., may 
be greatly reduced. since not {Jllly arc the capital COSI~ and power 
reqUirement reduced, but the cost of product recompression will generallv 
be much lower than the cost of compressmg the feed to the higher 
operatmg pressure. A PSA system IS therefore especially usefui where the 
feed IS available at elevated pressure. 

5. Scaling characteristics. The operating costs of mOht separation processes 
Increase approximately linearly with throughput. ·The capIUl! cost of a PSA 
process IS also approXImately linear With throughput, hUI for most other 
processes the capnal cost curve IS highly nonlinear. with the Incremental 
cost bemg smaller for the larger units (Figure L:H. As •• resuit. when the 
overall costs arL' (lHlSidered. tile eL'l~nnmJ(:s tend t~) fa\"lw PSt\. at Il)\\' it.) 

moderate throughputs and to favor other processes such as crvogenlc 
distillatlOn for very large-scaic operations. Of course the actual costs and 
the crossover POlllt vary considerahly depending on the panlcular separa
tiOn and the process configuratIon, but the form of the cost versus 
throughput curve IS generally slmiiar. 

o. Pressure range. The term [·lIeU/on <;wmg atimrplIon (YSA) IS oftcn llsed to 
denote a PSA c-vclc With liesorpilon at SUhlHlllOSnhcflc prc::,surc. This IS a 

semantic chOice. The performance of any PSA process is governed bv the 
ratlO of absolute (rather than gauge) pressures. That desorption at subat
mosphenc pressure often leads to Improved performance 'IS due to the 
form of the equilibnum isotherm rather than to any ITltnnslC effect of a 
vacuum. 

1.3 Major Applications of PSA 

Some of the major commerCial PSA processes are :Iisted III Table 1.2, and a 
summary of the chronology IS given 111 Table L L The first three applications 
(air separatIOn, air drying, and hydrogen purificatibn) were III fact foreseen 
and demonstrated by Skarstrom.1.1i These femam the most Important practi
cal applicatIOns for this technology, although newer processes such as carbon 
dioxide recovery and natural gas purificatIOn are gammg IIlcreased accep
tance. In all three of the major processes the feed IS relatIvely cheap, so that 
the relatively low recovery is not an overriding eCQnomlC factor. In both air 
drymg and hydrogen recovery a pure raffinate prOduct IS rCClUIred. and m 
hydrogen recovery the Impure hydrogen IS often availahlc at elevated pres
sure. Punty of (he product IS Imporiant ITl nitrogen production, hut generally 
somewhat Jess so III oxygen production. In a typical hvdrogen purification 
process the product punty is commonly 99.995% or even higher. For nitrogen 
oroduction a purity of 99.9% IS easily attamable, but It IS generallv more 
economic to produce 99.5% N2 by PSA with final polishing tJY a "de oxo" 
unit. The common!y quoted oxygen product purity of 93-95% IS somewhat 
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Table 1.2. Some Malor PSA Processes 

ProcesS Product Adsorbent Type of System 

H 2 rccovelv from Ultrapure H ~ Act. C or zeolite Multipic"bed system 
tuei gas 

Heatless drier Dry "r(for Act. AI,O, Two-bed Skarstrom 
Instrumenls) cycle (or vacuum-

pressure sWing cvcle 
Air separation 02 (+Ar) SA Zeolite Two-bed Skarstrom 

cvcle 
Air separation N 2 (+Ar) CMS Two-bed self-

purgJllg cvcle 

Air separalion N2 and O 2 SA Zeolite Vacuum swmg 
, or CaX system 

ISOS1V Linear IBrancned 5A Zeolite Molecular sieve separation 
hydrocarbons with vacuum swing 

Landfill gas CO2 and CH 4 CMS Vacuum sWing 
separatIOn 

misleading since the irnounty IS almost entlfely argon~which IS adsorbed 
with the same affinity as oxygen on most a(isorbents. 

The largest-scale PSA processes are generally to be found In petroleum 
refinery operatwns-hydrogen DurificatlOn and hydrocarbon seoarattOn pro
cesses such as ]saslv. In such processes product rates up to 106 SCFH (> 100 
tons/day) are not uncommon, In the other mam areas of appiication (dryll1g 
and air separation) PSA UOIt5 are generally economic only at rat.her smaller 
scales. For example, for large-scale o)"),gen or nitrogen productIOn (> 100 
tons/day) it IS difficult to compete economically with cryogenic distillatIOn. 
However, there are many small-scale uses for both oxygen and nitrogen (e.g., 
home oxygen units for asthmatic patients and nitrogen UllIts for purging 
the fuel tanks of fighter aircraft or for purgmg the Interiors of trucks 
and warehouses to prolong the shelf life of fruit and vegetables). For 
such applications the robustness and portability of a PSA system provide 
additlOnai advantages that remforce the economIC considerattons. In these 
applicatlons the most direct competition comes from small-scale membrane 
systems, which offer many of the same advantages as a PSA system. A bnef 
comparison of these two classes of prOcess IS Included in Chapter 8. 

To understand the process options and the factors lOvoived In design and 
optimization of PSA systems. some background In the fundamentals of 
adsorption and the dynamiC behavior of adsorption columns is required, 
These aspects are considered In Chapter 2, A wide variety of different cycles 
have been developed in order to lI1crease energy effiCiency, Improve Product 
punty, 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. Chaoter 6 IS 
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devoted to a cletailed descflPlion of some current PSA processes, while some 
of the future trends In process development arC disclissed In Chapter 7. 
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CHAPTER 

2 
Fundamentals of Adsorption 

To understand the desIgn and operation of PSA ptocess requires at ieast an 
elementary knowledge of the pnIlclplcs of adsorption and the dynamic 
behavIOr of an adsorptIOn column. A brief review of these subjects is 
therefore inCluded In this chapter. More detailed mformatJOn can be found 
In the books of Ruthven, L Yang,2 and Suzuki.3 

The overall performance of a PSA process depends on both eQuilibnum 
and kinetic factors, but the relative Importance of these factors vanes greatiy 
for different systems. The maJonty of PSA processes are "equilibrium dnven" 
In the sense thai the selectiVity elepends on differences In the equilibrIUm 
atrinities. In such processes mass transfer resIstance generally has a dcictcn
ous effect and reduces the performance relative to an ideal (equilibnum) 
system. There are, however, several processes in which the selectivity is 
entirely kinetic (j.e .. the separation depends on differences In adsorptIOn rate 
rather than on differences In equilibrium affinity). In stich systems the roie 
played by mass transfer resistance IS dearlv pivotal, and a more fundamentai 
understanding of kincilc effects IS needed in order -io understand and model 
this class of process. 

2.1 Adsorbents 

2.1.1 Forces of Adsorption 

A gas molecule near" solid surface expenences a reductiOn In potentIal 
energy as a consequence of interaction with the atOms (or moiecules) In the 

11 
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solid. The result IS that gas molecules tend to concentrate III this region so 
that the molecular density In 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 Qual1rupolar species by electrostatic forces (dipole or Quadrupole mterac
tiOr;s), we have what is called "physlcai adsorotion" or "physlsorptlOn." By 
contrast if the mteraction forces arc strong, mvolvmg a significant degree of 
electron' transfer, we have "chenllsorptlOn." Chemisorption IS limited to a 
monolayer, whereas, In phYSical adsorptIOn, multIPle molecular layers can 
form. Most practical adsorptIOn separation processes (including PSA) depend 
on physical -adsorPtIOn rather than on chemisorption. since, except for a few 
rather specI3lized applicatIOns, the capacities achievable 10 chemisorptIOn 
systems are too small for an economic process. Since the adsorptIOn forces 
depend on the nature of the adsorbing molecule as well as on the nature of 
the surface, different substances are adsorbed with different affinitieS. It IS 

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 seiectlvity is 
the pnmary reqUIrement, but a high capacity IS aiso deSirable SInce the 
capacity determines the size and t11erefore the cost of the adsorbent beds. To 
achieve a high capacity commercial adsorbents are made from mlcroporous 
materials. As u. result the rate of adsorptIOn or desorptIOn IS generally 
controlled by diffUSIOn through the pore network, and such factors must be 
considered in the selection of an adsorbent and the chOIce of operating 
conditions. Certam materials (zeolites and carbon molecular sieves) that have 
very fine and uniformly sized mlcropores show significant differences III 

sorptIOn rates as a result of steric hindrance to diffUSIOn within the mlcro~ 
pores. SUCh adsorbents offer the possibility of achieving an efficient kinetic 
separatIOn basect on differences In SOrPtion rate rather than on differences in 
sorption equilibnum. 

2.1.2 Hydrophilic and Hydrophobic Behavior 

For equilibrium-controlled adsorbents, the primary ciassificatlOfl is between 
"hydrophilic" and "hydrophobic" surfaces. If the surface IS 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 molecules strongiy bound to the solid 
surface, It will preferentially attract polar mOlecuies-in particular water. 
This IS because the field-dipole and/or field gradient-Quadrupole interac
tions provide additional contributIOns to the energy of adsorption. This 
additi(;nai energy will arise on Iv when both conditions are fulfilled (i.e., a 
polar or Cluadrupoiar molecule and a polar adsorbent). If either of these IS 

lacking there ca~ be no signitkant electrostatrc contribution to the energy of 
sorptIOn. Thus, on highly poiar aosorbents such as zeolites or actlVated 
alumina, water (a small polar molecule) IS strongly adsorbed while methane 
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Table 2.1. Limiting Heals of Sorption lor CH 4 and H20 (kcal / mole) 

CB 4 (nonpolar) 
H 20 (pOlar) 

Act carbon (nonpolar) 

4.3 
6.0 

4A Zeoiite (polan 

4.5 
IB.O 
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(a small nonpoiar molecule of Similar molecular weight and therefore With 
comparable van der Waals mteractIOn energy) IS :only weakly adsorbed. In 
contrast, on a clean activated carbon (a nonpoiar surface) both these com· 
pounds are adsorhed to a comparable eXlent. Furthermorc, while the affil1lty 
of the zeolite surface for water IS much higher than that of the carbon 
surface, methane IS retained with comparable affil1lty on both these adsor¥ 
bents (see Table 2.11. Clearly the polar zeolite surrace IS "hydrophilic'· and, 
by companson, the nonpolar carbon surface IS "hydrophobiC." . 

IOnIC 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, aiumma, or some polymeriC resms) rnolecuies 
such as water can a1s0 mteract strongly by hydrogen bond formation. As wit.h 
polar adsorbents, water IS therefore preferentially iadsorbed, but m this case 
the hydrophiiic selectiVIty IS attributable maInly to the hydrogen bond energy 
rather than to surface polanty. 

It should be noleci that hydrophobic surfaces do not actually rerci water. 
In general water will be adsorbed on any surface with at ieast the affiOltv 
dictated by the van der Waals forces. The pomt lS that on a hydrophilic 
surface water (and other polar molecules) will be adsorbed much more 
strongly than would be expected Simply from the van der WaalS forccs alonc. 
Furthermore, while hydrophilic adsorbents generally also show selectivity for 
other polar molecules relatJlJe to Similar nonpolar ;speCles, this IS not aiways 
true. Where the hydrophilic selectivity comes from hydrogen bonding, polar 
molecules with no "active" hydrogens will be held Only with an affilllty 
comparable to nonpolar sotbates. 

The possibility of crcatlOg polar selectivity by pretreatment of the surface 
is well illustrated by activated carbon adsorbents (see Figure 2.1). On a ciean 
carbon surface n-hexane IS adsorbed much more strongiy than sulfur dioxide 
(a polar sorbate), but on an oxidized surface this selectiVity is reversed. 
Control and modificatIOn of surface poiarity is Illdeed the most important 
practical tool III the tailoring of equilibnum seieclIvlty. 

2.1.3 Pore Size Distribution 

According to the IUPAC ciassificatlOn. pores are divided IOta three cate
ganes by size: 

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

I -ll..i 
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Figure 2.1 Equilibnum Isotherms for S02 and n-hexane on activated carbon show
Ing the effect of surface modification. (Data from Mas!sumura.4 ) 

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 mlCfopore to be In the "adsorbed" phase. By 
contrast, in mesopores and macropores, the molecules III 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 
contammg both adsorbed molecules at the surface and free gaseous molecules 
m the central region. Of course the lUPAC classification IS arbitrary, and ii IS 
dear from the description presenteu that the distHlctton between a llllcrOJ)
are and rnesoporc really depends on the ratio of pore diameter to moiccular 
diameter rather than on absoiute pore size. Nevertheless, for PSA processes 
that deal In general with relatively small molecules, the arbitrary figure of 20 
A IS a reasonable choice. 

Macropores contain very iittle surface area relatIve to the pore volume 
and so contribute little to the adsorptive capacity. Their mam role IS to 
facilitate transport (diffusIOn) within the oartIcie by providing a network of 
super highways to allow molecules to penetrate rapidly mto the Intenor of 
the adsorbent particle. 

Representative pore size distributions for several different adsorbents are 
shown m Figure 2.2. Many commerciai adsorbents (e.g., most zeoli tic adsor
bents and carbon molecular sieves) (see Table 2.2) conSists of composIte 
particles elystals (or char partlcles) aggregated together and formed into a 
macroporous peliet, often with the aid of a binder. Such partlcles have a 
well-defined bimodal pore SIze distribution III which the first peal< represents 
the mlcropores within the mlcrooarticles and the second peak reoresents the 
large intra partIcle pores resultmg from the pelletIzation process. The Impli
cations for mass transfer are disclIssed in Scctll)fl 2.3. 
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Figure 2.2 Pore size distributions for (a) tYPical activated carbons; (h) carbon 
molecular sieve; (c) typical activated alumina. 

2.1.4 Kinetically Selective Adsorbent. 

While most adsorbents have a relatively wide distribution of pore SIze, kinetic 
selectivity deoends on stenc hindrance and therefore reqUlres a very narrow 
distributIOn of pore SIze. This IS a charactenslic feature of zeolitlc adsorhents 
slllce these materials are crystalline and the dimensiOns of the mlcropores are 

'I 
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Figure 2.2 (ij). Pore size distrihutlon for Dellcter.] SA l.colitc (only the cxtracrystallinc 
pores arc shown). 

determined by the crystal structure. Some control of pore sIze can be 
achieved by procedures such as siianatlOn and by lOn exchange, SInce. In 

many zeolites, the cations partially (or even totally) obstruct the mtracrys
talline microDores .... By contrast. the carbon molecular Sieves are amorphOUS 
matenals Similar to high-area actIvated carbons but with a much narrower 

Table 2.2. Classification of CommercIal Adsorbents 

Equilibnum selective 

Hydrophilic 

Activated alumma 

Silica gel 
AI-rich zeolites 

Polymenc resins 
containing -OH 
groups or cations 

Hydrophobic 

Activated carbon 

Mkroporou!> silica 
Silicalite, 

dealumlnated 
rnordeOlte, and 
other silica-rich 
zeolites 

Other polvmenc 
reSins 

Kinetically selective 

Amorphous 

Carbon molecular 
!>ICV(:!> (lMS) 

("rv.~talline 

Small· pore zeoli Ie!> 
anti 7.colite nnaings 

~ For a detailed diSCUSSion of this toPIC, see: E. F. VlIn!>aot, Pore Size EnKmeermK frl Zeolites. 
Wiley Chichester, U.K. (l990l. 
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distribution of pore size. This unifornutv of pore size IS achieved in two ways: 
by careful control of the conditions ctunng the activatIOn step and by 
controlled depositIOn of easily crackable or Dolvmenzable hydrocarbons such 
as acetylene. Control of these processes provides the means by whiCh the 
pore size can be adjusted,s.t! In this respect there IS somewhat greater 
flexibility than with crystalline microoorous materials In which the Dore 
dimensIOns are fixed bY the cI)'stai structure. In kinetIcally selective adsor~ 
bents the onmary parameters deterrnmmg the sel'ectlvltv are the pore size 
and pore size distribution. The nature of the :matenal IS generally of 
secondary importance. Thus, desPite the difference In chemical nature, 
small-Dore zeolites and mOlecular SIeve carbons exhibit very slinilar kinetic 
selectIvities. 

2.1.5 PhYSIcal Strength 

Repeated pressurizatiOn and deoressunzatiOn of an adsorbent bed tends to 
cause attrition of the adsorbent particles. PhYSICai strength IS therefore a 
pnme consideratIon In the chOICe of an adsorhent for a PSA proce<>s. SUCh 
consideratIOns may mdeed preclude the use of an otherwise desirable adsor
bent ll1 favor of a matenal that, from kinetiC and eauilibnum consideratIOns 
aione. may appear to have Inferior properties. Both the" crush strength" and 
the "abraSion resistance" are strongly dependent on the way in whiCh the 
adsorbent particles are manufactured, Including such factors as the nature of 
the binder and the pretreatment conditIOns, but only very limited infonnatton 
IS available in the open literature. * 

2.1.6 ActIvated Carbon and Carbon Molecular Sieves 

Activated carbon is produced In many different forms that differ mamiy In 

porc Size distribution and surface polanty, The nature of the fina! product 
depends on both the startmg material and the acilvatiOn proccclurc. For 
liquid-phase adsorption a relatively large oore SIze IS reqUIred, and such 
matenals can be made by both thermal and chemIcal activation procedures 
from a wide range of carbonaceous starting materials. The activated carnons 
used in gas adsorption generally have much smaller pores, with a substantial 
fraction of the total porosity In the mlcropore range. These adsorbents are 
generally made by thermal activation from a relatively dense form of carbon 
such as bitumInOUs coaL High~area small~pore carbons may also tie made 
from sources such as coconut shells, but the product generally has insuffiCIent 

phYSIcal strength for PSA applicatIons. 

• A useful reference IS: C. W. ROberts, "Moiecuiar Sieves for Industrial Applicailons:' In 
Properties afld Applicatu)n,I' of Zeolites, R. P. Townsend. ed., Sp'eclal Puh!. No. 33, The Chemical 
SocIety, London (19HOJ. 
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The thermal activation DrocculI!"e IS a two-step process In which volatile 
matenal IS first dnven off bv controlled pyrolysIs followed by a controlled 
"burnout" of the pores uSing oxidizmg gases such as steam or CO, at 80lfC 
(or even higher temperatures).7 The surface of such activated carbons is 
partially oxidized; so where a nonoolar surface IS required, a further step IS 

often included, IOvo]ving either evacuatIon or purging with an mert gas at 
elevated temperature. This eliminates most of the oxides as CO or CO 2 , 

In many liquid~phase applications activated carbon is used In powder 
form, but for gas-phase applications larger particles are needed. These are 
made either directly bv crushing and screemng or more commonly by granu
lation of the powder usmg binders such as pitch, which c,m he activated to 
some extent dUring the finai thermai treatment. The oreparation of activated 
cartxlIl In fiber form IS a relatively new development which holds consider
able nromlse for the future. The diameter of the fibers IS small (....., 10 ,um) so 
diffusional reSistance is reduced to an insIgnificant level. To date such 
materials do not appear to have been used In PSA processes, but the rapid 
kinetics make this an intngumg possibility. 

The preparation of carbon moiecuiar sieves (Figure 2.3) IS broadly similar 
but often Includes an additional treatment with speCIes such as benzene or 

Coal 

o 
GdOdin9 

o 
O:lidallon by Ai, 

o 
OXlcoal 

Binder 

o D 
Shapmg 

o 
Carbonll~:allon 

o 
Urlliorm Initial Matenal 

D 
Steam Acll .... allon 

o 
CMS H2 Q 

ActrVated Carbon 

Treatment under 

Cracking Conditions 

01 Hydrocarbons 

o 
eMS N2 

CMS 02 

Figure 2.3 SchematiC diagram showmg the processes Involved in the manufacture of 
carbon molecular Sieve adsorbents. (From jUllIgcn et ai} with permission.) 
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Figure 2.4 Effect of controlled carbon deposition on sorptJon rates for oxygen and 
nitrogen in a carbon molecular sieve. (From Chihara and Suzuki,s with permisSIon.) 

actelvlene that are easily pOlymerIzed or cracked on the surface (Figure 2.4), 
By careful controi of the conditions a very uniform pore size IS achieved. It 
appears that such control IS more easily achieved :by carbon cleposltion than 
In the burnout step. Brief details of some representatIve carbon adsorbents 
are mcluded in Tahle 2.3. 

2.1.7 Silica Gel 

A pure silica surface is Inactive and "hydrophobic," but jf hydroxYl groups 
are present the surface becomes hydrophilic as a result of the possibilities for 
hydrogen bond formatIOn. Silica "gel" IS formed as a colloidal precipitate 
when a soluble silicate IS neutralized bv sulfunc acid. The size of the collidal 
partIcles and the nature of theIr surface are strongly Influenced bv trace 
components present 111 the solutIOn. When water is removed from the "gel," 
an amorphous IDICropOTOUS solid is formed, but the size of the silica partIcies 
and therefore the pore Size depend on the conditiOns dunng the water 
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Table 2.3. Physical Properties of SOITlf' Common Adsorbents 

Sp. pore Av. pore Pore Sp. Particle 
vol. diam. size area density 

Adsorhent (em'; g-I) cA.) distrih. (m2 g-I) (gem . T\ , 

Silica gel (J) 0.43 22 UnHnodal MOO 1.09 
Silica ltd (2) Ll5 140 UnImodal 340 0.62 
ACt. alumU\'1 0.50 JO-, '(lOU UI1IIHIldllJ :no 1.21-1 
Acl. carht)(l 0.15-0.5 Wide Bim\ldaJ 200- 0.6-·0. t) 

flIllge 200n 
eMS 0.25 Dimodal 400 0.98 

removal step. Bnef details of two representative materials are mciuded 111 
Table 2.3. The large-pore matenal is used in many liquid-phase applications, 
whiie the small-pore matenal IS widely used as a deSIccant in vapor-phase 
systems. 

Adsorption Isotherms for waicr vapor on silica gci, acuvaicd aiul11ll1a, and 
4A zeolite are compared m Figure 2.5. Silica gci docs not retam water vapor 
as strongly as the other adsorbents, but It has a higher ultimate capacity. 
Furthermore, It can be regenerated at moderate temperatures (I50-200°C). 
It IS therefore a useful deSIccant where the mOISture load is high and lhe dew 
pornt required is not too low. If silica gei is heated above about 300°C, most 
of the hydroxyls arc removed. The adsorhent loses surface area and the 
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Figure 2.S CompanltlVC Isotherms showmg the adsorpuon of water vapor on silica 
gei, activated alumma, and 4A zeolitc. (Wben plotlcd in terms of rciatlve humidity, 
the Isotherms are approxlmatelv mdependent of temperature.) 
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rcsultmg surface is no longer hydrophilic. Despite as widespread usc as u 
desiccant silica gel IS not commoniy used Ifl PSA prOCeSses as Its physIcal 
strength IS mferIor to that of alumma or zeolite based deSIccants. 

2.1.8 Activated Aiu",,,,,, 

Activated alumina IS essentially a mlcroporous (amorphous) form of A 1 :l0~ 
and IS made hy several different methods. The ,most common route IS hy 
controlled dehydratIOn of the trihvdrate AI 20:: 3H 2() formed In the Baver 
process but some alumlOas arc made by preclOltatlOn from a soluble salt in a 
manner SImilar to the productIOn of silica gel. 

2.1.9 Zeolites 

In contrast to the other adsorbents so far considered, the zeolites are 
crystalline rather than amorphous, and the mlcTO@ores are actually mtracrvs
talline channels with dimr:nsJOns precisely detennmcd by the crvstai struc
ture. There IS therefore virtually no djsirihuuon of micropnrc Size, and these 
adsorbents show well~dcfined slze~selcctJve mo'lecular sieve propcrtlCS
exclusion of molecules larger than a certalll cnttcal size and strong stenc 
restnctlOn of diffUSion for molecules with dimenSlOns approaching this limit. 
The framework structures of three of the most Important zeolites are shown 
sChematicallv In Figure 2.6. The frameworks consist of tetrahedrally con
nected assemblages of Si0 1 and AI0 1 Units. To translate the schematiC 
diagrams into aciual structur~s one musi- consider that the lines represent the 
diameters of oxygen atoms (or Ions), while the m:uch smaller Si or Al atoms 
are located at the apices of the poiyhedra. Within rather broad iimits Si and 
AI atoms are Interchangeable In the lattice, hut each AI Introduces u net 
negative charge that must be balanced tw an exchangeable catIOn. In many 
structures, notably zeolite A, the exchangeable catIOns partlallv (or totally) 
obstruct the mrCTOPores. The eQuilibnum distributIOn of the exchangeable 
catIOns among the various possible catIOn "sites" has been extensive IV stud
ied and is well established for most of the common zeolites.9 For example, In 

zeolite A there are three types of Site, as mdicated in Figure 2.6(a). The most 
favorable are the type I sites (eight per cage) so m the Ca2 + form (SIX catIOns 
per cage) all catIOns can be accommodated. In the type I sites where they do 
not obstruct the channels. The effective ditnens:lOn of the channei IS then 
limited by the aperture of the cIght~membered oxygen nng (Window), whiCh 
has a free diameter of about 4.3 A. Since moiecules With diameters up to 

about 5.0 A can penetrate these WindOWS, this IS referred to as a "5A" Sieve. 
The Na + form containS 12 catIOns pcr cage; so not only are all eight type I 

sItes filled, but all wlIldow sItes (3.0 per cage) are also filled. nne twelfth 
Na + catIOn IS accommodated in the relallvely unfavorable type III site.) The 
Na + catIOn partially obstructs the Windows, redUCing the effective size cutoff 

,I j 
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Figure 2.6 SchematiC diagrams showmg the framework structures of three common 
zeoiites. (a) Zeolite A (the three exchangeable cation sites are mdicatecJ), (b) Zeolite 
X or Y. (d silicalite or ZSM-S. More detailed descnpilons of these structures are 
given by Brcck ll as well as III more recent reviews. 

to about 4 A-hence the term 4A steve. Replacement of Na + bv the iarger 
K+ cation reduces the dimensions even further so that only water an(\ other 
very small molecules such as NH1 can penetrate at an apprecmble rate OA). 

The framework structures of X and Y zeolites are the same, and these 
materials differ only in the Si-to-AI ratIO-and therefore III the number of 
exchangeable catlOns. The pore structure is very ooen, the ~onstructions 
bemg twelve-membered oxygen flngs with free diameter "-' 7.5 A. Molecules 
with diameters up to abml[ 8.5 A can penetrate these channeis with little 
sterie hindrance, and this inciudes all common gaseous speCies. Size-selective 
SIeving IS observed for larger molecules, but such effects are not relevant to 
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Figure 2.7 Size-selectIve sorplion in silicalitc at half-saturatIon vaPor pressure, 298 K. 
(Data of Harnson e{ al.]{)) 

PSA processes. The nature of the catIon can have a profound effect on the 
adsorptIon equilibria 10 these matenals, but channel-blocking effects are 
much less Important than In the A zeolites. 

Silicalite ~nd HZSM-5 are essentially the same matenaL Thev are high 
silica structures. HZSM-5 normally contams measurable aJummum (Si-to-AI 
ratio ""'30-100) with a corresponding proportion of cations. This IS Impor

tant since partial obstruction of the pores as well as strong modificanon of 
the adsorption equilibria can result from even a small COncentration of 
cations. "Silicalite" tYPically has a Si-to-Al ratio :of 1000; so the AI may be 
regarded as an adventltolls ImpurIty rather than a' {rue compOnenI. The pore 
network is three dimensional, and the dimenSions: of the channels are limlt~d 
by ten-membered oxygen nogs having a free 'aperture of about 6.0 A. 
Size-selective sieving IS therefore observed for ,molecules such as the C fI 

aromatics. as illustrated In Figure 2.7. 1n contrast to most AI-nch zeolites. 
siliealite (and even HZSM-5) arc "hydrophohic," hut this property appears to 

be assocIated with the very high Si-to-Al ratio rather than with the nature of 
the channel structure, SlOce at high Si-ta-AI ratios zeolites of the V or 
mordenite type also become hydrophobic. 

2.2 Adsorption EquilibrIUm 

2.1.1 Henry'. Law 

The adsorbed layer at the surface of a solid may be regarded as a distinct 
"phase" In the thermodynamiC sense. Equilihrlum With the surrounding gas 
(or liquid) IS governed hy the ordinary laws of thermodvnamlcs. Phvslcai 
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adsorption from the gas phase IS an exothermic process; so equilibrium favors 
adsorption at lower temoeratures and desorotlon at higher temperatures. At 
sufficiently low concentratIOn the eQuilibnum relatIOnshio generally ap~ 
proaches a linear form (Henry's Law): -

lJ = K'p Or a = Kc (2.1 ) 

and the constant of proPortIOnality (K' Of K) IS referred to as the "Henry's 
Law" constant Or simoiy the Henry constant. It IS evident that the Henry 
constant is simply the adsorptlOn equilibnum constant, and the temperature 
dependence can be expected to follow the usual vant Hoff relations: 

(2.2) 

where !1 H = !1U - RT IS the enthalpy change on adsorptIOn. (Por an 
exothermIC process /).}-f and !1U are negative, and the Henry constant 
therefore decreases with Increasmg temoerature.) Representative plots show~ 
mg conformity with Eo. 2.2 (for oxygen, nttrogen, and methane In zeolite A) 
are shown m Figure 2.8. 
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Figure 2.8 Temperature dependence of Henry constants for oxygen, nitrogen, and 
methane on type A zeolites. \J 
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Figure 2.9 The Bntnauer classificaHon of isotherms. 

2.2.2 Brunauer's Classification 

At higher concentratIOns the eQuilibnum relatIOnship becomes curved. 
Brunauer ciassified the commonly observed forms of Isothenn mto the five 
types illustrated in Figure 2.9. Reference to the isotherm for water vapor 
(Figure 2.5) shows that H,O-4A IS type t, H ,O-a,tumma IS type II, while 
H20~silica gel IS type IV. Type I is charactenstIc of chemIsorptIon, where 
the saturatIOn lima corresponds to occupatIOn of all surface sItes, or to 
physIcal adsorptIOn in a microporous material wh~re the saturatIOn limIt 
corresponds to complete filling of the ffilcropores. Type III behavIOr corre
sponds to the· situatlOn where the sorhate-surface IOteraCtion IS weaker then 
the sorbate-sorbate mteractlOn, as, for example, in the adsorotlOo of water 
vapor on a carbon surface. In a PSA system the Isotherms are generally of 
type 1 or type II form, and further discussIOn is therefore restricted to these 
cases. 

2.2.3 "Favorable" and "Unfavorable" Equilibrta 

In the analysIs of adsorptIOn eoiumn dynamiCs it IS convenient to classify 
adsorption equilibria as "favorable," "linear," or "unfavorable" depending 
on the shape of the dimenstonless (x-v) equilibnum diagram. The mean 109 
of these terms IS evident from Figure 2.10. (In the "favorahlc" case the 
dimensionless adsorbed phase concentration IS alWavs greater than the di~ 
menslOnless fluid phase concentratIon.) This classificatIon assumes that the 
directton of mass transfer IS from fluid phase to adsorbed Phase (i.e., an 
adsorption process). Since for desorptIon the mitt111 <lOll float states are 
reversed, an Isotherm that is "favorable" for adsorptIon will be "unfavorable" 
for desorptIOn and vice versa. 

2,2.4 Langmuir Isotherm 

For mlcroporolls adsorhents the Isotherm can often he represented, ,II least 
approximately, by the ideal LangmUIr model: 

'L ~ be 
q, 1 + be 

(2.3) 

:1 i 
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Figure 2.10 DimensIOnless equilibrium Isotherm shi:wvmg the meanmg of the terms 
"favorahle." "linear," and "unfavorable." 

This form may be denved from Simole mass actIOn considerations t)y consid
ering the balance between occupied and unoccupied sites. Equation 2.3 
clearly shows the correct asymptotic behavior smce It approaches Hemys 
Law in the low-concentration region ancl the saturation limit (0 ......... qJ at high 
concentrations. In the onginal Langmuir formulation the saillratlon limit was 
assumed to cOincide with saturation of a fixed number of identical surface 
sites and. as such. It should he I1ldcncndcnt of temperature. In faci a modest 
decrease of q~ with temperature IS generally observed and IS indeed to be 
expected if the saturation limit corresponds with filling of the mlcropore 
voiume, rather than with the saturatIOn of a set of surface sites. b IS an 
cQuilibnum constant tilat IS directly related to the Henry constant (K = bq). 
Since adsorption is exothermic, It follows that b, like K, will decrease with 
temperature so at higher temperature the Isotherms become less sharply 
curved, as illustrated in Figure 2.11. 

The Isostenc enthalpy of sorptIOn is given by: 

(2.4 ) 

and it follows from EQs. 2.3 and 2.4 that if q;;. IS IIldependent of temperature, 
the Isostenc heat will be independent of concentratlon~a well-known fea
ture of idc::Li LangmUir behavIor. 

Although there are relatlveiy few systems that conform accurately io the 
LangmUir model, there arc a great many systems that show approximate 
conformity, and this model has the further advantage that It reduces to 
Henry's Law III the low~concentration limit, which IS a requirement for 
thermodynamiC consistency in any physical adsorPtIOn system. For these 
reasons the LangmUir mooci has hCCl)n1C widely accepted as the baSIS for 
most quulitatlvc or semlqu<lnlltallve sfudies or PSA systems. 
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Figure 2.11 Equilibrium data ror oxygen and mtrogen ,on carhon molecular sieve 
showmg tile similarity between the IsoUlcrms and the: effect of temperature on 
Isotherm shape. 14 

2.2.5 Freundlich and Langmuir - Freundlich Isotherms 

An alternative expression that is sometimes used to represent a favorable 
(type 1) Isotherm IS the Freundlich equatIOn: 

a ~ be;'!", n> 1.0 (2.5) 

This form of expression can be derived from pJau!'>iblc theoretiCal arguments 
based on a distrihutlOn of afliOity among the surface' adsoro£lon Sites, bur It IS 

probably better regarded simply as an emPlflcal expressIOn. Both the 
Freundlich and LangmUir equations contam two parameters, but, unlike the 
LangmUlr expreSSIOn, the Freundlich form does not reduce to Henry's Law 10 

the low-concentration limit. Nevertheless, Eo. 2.5 can reo resent the behavIOr 
of several systems over a wide range of conditIOns. To obtain greater 
flexibility as an emolflcal correlatIOn the LangmUir and Freundlich forms are 
sometimes combined: 

Q 

q, 
he l/ll 

(2.6 ) 



28 PRESSURE SWING ADSORPTION 

Equation 2.6 contams three constants (b, qs' and n), but it should be stressed 
that this form is purely empincal and has no sound theoretical basIs. 

2.2.6 BET Isotherm 

Both the LangmUIr and Freundlich ISotherms are of type I form (in Brunauer's 
classification). This IS the most commonly observed form of isotherm, particu
larly for nucroporous adsorbents. However, materialS such as activated alu
mlOa and silica gel commonly show type 11 behavIOr. This form IS commonly 
represented by the BET eouation II: 

a 
q~ 

b( pip.) 
(I - vlp,)(1 - pip, + bplp,) 

(2.7) 

where P s IS the saturation vapor pressure, although the physical model from 
which this expreSSIOn was ongmally derIved is probably not realistiC, partlclI
larly for mlcroporous solids. The BET model IS most commonly encountered 
in connectlOn with the experimental measurement of surface area by nitrogen 
adsorption at cryogemc temperatures, but it has also been used to represent 
the Isotherms for mOisture on activated aiumma, where the isotherms are of 
the well-defined type 1I form. 12 

2.2.7 Spreading Pressure and the Gihbs Adsorption Isotherm 

To understand the Gibbs adsorption Isotherm reqUIres a short digression into 
the formal thermodynamiCs of adsorptIOn and an mtroduchon to the concept 
of "soreading pressure." It is convenient to adopt the Gibbstan formulMion 
and consider the adsorbent Simply as an mert framework that orovides a 
force field that alters the free cner!,.,), (and other tilermodynamlc properties) 
of the sorbate-sorbent system. The changes in the thermodynamiC propertles 
are ascribed entirely to the sorbatc. Since the adsorbed layer IS a condensed 
phase, its thermodynamic properties are relatively msensltlve to the ambient 
pressure. 

If we consider tla moles of adsorbent and tis moles of sorbate, the 
chemIcal potential of the adsorbed phase IS gIven by: 

(2.8) 

Just as for a binary bulk system containing n _ moles of component sand n. 
moles of component a. We may also define a ~pecific energy <P by the partia', 
derivative: 

(2.9) 

This quantltv has 110 direct analog for H bulk phase. For example, for <i 
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vapor-phase system, the dilTerentl<Hlon would have to be performed a1 
constant total preSSure, mamtainlng the same number of moles of sand 
changmg the number of moles of a bv adding or removmg an Inert compo
nent to mamtam the total moles (and totai pressuJie) constant. This would 
YIeld a measure of the partIal molar interactIOn energy between components 
a and s, which would be very small. For an adsorbed phase <I) can be 
regarded as the change In lnternal energy, per unIt of 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-dimensional 
fluid (area A per mole) or a three-dimensIonal fluid contamed within the 
pore voiume (V per moie); 

<Pdn, ~ 7TdA ~ q,dV (2.10) 

where 7T IS the "spreading pressure" and <I> the three-dimensional analog. It 
IS evident that rP (or 71') fulfllls the roic of the pressure III a bulk system and 
the relevant free energy QUantIty for an adsorbed phase (fJ IS given by: 

(2.11) 

(Since Gs ~ As). The Similarity with the defimtion of Gibbs free energy, for a 
bulk phase (G ~ A + PV) IS ObVIOUS, 

Followmg essentlallv tile same logiC as In tile derivatIon of the 
Gibbs-Duhem eQuation leads directly to the Gibbsadsorpt!on Isotherm: 

( 
a<P) _ RT Il, 
To T - D n;: or l' 'l1T)' RT Il, 

tip T = P A 
(2.12) 

By msertmg different equations of state for the adsorbed phase l;r( 11\, A, TH, 
corresponding forms for the eWlilibnum adsorptIOn Isot herm a( 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 
multicomoonent) systems, reflecting the competition between speCies for the 
adsorptIOn sites: 

(2,13 ) 

It IS clear that at a given temperature (which detenmnes the value of h) and 
at gIVen partial pressures the QUantIty of component 1 adsorbed will be lower 
than for a single-component system at the same parllal pressure. Like the 
smgle-component Langnnllr CCluatlon, Eq. 2.13 provides a usefUl approxlma
tlOn to the behavior of ml.lnY sYstems, but It IS Quantitatively aCCurate only for 
a few systems. It IS however widely used 10 the modeling of PSA systems 
largely hecause of its simpliCity hili also hCGIIJse many PSA !-;Vstem<> o!1cf<lte 

, ';1 i 
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Figure 2.12 Equilibrium Isotherms for oxygen, nitrogen, and binary O ... -N2 mixtures 
on SA zeolite showmg (a) slngie~componeni Isotherms and (b) vaflatlo~ of separation 
faclor with loading and X - Y diagram for the binary nllxrure from SOrlal et al.24 with 
permiSSion. 

under conditIOns wllere tile loading IS relatIvely low (q/q, < D.5). Under 
these conditiOns, as a firstMorder deViation from Henry's Law, the LangmUir 
model IS reiatIvely accurate. 

It follows from Eq. 2.13 that the equilibrium separatIon factor (a') carreM 
sponds simply to the ratio of the eauilibrium constants: 

(2.14) 

This IS evidently independent of compositIOn Hnd the ideal Langnllllr modci 
IS therefore often referred to as the COllstant separatIOn faclor model. 

As an example of the applicability of the LangmUIr model, Figure 2.12 
shows equilibrium data for Nz, °2 , and the N2-O Z binary on a SA molecular 
sieve. It IS evident that the separatiOn factor IS aimosl IIlticDcndcnt of 
loading, shOWing that for this system the LangmUir model provides a reason
ably accurate representation. 

When the LangmUIr model fails, the multlcomoonent extensIOn of the 
LangmUIr-Freundlich or Sipps equation (Eq. 2.6) IS sometimes used: 

(2.15) 

with slmiiar expressIOns for components Band C. This has the advantage of 
providing an explicit expressIOn for the adsorbed phase but suffers from the 
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disadvantage that Ii IS essenuC\lIy an cmp!flc~1 data fit with iitlle t!lcoret!cal 

basIs. 

2.2.9 Ideal Adsorbed Soiution Theory 15 

A morc sophisticated way of predicting binary and multlcomponent equilibna 
from smgle·cornponent Isotherms IS the ideal a(1sorbcd solution theory. For a 
smgie-component system the relationship hetween: spreading pressure tlnd 
loading can be found directly by integratIOn of the Gibbs Isotherm (Eq. 2.12): 

7tA -1Ft Or )dp 
RT - q, \ P f) 

() 

(2~16) 

where A is now expressed on a molar IJaSls. The Gibbs Isotherm for a binary 
system may be wntten as: 

Ad-rr 
RT = q A d In PA + lJ Ii d In PH (2.17) 

or, at constant total pressure (P): 

Ad7t 
RT =qAd1nY,.j +q/ldlnYII (2.18) 

where Yi IS the mole fraction In the vapor phase. 
If the adsorbed phase IS thennodynamlcally ideal. the parual pressure PI 

at a specified spreading pressure (7i) IS given by: 

(2.19) 

where Xi IS the moie fraction In the adsorbed phase and pf IS the vapor 
pressure for the single-component system at the same spreading pressure, 
calculated 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 followmg set 
of equatIOns: 

" I (oJ I (oJ " 7TA = I'IA PA = tIll fJlJ = 7T/I 

PA = PyA = P~XA 

.on = PyfJ = pj:x/l 
YA :'YB = J.O 

+ xA=xa=1.0 ( 2.20) 

This IS a set of seven equatIOns relating the nine vanables (x A , .r 8 , \' .. j' 

)lB, P, 7T;:, 7T~, p.~, P;P; so with any two variables (e .. g., P and YA) specified 
one may calculaic all other van abies. 

The total concentratIon II1 the adsorhed phase IS giVen by: 

qtot 
(2.2] ) 
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where q~, q~ arc the adsorbed phase concentrations of components A and 
B, at the same spreading pressure, in the single-comoonent systems. To 
achieve this spreading pressure In the Single-component system the actual 
pressure for the less strongly adsorbed component must be higher (in some 
cases much higher) than the total pressure In the binary system. The 
development outlined here lS for a binary system, but the extensJOn to a 
l11uitlcomponent system follows naturally. 

It should be stressed that the assumption of ideal behavior defined by Ea. 
2.20 does not require a linear equilibnum relatIonship and does not preclude 
the possibility of interactions between the adsorbed molecules. The Implica
tIOn, however, IS that any such interactIOns In the mixed adsorbed phase are 
the same as tn the SIngle-component systems. Such as assumptIOn is IU fact 
less restnctive than it l111ght at first appear. However, it is difficult to tell a 
a pnon whether or not this approximation IS valid for any particular system. 
To confirm the validity reqUIres at least limited expenmental data for the 
binary system. From the perSPCCi!VC of PSA modeling a more senous 
disadvantage of the ideal adsorbed solution theory (lAST) approach IS t.hat It 

provides the equilibrium relationship In Implicit rather than expliCit form. 
This makes it inconveOlent for direct incorporatIOn mto a numcncal simula
tIOn code. 

2.2.10 Adsorption of Atmospheric Gases 

Since air separatIOn IS one of the major applications of pressure swing 
adsorption, a bnef summary of the available eQuilibnum data for sorption of 
argon, oxygen, and nitrogen on some of the more commonly used adsorbents 
IS Included here. Table 2.4 lists the Henry constants and heats of sorotion, 
while Table 2.5 gives a summary of the available smgle and multicomponent 

Table 2.4. Henry Constants and Heats of Adsorption for Atmosphenc Gases 
on Some COlTIlllOn Adsorbents -

Ko X 107
<1 -~II 

Sorhate Adsorhent (mmole/gTorr) (kcaljmoic) 

0, 4A 6.R4 3.2 
SA R3 3.1 
eMS 10.5 3.8 

N, 4A 3.6 4.35 
SA 2.0 5.0 
eMS 10.5 3.8 

Ar SA 5.82 3.36 
eMS 8.0 4.0 

" Ku IS expl-e~sed per gram of zeolitj! ervslal. To e.sllmate the value for pelleled adsorbenl It IS 
necessarv to correct for the presence 01 the bimler (assumed inert). Binder content IS tYPlc<tlly 15-20% 
bv weight. J),Il:l arc from Dl;:rmh cl al.11'> and Ruthvcn and Raghav<tn.~~ Values are approximate, Since, 
parllcularly for eMS adsorbents, there IS considerable VariatIOn belween different materials. 
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Table 2.5. Published Equilibnum Data for Sorpl1on of Atrnosptlenc Gases 
on Common AdsorbentsQ 

Temp. range Pres~. range 

Sorbeni Sorbate (K) (arm) Reference 

4A Zeolite AT 200-300 0-0.8 Ruthven 16 

200-300 0-0.7 Eagan li 

200-300 0-1.0 Sprmger 11l 

306-363 0--0.1 Kumarl~ 

200-300 0-0.8 Ruthven l!' 

300-360 Henrv cons!. Haq2!1 

123-173 0-1.0 Eagan[1 

4A Zeolite 

77 O-Psut 
Stakebake~l 

200-300 0~0.8 Rutlwenll, 

300-360 Henry const. Haq2fl 

305 0- 1.0 Kumar!'} 

195-223 0-1.0· Eagan l1 

5A Zeolite Ar 200-30<) 0-0.8 Ruthven!'" 

304-334 0-1.0 Kuml:lrt'J 

203-297 0-4.5 Miller n 

195-348 O-J 1.0 Wak~.~ugi21 

5A Zeolite 0, 200-300 0-0.8 Ruthven l{, 

300-350 Henry const. Haql~ 

300-394 0-1.0 Kumar t ') 

203-297 0-4.5 Miller 22 

273-303 O-O.S Sonal N 

144 0-2.1 Danner2.~ 

77 O-Psat SlakebaKe 2! 

298 0-0.8 Huang)!'! 

SA Zeolite N, 200-300 0-0.8 Ruthven l
" 

300-360 Henry const. HaQ2~ 

300-421 0~1.0 Kumar I\) 

144 U-1.0 Danner 25 

200~300 0-1.0 Spnnger 1Q 

195,295 0-30 Lederman!"> 

203-297 0-4.5 Miller 22 

27k-303 0-5 S{)fJaI 24 

76 P"" Kidnav 2k 

77-348 0-17.5 Wakasugi 21 

274-34R 0-4.2 Verel~1 2', 

5A Zeolite 2K1-323 1.0 van der Viis! 11 

144 1.0 DannerJ.~ 

2<)~,1n4 I.() Kumar!" 
2Y9,32D 1.0-4JJ Verels1 29 

27fl-303 l.7-4.4 Sona1 24 

298 0.2-4.0 Miller!2 

144 0- 1.8 Danner 25 

144 0~2.9 Dorfman 3
! 

172~2" 0-2.1 Nolan)) 

5A Zeolite 144 0-2.9 Dorfman n 

78-273 0-2.1 Nolan.13 

144 O-i.2 Danner 25 

(Continued) 

I 'II i 
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Table 2.5. (C(lfIll!'Iued) 

Sorbent 

SA Zeolite 

CMS(Takeda) 
CMStBF) 

CMS(Takcda) 

CMS(BF) 

SnrhalC 

Temp. range 
(K) 

144 
172-273 
195-323 
303 
190-273 
77 

77-323 
273-333 

PRESSURE SWING ADSORPTION 

Press. nlJlge 
(aIm) 

1.0 

1.0 
l~ll.O 

0-0.9 
0-0.9 
O-ft9 
()-(L9 

0-0.9 

Reierencc 

Danner 25 

Noian-H 

Kawozoe J4 

Ruthven~~ 

Rutlwen l4 

lIorvath.l7 
Kawazoe.l4 

RUlhven H 

See also Ads(lfptlOf) Equilihrium Data Ham/hook, D. P. Va\em:ucla and A. L Mvers, Prentice HalL 
Englewood Cliffs. N.J. (l9K9). which provides" \Jscful summarv 01 Ihe a"'ltilable adsorptUln CllUilibflllm 
data for a wide runge at systems. 

Isotherm daiil with literature references. The molecules of argon, oxygen, and 
nitrogen are of Similar size and polanzabilitv so their van deT Waals mterac
tlOns are SImilar. As a result nonpolar adsorbents show very tittle selectivity 
hetween these species, as exemplified tly the similanty 10 the Isotherms for 
IlItrogcn and oxygen on a carbon molecular sieve (Figure 2.11). By conlrasi. 
Hle aluminum-rich zeolites show preferential adsorptIOn of niirogen as a 
result of the Held gradient Quadrupole interaction energy. 5A zeolite IS tbe 
most commoniy used adsorbent for air separation (to produce oxygen) and 
the separation factor (essentially the same as the ratio of Henry constants) 
for this adsorbent IS at)out 3.3 at ambient conditions (sec Figure 2.12), This 
value IS almost independent of C0l1100sItion m 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 
Cae for well dehydrated ea X or Li X as well as for ea or Li chabazltes. 31l

,)1l 

The electric field gradient within a zeolite IS enhanced by the presence of 
divalent catIOn (Ca2 +). However, anv traces of mOisture can lead to cation 
hydrolysIs, leading to the formation of two smgly charged ions: 

Ca2++ 2H,O=CaOH++ H 20+ 

with consequent loss of mtTOgen selectiVIty. 

2.3 Adsorption Kinetics 

(2.22) 

The rail..' of phYSical adsorptIOn IS generally controlled by difTuslonal lirmta
tlOn5 rather tlMn by the actual rale of equilibration at a surface, which, for 
phYSical adsorptIOn, IS normally very rapid. From the perspective of sorptIOn 
kinetics, acisorbents mav be divided into two broad classes: homogeneous and 
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Table 2.6. Pore Structure of Typical Adsorbents 

Ilomogeneolls-l1nlmndlll Pore Size 
Distribution 

Silica Gel 
Activated Alumina 
ActIVated Carbon 
Homogeneolls Ion exchange reSlIls 

ComrosHc-Bim(Jdfll Pore Size 
DistributIOn 

Carbon MoleCUlar Sieves 
Pelkted Zeolites 
Macroreucutar Ion exchange resins 
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comoosite (Table 2.6). These are illustrated In Figure 2.13. In the" homoge
neous" actsorhcnts the pore structure penwas, on the same scale. throughout 
the entire particle; so the distributIOn of pore SIze 'is unImodal. Bv contrast 
the composite adsorbent particles are formed by aggregation of small mlcro
porous mlcfOpartlcles, sometimes with the aid of a binder. As a result the 
~ore size dist-ribuilon has a well-defined bimodal chamctcr with mlcropores 
~ithin the mlcropartlcles connected through the' macropores within the 
oellet. 

In a compOSite acisnrheni there are three distmct reslstances to mass 
transfer, as illustrated in Figure 2.14. Under practic.i! conditIOns of Opcfi1tJ()n 

the external film resistance IS seldom, if ever, rate limiting; so thaI the 
sorptIOn/desorption rate IS generally controlled bv either macroporc or 
IDlcrooore 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 anti mlcro
po~e diffUSIOn. Only a bnef summary IS given here; u more detaiied account 
has been given by Karger and Ruthven. 4

/1 

(0) 

\ 
Mlcroporous ) 

-mlcro- -particle 

(b) 

Figure 2.13 Two common Iypes of mlcroporous adsorhent. «J) Ifomogcnc()u<; parti
cle with a wide range 01 pore size (e.g., activated alumina or silica gel.'(h) Composite 
pellet formed hv aggregatIon of small mlcropOfous ffilcropartlclcs (c.g., zeolile or 
carbon molecuiar sIeve adsorbents). 
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Exlernoi 
Fluid Film Representation 

(uniform sphencai 
cryslal\ites j 

Figure 2.14 The reslstanCC$ 10 mass [ransfer in a composite adsorbent pellet. 

2.3.1 Diffusion in Mesopores and Macropores 

There are four distingUIshable diffusion mechanisms that contribute In vary. 
I~g degrees to transport within macro and mesopores (in which the pore 
dlame~e: IS substantially greater than the diameter of the diffusing sorbate): 
bulk diffusIOn, Knudsen flow, POiseuille flow, and surface diffusion. When the 
p?~e diameter IS large, rciative to the mean free path, bulk or molecular 
dIffusIOn IS dommant. Knudsen diffusion, which depends on colliSions be. 
tween the diffusmg molecule and the pore wall, becomes Important at low 
pressures and In small pores when the mean free path IS equal to or greater 
than the pore diameter. 

The molecular diffuSIVlty vanes approximateiy according to the relation
shio: 

TI.7 

Dm a r.; 
PyM 

where M IS the mean molecular weIght, defined by: 
I 1 j 
-~-+-
M MA · MB 

(2.23) 

(2.24) 

~n a b~nary system the mOlecular diffuSlvlty IS independent of compOSition, 
b~lt thiS IS not precisely true of a muiticomponent system. The Knudsen 
dlffuSlvlty IS Independent of oressure and vanes only weakly with tempera
ture: 

(2.25) 

In the transition region, where both mechanisms are significant, it IS easy to 
show from momentum transfer considerations that the combined diffuSlvity IS 
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1 1 
DA = DKA 

(2.26) 

where NA • NB afe the fluxes of comoonents A and B measured relative to a 
fixed frame of reference. If either NA = - N. (equlmolar counterdilfuslOn) or 
Y IS small (dilute system), this reduces to the simple reciprocal additIOn ruie: 

1 1 i -=-+-
D DK Dm 

(2.27) 

It is evident from Eqs. 2.23-2.26 that at high pressures D ~ Dm and at low 
pressures D -'lo D K' 

In addition to molecuiar and Knudsen diffusion there may be a contrjbu~ 
tlOn to the flux from forced flow (Poiseuille flow), The eqUivalent POIseuille 
diffusivlty is glven by: 

D = Pr'/8/L (2.28) 

from which it is clear that this contributIOn IS Significant only In relatively 
large pores and at relatlveiy high pressures. it can be Important in PSA 
systems, particularly in the pressuflzation steo. Any such contribution IS 

directly additive to the combined diffuSIVltv from the moleCUlar and Knudsen 
mechanisms. 

In the mechanisms so far considereci the flux IS through the gas pllase In 

the central regIOn of the pore. Where the adsorbed phase is sufficlCntiy 

mobile and the concentration sufficiently high, there may be an additional 
contributIOn from surface diffuslon 42 through the adsorbed laver on the pore 
wall. Any such contributIOn IS In parallel with the flux from Knudsen and 
molecular diffUSion and is therefore directly additive. Surface diffUSion IS an 
activated process and is In many ways Similar to nllcropote diffUSIOn. hi 
particular the patterns of concentratIon and temperatures dependence are 
Similar to those for mIcro pore diffusiOn. as discussed 10 the next section. 

2.3.2 Micropore DiffuSIOn 

We use here the term mlcropore diffuSIOn to mean diffUSIOn 10 pores of 
dimenSIOns comparable with the diameters of the diffuSlOg molecules. In this 
sitUatIOn the diffusing molecule never escapes from :the force field of the pore 
wall. The process resembles surface diffusion JO that it IS an activated 
process, but stene restnctions are also Important and 10 many lTlstances the 
diffusJOnai activation energy IS In fact largely determIned by the size of the 
diffusmg molecule reia[lve to the smallest free diameter of the pore. In such 
small pores It no longer makes physical sense to distmgulsh between ad
sorbed molecuies on the pore wall and "gaseous" moleCUles In the centra! 
region of the pore. and it IS oreferable to regard all sorbate mOlecules within 
the micropores as the "adsorbed phase." 

! il 
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A strong concentration dependence of the rmcropnrc dilTu.r;,lvltv I~ com
monly observed. and In many cases this can be accounted for slmpl" hy 
considenng the effect of system nonlineantv. The true dnving force for any 
diffusive process IS the gradient of chemical potentiaL rather than the 
gradient of concentration, as assumed In the Fickian formulation: 

(2.29) 

where the chemical potenwd IS related to tile activity by: 

p.. = J1Y + RT In a (2.30) 

For an ideal vapor phase the activity IS essentwlly equal to the nartJai 
pressure; so Eqs. 2.29 and 2.30 reduce to: 

dIn n 
D ~ D"dln a' 

I 
2 , 3 
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where D is the Fickian diffuSIVlty, defined In the usual way by: 

J ~ _D da 
dz 

(2.32) 

In the limit of a linear system (Henry's Law) d In p / d In t} -'" 1.0 and the 
Fickian diffllSiVity beCOmes independent of concentratIOn. For most ffilcro
porous adsorbents, however, the Isotherm IS of type I form; so _ EQ. 2.31 
predicts an mcreasmg trend of ditfuSlvltv with concentration. In particular, 
for the Langmulf Isotherm (Eo. 2.3): 

din () 
,/ 1 n a ~ -'--'q-j7q:-, ~ 1=71' (2.33 ) 

from which it may be seen that, 10 the saturation region, the concentration 
dependence IS, very strong. Although there is no sound theoretical reason to 
expect the corrected diffuSIVlty (Do) to be Independent of concentratIOn, this 
pattern of behavior has been observed experimentally for several sorbates on 

10r-------------, 

"" lO"! 2 
IA \0"3 3 

"" , 

<> lO·t \ 
10-1"7 H, ..... "'''''';'.4'.\ 

2. 1 i. 5 
Moleculor Diameter cA.) 

(8) 

(b) 

Figure 2 .. 16 Correlation of,diffuslvlty and diffuslOnal activation energy with molecu
lar diameter for several sorbates In 4A and 5A zeolites and carbon molecular Sieves. 
~a) Diffmaonal time constants for differeni molecular Sieve carbons; (b) and (c) 
diffUSional activatton energies: for VaflQUS molecular sieve carbons and 4A and SA 
zeolites. (From Schroter and Jiintgen3f1 and Ruthven, I with permission.) 
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Figure 2.16 (Colltuwed). 

both small-pore zeolite and carbon molecular SICVt,t adsorbents (sec Figure 
2.15). 

Micropore diffusion IS an activated process; so, In contrast to molecular or 
Knudsen diffusivltlCS. the temperature dependence IS strong and generally 
follows the Arrhenius form: 

(2.34 ) 

where E is the activation energy. In View of the concentration dependence of 
D; It IS obvIOusly more useful to calcuiate the activatiOn energy from the 
temperature dependence of Do, rather than from that of D. In smail-Dore 
zeolites and carbon molecular Sieves the major energy barfler is Simply the 
repulSive Interactions associated with the molecule D3ssmg through constnc
tions In the pore. As a result there IS a well-defined correlation between 
activatiOn energy and mOlecular diameter. as illustra.ted In Figure 2.16. 

2.3.3 Uptake Rates in Single Adsorbent Partjcles 

In a packed adsorptiOn column (for example, In a PSA system) the adsorbent 
partIcles are subJected to a ume-dependent surface concentration, and in 

:1,1 
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such cIrcumstances the sorptIOn /desorptlOo rate depends on both the resIs
tance to mass transfer and the tIme 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 simpler problem ,of sorptIon 10 a smgte adsorbent particle subjected to a 
step change In surface concentratIon. To do this It IS necessary to consider In 

sequence the various possible mass transfer resistances that may control the 
sorption ratc. Of course in practice more than one of these resIstances may 
be significant, but in order to avoid undue complexIty we assume here 
sphencal adsorbent partlcies and a smgle rate-controlling process. We as· 
sume a general expression for the eauilibnum Isotherm (q* = fCc)} and in all 
cases given here the assumed initial and boundary conditions afC: 

t < 0, q ~ C ~ 0; t > 0, C ~ C U' aiR, ~ KCG (2.35) 

2.3.4 External Fluid Film Resistance 

SorptIOn rate: 

dii _ 3k, • 
dt - R [co - C ], 

P 

C* ~ fun (2.36a) 

Uptake: 

ii ~ 1 - exp ( -3k,i), 
qu . Rp . 

(2.36b) 

The mass transfer coeffiCIent (k,) depends In general on the hydrodynamIc 
conditIons but In the specIal case of a stagnant gas (Sh ~ 2.0)k, ~ Dm/R,. In 
practice the external fluid film resistance IS normally smaller than the 
mternal (intraparticle or mtracrystalline) diffusional resistances; so this pro
cess IS seldom if ever rate controlling, although in many systems it mak.es 
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 intener 
of the adsorbent particle, for example, as a result of partial closure of the 
pore mouths, the concentratIOn profile will show a steplike form with a sharp 
change 10 concentrattOn at the surface and an essentially constant cuncentra
tion through the IOtenor region. In this situation the expressiOn for the 
uptake rate IS similar to the case of external film resistance but with the mass 
transfer coeffident ks representmg the diffusional resistance at the solid 
surface. Sorption rate: 

dij 3k, _ 
dt ~ R(qo - q), 

p 
q" ~ f(co) (2.37a) 

~ .• 
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Uptake: 

ii 
-~ f 

- 3k i \ 
1 - exp --'-' J 

\ Rp 

2.3.6 Micropore Diffusion 
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(2.37b) 

We assume Instantaneous eQuilibralion at the external surface with the 
approach to equilibrium 10 the mtenor of tile sphencal partIcle controlled bv 
Fickian diffusion with the diffuSIVlty defined on the baSIS of the gradient of 
the adsorbed phase concentratIOn. Local sorption rate: 

aq ~ D (?:. oa + 
at e r ar (2.38a) 

Uptake: 

(2.38b j 

At short times this expreSSIOn IS approXimated by: 

i/, _ 6" D,i 3 Dl 
=- - - V -~. - -, 
q<t> re 7T re (2.39) 

This expression is accurate to within 1 % for m,/m"" < 0.85 (or Dellr; < 0.4). 
The first term alone provides an adequate approxImation for the mitial 
regIon (m,/m~ < 0.15 or D,I/r; < 0.002). Confdrmltv with these eXpres
sions is illustrated In Figure 2.17. The difference between the fonns of the 
uptake curve denved from the diffusIOn model and the surface resistance 
models (EQ. 2.37 Or 2.38) IS illustrated In Figure 2.20, while the temperature 
dependence of Do IS shown 10 Figure 2.18. 

The situation IS more complicated m binary or multlcomponent sYstems, 
SInce It is then necessary to take account of the effect of component B on the 
chemical potential of component A. As the Simplest realistic example we 
consider an idealized system In which the cross tenns In the flux equatiOn can 
be neglected and lTI which the mobility IS mdependent of COmpOSitlOn. The 
detailed analysis has been given by Round, Newton, and Habgood 4R and by 
Karger and Biilow.49 We have for the fluxes: 

-D (dlnPAjiJ qA 
OA dlnqA iiz 

N I d In PB j oq. 
• ~ -DOBl d In qn 7fZ 

(2.40) 

If the eauilibrIum ISotherm IS of binary LangmuIf torm (Ea. (2.13), the 
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Figure 2.17 Expcnmcnlai uptake curves (a) and (b) for O 2 In the Bcrgbau
Forscbung carbon molecular sieve at 193 K and (c) and N,) in three different Size 

fracl100s ()f 4A zeolite crvstais. sbowmg conformity with the diffusion model. From 
Ruthven l

" and Yuce1 and Ruthvcn:u 
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Figure 2.17 (Continued). 

diffUSIOn equation takes the form: 

iJ0A fJ.,,, [ 
Tt~-(I-ti-B)(I 

.4 H 

2 a(J,'1 \ 
+ --J r il,. (2.4 I) 

with a Similar eXDression for component IJ. These expressions arc lIsed in the 
modeling the dvnamlc behavior of the kinetically sdectlve eMS adsorhents 
(see Sccllon 5.2). 

2.3.7 Macropore DiffusIOn 

Locai sorptIOn raic: 

8c \ oa _ i 2 {Ie a2c \ 
'pai + (1 - 'P/ill - 'pDp\ R JR + <1R'! 

If the equilibrium is linear (q* "'" Kc), this reduces to: 

(2.42) 

(2.43 ) 
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Figure 2.18 ArrhenIUs piot showing tile temperature dependence of mlcropore 
diffuslvilies for (a) O 2 and N2 in Bergbau carbon molecular sleves 35 and (b) for 
several tight gases in SA and 13X zeolite crystals.50 

which has the same form as EQ. 2.38a with the efIectlve diffuSlVlty gIven by: 

(2.44a) 

The sorption curve IS then of the same form as Eo. 2.38a but with D replaced 
by DI! and r replaced by Rp. Since K vanes with temperature In accordance 
with Eq. 2.38b, the uptake behaVIOr gives the appearance of an activated 
diffUSIOn process with £ - - 6.H. The case of a nonlinear eauilibrium 
relatIOnship IS more complex and corresponds formally with a concentratlOn
dependent effectlVe difl'uSIVlty given by: 

(2.44b) 

where f(e) represents the slope of the eQuilibnum Isotherm (dq* Ide). 
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Figure 2.18 (Contmued). 

2.3.8 Heat T ran.fer Control 

47 

Since adsorption or desorotlOn IS generally associateq with a significant heat 
effect (exothermic for adsorotion), sorption/desorotiOn rates may be Influ
enced or even controlled by the rate of heat dissIPation. Such effects have 
heen investigated both theoretically and expenmentalIy.45,4fi In the limiting 
situatIOn in which all mass transfer processes are rapid, the sorption rate IS 
controlled entirely by the rate of heat dissmation, and the sorptIOn/desorp
tion curve assumes a very slmpie form: 

m. B {ha f \ 

m~ ~ 1 - j + B exp l - c, (1 + B) j (2.45) 

The expenmentaJ adsorptIOn/desorptIOn curves for carbon dioxide In 5A 
zeolite crystals, presented In Figure 2.19, conform to this simple model. As 
with the diffuSion or surface resistance mass transfer models, the approach to 

i.1 
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t (sec) 

Figure 2.19 SorPtion curves for CO~ 10 SA zeolite crvstals showmg conformltv with 
the heat lran~fcr control modeL (Fro;n Ruthven et a1.45 ) 

eauilibnum in the long~t1me region IS loganthmlc. However, In the case of 
mass transfer controi the intercept of a olot of 10g(1 - mJm,) versus f is 
Invanant, whereas for heat transfer control this Intercept [,8/0 + ,8)1 vanes 
with sorbate concentratIon because of the noniineanty of the equilibnum 
relationship. 

2.3.9 Kinetically Selective Adsorbents 

The different rate-controlling mechanisms delineated here are clearly illus
trated by the sorption kinctlc~ of oxygen and nitrogen In the common PSA 
adsorbents. The adsorbents llsed In the PSA production of nitrogen (carbon 
molccuiar sieves or 4A zeolite) depend on the difference in sorption rates 
between oxygen and llItrogcn. The oxygen molecule IS slightly smaller ano 
therefore diffuses faster In criticallv Sized micro pores (-- 4 .I~J. Representative 
gravimetric liP take curves for oxygen and nitrogen In 4A zeolite and In 

carbon molecular sieve showmg conformity with the diffUSion mouei are 
shown In Fij..tllrc 2.17. and the. ArrheniUS temperature dependence of the 
mlcroporc ditfusivities Is shown 111 Figure 2. 1R A summary of dilfusivitlCs and 
llitruslonal activatll)Jl energies IS given in Table 2.7. However, not all carhon 
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Table 2.7. Diffusion of Atmosphenc Gases In Vanous Zeolites 
and Molecular Sieve Carbons" 

Sorbent Soroa(e TiK) D (cm~ $ .,) 

13X Zeolite. 0, 2fJO 2.) y 10' fo 

N, 200 2.1l A 10 
.,. 

SA Zeolite 0, 200 2.2 X 10- 7 

N, 200 L2 X 10- 7 

Ac 200 5.5 X 10'-7 

4A Zeolite 0, 273 loti x In-II 

N, 27~ 4X!O-HI 

Ar 273 ~ X In-II 

eMS °2 300 J X 10,-11 

(Berghau) N. 300 1.1 x 10 " 
eMS 0, l(JO 1.9 y 10 " 

(Takeda) N, 300 3.4 X IW w 
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E (kcal/mote) 

.1.4 

1,3 
2.7 

2.5 

4.5 
5,6 

< " . , 
5.S 

65 
n." 
7.4 

n,HIl flr~' from Xu d hL~11 RUlhven and nernth.l~ RUlh\'~'n t'[ ilL.'" lmd Chihara t~1 :l1.~1 inlntl"rV"
tall inc dilTus.ivitv values ;Ire qUIlled '-\1 the spccilicti lcmpcralUL'c. Fil," MSC ;1 [\\ll11ln;!l lill\"l'I'I'.lnidc 

radius of I j.tffi is assumed. In pracllce, til SA and UX zeolites the controlling re~ISlance IS macropore 
diffUSIon; so these values do not relate uirectly to sorptIOn rale~. 

molecular sieve adsorhents exhibit diffUSIOn control. The data reported bv 
Dominguez et al:H (Figure 2.20) show that some carhon SICVC,> conform much 
more closely to the .surface resistance model (En. 2·,37). Such differences are 
not unexpected In view of the way In which carbon moiecular sieve adsor
bents are produced. If in the final dePositIon process carbon IS depOsited 
predominateiy at the surface, thus partIally clOSIng the pore mouths. the 
kinetics can be eXpected to follow the surface resistance model, whereas if 
carbon is deposited more or less uniformlv through the particle, ditfuslOn
controlled behavior IS to be expected. 

0·'lS1 LOF _ -" ! 
I 

, 
-6 ( 

• 05~ DiffUSIOn I 
E I 

" ; 
E ! 0" I 

0.25 -;stu A eMS i I 0 eMS 2 
I , >6 I 

0 
0 0.5 1.0 1.5 2.0 

t Itlll 

Figure 2.20 Uptake curve.'i for N2 10 two diffcrCflI .'i<Jmpic.<; of carh<m mnlccul~lr 
sieve. eMS I oheys the diffUSion model; eMS 2 obcvs the surfflcc resl~tance model. 
{AflCr [)(llnlngUCZ C\ al.~7) 
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Figure 2.21 DesorPtion curve!> for N, measured at ~ 80"C. under similar condition~, 
with three different particle sizes of SA zeolite pellets. See Table 2.8. (From 
Ruthven.54

) 

2.3.10 Equilibrium Selective Adsorbent. 

The adsorbents used III the PSA oxygen process are generally zeolites (CaA, 
NaX, or CaX). In these matenals diffusion of both oxygen and nitrogen IS 

rapid and the scnaration depends on the preferential (equilibrium) adsorp
tion of nitrogen. SorptIOn rates In these adsorhents are controlled by macro~ 
POre diffusIOn, as may be clearly seen from measurements with different 
particle sizes (Figure 2.21 and Table 2.8), The vanation of effective diffuSIVlty 
with temnerature IS shown In Figure 2.22. At ambient temoerature transport 
within the macropores occurs mainly by molecular diffusion. The effective 
diffuslvily IS gIVen by Eq. 2.44 with EpDp ~ Dm/tO. At lower temperatures 
the contributIOn of surface diffusIOn becomes SIgnificant, and, as a result, the 
Arrhenius plot shows distmct curvature. 

Table 2.8. Diffusion Time Constants for Nz in Different Size Fractions of 
CommerCial SA Zeolile Adsorbent Parlicles" 

R! = 1.03 mm R2 = 0.42 mrn 
DeIR~[~ D.jR~ 
(s - I) (s - I) Time cons\. Rallo 

T(K) milO (RI/R~)2 

193 (l.OOlll O.{)O~3 5.3 6.0 
174 n.OOOM OJ1O:tH 5.9 

The um.:: cimstnnt v~lncs wllh R". shOWing macro dil]"II~l()n COnl(ol. 
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Figure 2.22 ArrheniUS plot showmg vanatlon of effectIve (macropore) diffusIVliV with 
temperature for 02 and N2 In pclleted SA zeolite. (From Rllthvcn.-~4) 

2.3.11 Separation Factor and SelectIvity 

In an equilibnum based separation the selectIVIty of the adsorbent IS gov
erned by the separatIOn factor. defined in Eo. 2.14. For a LangmUir system 

this factor IS equivalent to the ratio of the' Henry's Law constants. so 
comoarison of the Henry constants (or the chromatographic retentIOn vol
umes which are directly related tn the Henry constants through Eq. 2.(1) 
provides a sImple and convenient approach for preliminary screenmg of 
potential adsorbents. 

In a kinetically controlled separatIOn process the situation IS somewhat 
more complicated, since the selectiVity then depends nn hoth kinetiC and 
equilibrium effects. In a membrane type of process which operatc~ under 
steady-state conditions (see Section S.l), the seriaratlOn factor, at high 
pressure ratios, approaches the permeahilitv ratio (Eq. B,8) LC .• the product 
of the ratio of diffuslvities and equilibrium constant~. The reduction in 
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Table 2.9. Kinetic Selectivities for 02 / N2 Separation at 298K_o 

Adsorbent Ko,/KN, Do./DN, "K 

eMS (Bergbau) 1.11 147 12.1 
4/\ Zeolite 0.28 40 1.75 
RS 10 (Modified 4A) 0.5 40 3.2 

~ Kinetic and equilibnum parameters for eMS and 4A zeolite are Irom Tables 2.4 and 2.7. Values for 
RS·JO ;Ire trom S. Farooq, M. N. Rathor, lind K. HidaJal, Clrern. Eng. Sci. (in press). 

SelectiVity which occurs when kinetiC and equilibrIum seiectlvltles are In 

OPPosition IS obVIOUS. 
A somewhat similar situation anses In kinetically controlled PSA pro

cesses, which operate under tranSient conditions. When the kinetics are 
controlled by a diffUSive process (normally Intracrystalline or micropore 
diffUSIOn), the uptake, followmg a step change in gas phase concentration, IS 

given by Eq. 2.39. For a linear isotherm this reduces, In the short tIme region, 
to: 

(2.46a) 

If two specIes (A and B) diffuse independently and theIr Isotherms arc also 
independent, the ratio of their uptakes at any time will be given by: 

( 
qA/CA \ KA [lJ; 

a K = qu/cu) = K8 V If;; (2.46b) 

This parameter provides a useful approximate measure of the actual kinetiC 
selectiVity of thc adsorbent. in any real system the assumption that the two 
speCIes diffuse mdependentlv is unlikely to he accurately fulfilled, hut Eo, 
2.46b IS still very useful as a rough guide for mitial screenmg of kinetIcally 
selective adsorbents, It shows clearly that the actual selectivity depends on 
both kinetic and eQuilibnum effects. 

Values of a K for three kinetically selective adsorbents for 02/N2 separa
tion are gIVen in Table 2,9. The supcnonty of the carbon molecular sieve 
over the zeolite adsorbents IS clearly apparent. Furthermore, It is evident that 
the advantage of RS-IO compared with regular 4A zeolite sterns from a less 
adverse cQuilibnum rather than from any difference in the mtnnsic diffuSIVlty 
ratio. -

2.4 Adsorption Column Dynamics 

Since PSA processes are generally carried out with packed adsorption 
columns, an elementary understanding of the dynamIC behaVIor of a p~Cl<ed 
adsorbent bed IS an essential prereqUISite for process modeling and analYSIS. 
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The dynamic behaVior of an adSOfPIlOn column depends on the Interplay 
between adsorption kinetics, adsorptIOn equilihflum, and fluid dvnamlcs. 
However, the overall pattern of the dynamic behaVIor' IS generally detemllned 
by the form of the equilibnum reiatJonship. This pattern may be strongly 
modified by kinetic effects (finite resistance to mass transfer), but, in general, 
kihetlc effects do not give nse to Qualitative differences In behavIOr. It IS 

therefore useful to consider first the analysIs of the dynamics of an ideal 
system with mfimteiy rapid mass transfer (equilibrnim theory) an'd then to 
show how the ideal patterns of behavIOr are modified In a real system by the 
mtruslOn of fimte resistance to mass transfer. 

2.4.1 . Equilibnum Theory 

The formal analysis of adsorptIOn coiumn dynamiCs starts from the basic 
diiferent131 equation derived from a tranSient mass balance on an ciement of 
the column. If the flow pattern IS represented bv the aXlallv dispersed plug 
flow model, this assumes the form: 

a2c iJ (. 1 - e \ (10 
-DL -, +r;rr!vc) + --}T ~ () 

az ~ol E vi 
(2.47) 

If aXIal disperSIOn and pressure drop through the column can be neglected 
and if the concentratIOn of the adsorable species IS small. this expression 
reduces to: 

v- + - + -- - ~O GC ac ('. 1 - E ) iJ(j 
az at E iJt 

(2,48) 

In the absence of mass iransfer resistance local eauilibnum prevails at all 
pOints (i.e., q = q;) and if the system IS Isothermal, q;* = f{ c;), where f( c) 
represents the equilihnum Isotherm. Under these conditions Eq. 2.4K he~ 

comes: 

[V/(1+ (1-£) dQ7 )]ac + Jc ~O 
L ! £ dc, az at 

(2.49) 

This equation has the form of the kinematic wave ;eQuation with the wave 
velOCIty given by: 

If ( 1 -- ') dO"] 
wc=u ... 1 + _~ de (2.50) 

If the equilibnum relatIOnshio IS linear (a ~ Kc). 

(2.51 ) 

and It IS evident that the wave velocity IS mdependent of concentration. For 
an unfavorable equilibrium reiatlonship (Figure 2.9) do* Ide Increases with 
concentration so w decreases with concentration, leading to a profile that 
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Figure 2.23 DcveloDmem of the concentralion profile III an adsorpilon column with 
negligible mass transfer resistance. (a) For an "unfavorable" equilibrIUm relationship 
the profile spreads as Ii propagates, approaching proponionate pattern behaVior. (b) 
For a "favorable" eQuilibnum reialiol1ship an mitially dispersed profile IS sharpened 
as Ii propagates, approaching a shock wave. (c) For a BET-type IsoUlerm the 
asymptotic form IS a combination of a shock and a proportionate pattern wave. 

spreads as it prooagates rFigure 2.23(a)]. Since the orofile spreads 111 direct 
proportIOn to the distance traveled, this is referred to as "proportIOnate 
pattern" behavior. 

'The case of a favorable equilibrium Isotherm is slightly mare cOiUoiex. 
dar+. Ide decreases with concentratIOn; so, according to Eo. 2.49, w will 
mcrease with concentration. This leads to what IS commonly referred to as 
"self-sharoemng" behavior. An initially dispersed profile will become Jes_s 
and less dispersed as It propagates [Figure 2.23(b)], eventually approaching a 
shock transition. Equation 2.50 predicts that the sharpening of the. profile 
would contmue, even beyond the rectangular SllOek form, to gIve the OhYSl-
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cally unrealistic overhanging profile s\wtched lfl the -figure. In fact this does 
not occur; wilen eauilibrlum theory predicts an overhanging profile tl1e 
contmuous soiutlOn IS In fact reniaced by the corresponding shock. whiCh 
travels with a velOCity (w') dictated by a mass balance over the tranSi1lOn: 

w; ~ v/[ 1 + CY) ~:'] ( 2.52) 

If the isotherm has an inflexIOn Domt (e.g., a type II Isotherm), It may be 
regarded as a combinatIOn of "favorable." and ".unfavorable" segments. 
Equilibrium theory then predicts that the asymptotic fann of the concentra
tIOn profile will be a composlie wave conslstmg of a shock front with a 
proportionate pattern wave or a proportionate pattern wave followed hy a 
shock Isee Figure 2.23Cc)1. 

Another SituatIOn m which a shOCk solution IS -obul.Ined ansc.'" In hulk 
separations, where the Change In flow rate due to adsorption IS relatively 
large. For a bulk separation we have in place of Eq" 2.48: 

aC ()lI iJc ("-IO)(JZj v- + c- + - + -- -:-- = 0 
ilz dZ (Jt £ ill 

(2.53 ) 

where, for an Isobaric system with an adsorbable component In an inert 
carner: 

v 
Vo 

I - Yo 
T=y (2.54) 

Expressed In terms of the mole fractIOn of the adsorbable (or more ad
sorbable) component, Eq. 2.53 becomes, for a linear equilibrium system: 

{v,,(1 - yo)/(i - y)'[1 + (~ : e)K]} ~~ + ~; ~ n (2.55) 

whiCI1 evidently represents a traveling wave with the wave veiocity given by: 

!:':. ~ {(I - yo)/(I - y)'rI + (~)K]} 
Vo . L E.' 

(2.56) 

Clearly W Increases with Increasmg Y, Just as In the case of a trace system 
with favorable equilibrium, so that, according to equilibrium theory, there 
will be a Shock transition. 

2.4.2 Asymptotlc 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 relatIveiy minor effect on the asvmototlc form of the 
concentration profile. This may be understood from Figure 2.24, which shows 
the Qualitative form of the concentration profiles m a column followmg a step 
change In concentrations at the mlet. Because the Isotherm IS of unfavorable 
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Figure 2.24 Schematic diagnull showing (a) approach to constam pattern hehavlor 
for a system with a favorable Isotherm (h) approach to proportionate pattern behavior 
for a system with 1m unfavorable isotherm. y aXIs: c/c(j,--; q/qn,~~-; c· /cn,-- -

,\" 1"1, .. -'\ 1'10 - _. _. 

form, the profile (1* /qo, representing local equilibrium between fluid and 
adsorbed phases, lies above the actual adsorbed phase profile (q/qu). 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 ioeal equilibrium at all 
points In the coiumn (i.e., the profiles a'" /qo and cleo are coincident). 
Thereafter the profile will contmue to propagate m the proportIOnate pattern 
mode dictated by eQuilibnum theory. In this SItuatIOn the effect of mass 
transfer resistance or axial mixmg m the column IS simply to Increase the 
distance required to approach the proportIOnate pattern limit, but the 
ultimate from of the asymptotic profile IS not affected. 

When tile Isotherm IS of favorahle form, the order of the profiles is 
reversed (Figure 2.24(a)]. and the profile q/qo now lies above a* /qn' As the 
orofiles propagate and converge, the limiting Situation In which qlqo = cleo 
is approached with the profile a* Iqo still lagging. This represents a stable 
situatlon smce there remains a finite dnvmg force for mass transfer but this IS 
the same at all concentration ievels. As a result this asymPtotic profile will 
propagate without any further change of shape. For obvious reasons this IS 
referred to as "constant pattern" behavIOr. Thus, where eQuilibnum theory 
predicts a shock. transition, 10 practtce 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 mixmg III the 
column. If these effects are small; the constant pattern limit will be ap
oroached rapidly, and the resuitlng profile will be very sllarp, approaching 

. I 
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shock fonn. On the other hand, if mass transfer resistance and/or aXlai 
mlxmg effects are large, the distance reqmred to :approach the constant 
pattern limit will be large and the form of the asymntotlc profile will be 
correspondingly dispersed. 

As with the unfavorable case, both the form of the asymptotlc profile and 
the distance required to approacl1 this limit are also affected by the curvature 
of the isotherm. When the Isotherm IS strongiy curved (highly favorable), the 
asymptotic limit will be approached raDidly and will be correspondingly 
sharp, whereas where the Isotherm IS of only slightiv favorable form. the 
asymptotic profile will be reached only lfl a very long column and will be 
correspondingly dispersed. It IS evident that, Ifl the case of an isotherm with 
an mflectIon, where equilibrIum theOry predicts a compOSite wave one mav 
expect to see In practice a combinatIOn of constant pattern and proportionate 
pattern profiles as the asymptotic waveform. 

2.4.3 Linear Systems 

When the Isotherm is linear, equilibrium theory predicts that the profile will 
oropagate withoui change of shape. The effect of mass transfer resistance 
and aXl3i dispersion is to cause the profile to' soread as It prooagates. 
Detailed analysis (see the folIowmg) shows that the spread of the profile 
Iflcreases In proportIOn to the square root of distance (or time). There is no 
asymptotic limit; such behaVIOr contmues mdefinitelV. 

2.4.4 Dynamic Modeling 

Knowledge of the asymptotic orofile forms IS helpfUl In understanding the 
dynamiC behavior of an adsorotmn column, but 10 most PSA systems the 
column length and cycle time are not sufficiently long or the Isotherm 
suffiCiently strongly curved for the asymototIc profiles to be close I\' ap
proached. To model the dynamiC behaVIOr j[ IS therefore necessary to solve 
Simultaneously the differential fluid phase mass balance for the column With 
the appropriHte adsorption rate expressIOn. If heat effects arc Significant, the 
problem becomes even more difhcuit, smce It is the:n necessary also to solve 
the differential heat balance equation. 1'he general formulatIOn of this 
problem together with vanous possible sIDlOlificatlOns are summarized 10 
Table 2.10. Even if the equilibna are simole (e.g .• ,'linear or LangmUir), the 
problem is far from trivial and the numerical computations are bulky. It is 
therefore essential to consider carefullv the po-ssibility of introducmg appro
pnate SImplifying approXimatIOns. 

2.4.5 The LDF Rate Expression 

In most adsorptton systems the kinetiCS are controlled mainly by intrapartlcle 
diffUSion, hut the usc of a diffu~JOn equatiOn to model the kinetics introduces 

! ,iLl 
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Table 2.10. Mathematical Model for an Adsorption Column 

Diffefl'111I;,1 
11lIhmct" for 
fluid phase: 

Heat baiance: 

Initial conditions: 

Equilibrium: 

1. Linear rate modeis 

a. Fluid fIlm resuilanc:e 
ilq 3k f ,. 
iil=R(c-c) , 

h. Solid film reslslance 
(lq 
iii" = k(q" - if) 

,'I' 
})!. = () for plug JIow: iii = () for Irace svsiem 

,1T '[ (I-E) jaT {,egaz + Cg + -,- Cs iii 

= (-;111)(! -. ')f1Q _ 4h(T_ 'f,) 
F ill -;J U 

Adsorption. 
Desorption, 

ij(z,O)=O, C(O,f) =0: 
ij(z,O) = lin. c(O,I) = () 

Linear. q* = Kc:. LangmuIr, 
Q" be 
qs = i + be 

2. Solid diffusIon 

L D,. = constant 
Ii. D~ = DuO - q/tIS)-1 

q(r,O) = (l OT (/0 

q(r,:, i - z/v) = q*(z, r) 

ilq 
Jr((),t-z/u)=O 

(j..:q= l.fTCqr2dr 
r;.' u 

.J. Pore diffusJon 

(Jc (lq 
Ep at + (1 - €p)7i/ 

= €~p :R(R2~h) 
Dp constant 

[j{r,O) = () or /[ll 

ij{R p• f _. z/,') "'" q·(z. r) 

aq 
aR (0. tl ~ 0 

- 3 f"'1 ) ij= - q(l ~€o 
R~ H ' 

+€pclR 2 dR 

an additIOnal differential equation with associated boundary conditIOns. For 
many different boundary conditions diffusion~control1ed kinetics may be 
satisfactorily represented by the so~called "linear driving force" (LDF) ex
pression: 

a" ~ k( * _ -) at q q (2.57) 

where k ~ 15D,/R' The validity of this apprOXimatiOn, first lOtroduced by 
Glueckauf,52 has been confirmed for many different mitlal and boundary 
conditions. Its applicability to a snnple LangmUir system is illustrated m 
Figure 2.25. It IS evident that with the time constant defined in an appropn
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 Thcorctu;u[ breakthrough curVl:S calculated for Q nonlinear O.Hngmuu) 
system showmg the comparlson between the LDF model (--), the macropore 
diffusIOn model (----), and the mtracrystalline diffusion 'model (~ -'), based 011 the 
Glueckauf approXimation, k = 15De I R2, r = kt, {= kQo:z(l- d/6{'CW For mtracrvs
talline diffusion DeIR2=Dc/r;; for mncropore diff\1S10n DeIR-=EpDI'/l€p+ 
(I-Er,)dq*/dclR!. {3= l-qU/({s' (From Ruthven,! with pcrnusslon.) 

" " . 
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Isotherm does not deviate too greatly from lineanty, and It tends to break. 
down as the rectangular iimlt IS approached. A more senous defect, from the 
perspective of modeling PSA systems, IS 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 IS relatively long (L/v » R2 /D,), but 
It proves to be a serious limitation In certam PSA processes where the cycie 
time is short rela[lvc to the diffusion time. 

2.4.6 Combination of Resistances 

In a real adsorption systems several different mass transfer resistances may 
contribute to the overall kinetiCS. When the equilibrium IS linear (or at ieast 
not severely nonlinear), It IS relatively simple to combine these resistances 
mto a slOgle overall linear driving force mass transfer coeffiCient based on the 
reelOroeal addition rule: 

(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 pulse response arc d~fined by: 

100 

et dt 
J..t. == _0 __ 

{edt 
o 

fe(t - JL)' dt 
(T 2 + JL 2 ~ -",0_--, __ _ 

fedt 
() 

(2.59) 

(2.60) 

For a linear adsorptIOn system It may be shown that the first moment IS 
related to the equilibrium constant by: 

(2.61 ) 

where, for a biparous adsorbent, K = Ep + (l - E!.)wKc• The reduced sec
ond moment IS gIVen by: 

(2.62) 
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For K;::p 1.0 this simolifies to: 

(2.63 ) 

where the three term.s within the final set of large parentheses represent, 
respectively, the film resistance, macropore reSistance, and mlcropore resl!\
tance. For a Similar system In which the mass transfer rate IS controlled by a 
iinear rate expreSSion (EQ. 2.57) the corresponding expreSSIOn for the re
duced second moment IS: 

(2.64) 

whence It IS evident that the eqUIvalence relatIOn IS provided by Ea. 2.58. 

2.4.7 Multicomponent and Nonisothermal Systems 

So far In our diSCUSSIOn of column dynamiCs we ihavc considered only an 
Isothermal Single adsorbable component In an mert (nonadsorbing) carner. 
In such a system there IS oniy one mass transfer zone which may approach a 
constant pattern, proportionate pattern, or a combined form, depending on 
the shape of the equilibrium Isotherm. The situatIOn remams qualitatively 
Similar when there are two adsorbable components (with no men) since the 
contmuity condition then ensures that there can be oniy one transition or 
mass transfer zone with the velOCity and shape detennmed by the binary 
eQuiIibnum Isothenn. The addition of another component, even an inert, 
however, changes the SItuatIOn m a rather dramatic way by Introducing a 
second mass transfer zone. The two mass transfer ,zones will propagate with 
different velOCIties so the orofile will assume the fonn sketched in Figure 2.26 
with an expanding plateau region between the two tranSItions. Both transi
tions may be of proportionate pattern, constant oattern, or combined form, 
and the plateau concentration may be higher, lower, or mtennediate between 
the mitial and final states depending on the preelseJorm of the Isotherm. It IS 
evident that even with only three components, the profile may assume a wide 
range of different forms. 

These conclusIOns, reached here by IlltUltlve arguments, follow directly 
from the eQuilibnum theory analYSIS. For a three-component system there 

will be two equatIOns of the form of Eq. 2.47 plus the overall conunUlty 
eauation, whiCh, where pressure drop can be neglected, Simply takes the 
form: 

e, + c, + c, ~ Co (constant) (2.65) 

Corresponding to each of the two differentIal balance equatIOns there will be 
a wave velOCity (from Ea. 2.50 or 2.52), and it IS clear that since these 
velocities deoend on the local Isotherm slope, they will In generai be 

II J 
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Figure 2.26 Companson of theoretIcal (--) and experimental (- _.) concentra
tion and temperature breakthrough eurves for somtion of C 2H 6-C02 mixtures from 
a N~ curner on SA molecular sieve. Feed: 10.5% CO 2 _ 7.03% C;!H,., (molar hasis) at 
24"C. 116.5 kPa (1.15 aim). Column length, 48 em. Theoretical curves were calculated 
numerically using the linear driving force model with a LangmUir eQuilibnum Isotherm. 
(From LiaPls and Crosser,S3 with penmsslon.) I 

different. In general, for an n-component Isothermal system, there will be 
(n - 1) transitions and (n - 2) mtermediate concentration plateaus between 
the Initial 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: 

I'Cg~; +(C.+ l~eC,)~~ ~(-AHf~e)~; - :~(T-To) 
(2.66) 

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

(2.67) 

The ieft-hand side of this equation is clcariy of the same form as that of Eq. 
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2.48; so it IS evident thai the temperature profile will propagate with a wave 
velocity gIven by: 

w, ~V/[l + (1 ~ f) ~; _ (j ~ f)( -~,H)~Q;1 (2.68) 

where da'" /dT represents the temperature dependence of the equilihrlum 
loading. In effeet heat behaves as an additlOnai componcm In the system wIth 
Its own eharactenstlc propagation velocity. Since the:adsorpiion equilibna for 
all spcctes are temperature dependent. it IS evident that a temoerature 
transition will in generai 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 IS 111 fact quite 
common for adsorption of light gases at ambient temperature and pressure, a 
"pure thermal wave" will he formed and will pass through the column ahead 
of all concentratIOn changes. 

An example showing the form of the effluent COricentration and tempera
ture curves for a two-component (plus carrier) adiabatIC system is given 10 

Figure 2.26. The least strongly adsorbed speCIes (ethane) passes most rapidly 
through the column, emerging as a relatively sharp constant pattern front. 
The ethane concentration rises well above the feed concentratlOn level as a 
resuit of displacement by the slowcr-rnov1l1g carbon dioxide. The second 
front (due to adsorptIOn of carbon dioxide) IS also sharp and IS accompanied 
by a Simultaneous decrease III 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 third front IS of proportional pattern form and 
IS accompamed by Simultaneous changes In the concentratiOns of both ethane 
and carbon dioxide, resuiting from the temperature dependence of the 
eauilibrium isotherms. A numencal simulatIOn based on the simultaneolls 
solution of the differential heat and mass balance equations (Eqs. 2.66 and 
2.53) with a Simple lineanzed ratc expreSSiOn (Eq. 2.57), and a Langmuir 
eQuilibnum isotherm (Ea. 2.13) provides a very good representatlOn 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 III Chapter 1 without any discussion of the idetails of the operatmg 
cycle. The chOIce of a sUitable operatmg cycle IS in- fact cfltlcal, and a wide 
range of different cycles have been proposed to optimize different aspects of 
the overall process. The underlYing pnnclples governing the chOIce of operat
mg cycle are revlCwed In this chapter. 

PSA processes may be categorized according to fhe nature of the adsorp
tion selectIvity (equilibnum or kinetic) and whether' the less strongly (or less 
rapidly) adsorbed species (the raffinate product) Of the mOTe strongly (or 
morc rapidly) adsorbed species (the extract product) IS recovered at high 
PUrIty. The vanous possible combinations of these critena Yield four different 
classes of process. Since the factors that domlnat.e. the chOice of operatiOg 
cycle and the mode of operatIOn are somev .. 'hat different, these four cate· 
ganes 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" (cocurrcm or countcrcurrem [() the 

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

Elementary step 

PreSSUrization 

High-pressure 
adsorption 

BlowdoWI1 

Desorption 
at low 
pr<!!:sure 

Moue ot opera lion 

L Pressllnzullon with 
fcell from the feed 
end 

2. Pressurization with 
raffinate product from 
the product end pnor 
to feed pressunzatlon 

1. Product (raffinate) 
withdrawal :11 COnstant 
coiumn pressure 

2. The column rressure 'IS 

;lllowed to decrease 
while Ihe rullinUic 
product IS drawn from 
the product end 

1. Countercurrent 

blowdown to II low 
pressure 

2. COCllrrent blowdown 
to an IIllermediate 
pressure prior to 

countercurrent 
blowdown 

I. COuniercurrefli 
desorption with 
product purge 

2. Countercurreni 
desorptIOn without 
external purge 

3. Evacuallon 

Principal features 

Enrichment of the less 
selecllvelyadsorhed 
species III the gas phase 

at the produc( end 
Sharpens the concentration 

front, which Improves the 
purity and recovery of 
raffinale produci 

Raffinate produci IS 
delivered at high pressure 

Very high recovery 01 the 
less sciectivliV admrhed 
species mav be lIchieved. 
hut the product IS 

delivered at low pressure 

Used when onlv rultlnaie 
product IS reQUired at high 
PUrtty; prevems contammatlon 

of the product end with more 
strongly adsorbed species 

Used when extract product 
IS also required in high 
pUrity; Improves extracl 
product purltv and mav lIlso 
merease raffinale recovery 

Improves raffinale product 
at the expense ot decrease 
In recovery: purge at 
subatmmphcnc pressure 
reduces raflinllte product 
loss btl! Increases energy 
COSf 

Recovery enhancement while 
maintaining high product 
punty IS possible oniy III 
certain kinetiC separation 

High pUrity of both 
extract and raffinate 
products; advantageous over 
product purge when the 
ausorbeu phase IS very 
strongly hdd 

(Contlnucd) 
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Table 3.1. (Conl!lwed) 

Elementary stcn 

Pressure 
equ&Jizuljon 

Rinse 

Mo(k of onendlon 

The high- find low
pres~ure bed" are 
either connected 
through their product 
ends or the tced and 
product ends of the 
high-pressure hed are 

connected to the 
respeC(lve ends 01 the 
low-pressure bed 

The bed is purged with 

the rreferenlHllIv 
all.~orhcd SpCCIC., ,trter 
high-pressun; 
adsorpllon al fccti 
pressli re In the 
direction of the feed 

PrinClrlJ! feature~ 

Comerves energy llod 
separative work 

i'mprove~ extract product 
pumy when the liRhler 
"pC(;lC~ ,tn: coad~orhed in 
li-lrge <JmoUn[ with heaVier 
component., 
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4. Desorption at the iower operating pressure; this mav be accomplished by 
evacuation, purgmg the bed with the raffinate product Of, IT1 <1 kinetically 

controlled process, by slow equilibration with consequent evolullon of the 
slower-diffuSing sorbate; 

5. Pressure equalization (which IS used in many cycles, prtor to the blowdown 
step, to conserve energy and separative work); 

6. Rinse (purging with the preferentially adsorbed 'species at high pressure, 
followmg the adsorption step). 

The processes differ from one another III the sequence of the elemcntary, 
steps and III the way in whiCh these steps are earned nuL Some of the mon; 

Important variants and the benefits denved from them are summaflzed 10 

Table 3.1. 
To understand a PSA cycle properly It IS necessary to know the way In 

whiCh the concentration profile moves and changes 'shape dunng each of the 
elementary steps. Gas-phase concentrahon profiles In an adsorptIOn column 
that undergoes In sequence presSUriZatIOn, high-pressure adsorptIOn. blow
down, and low-pressure desorption are shown In Figure 3. i for both equilib~ 
num and kinetic separations. The profiles were calculated for press.urlzatlOn 
with feed gas (from the fecd end With the product 'cnd closed), reverse flow 
blowdown, and desorptIOn with product purge, aisa in the reverse flow 
direction. It IS clear that the movements of the concentration wave are 
Similar in both cases. During pressurizatiOn the initial gas in the hed IS 

pushed toward the closed product end, where it forms a plateau that IS 

significantlyennched in the Jess strongiy adsorbed species. The region before 

the plateau shows the penetratIOn of the feed gas. This behaVIOr IS In 

i l.: 
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Figure. 3.1 Computed stcady~stale gas-phase concentration profiles at the end of 
four elementary steps III (a) equilibnum-controlled PSA separation of mr on 5A 
zeolite and (b) kinetically controlled separation of air on a modified 4A zeolite. The 
arrows mdicate the direction of flow, the sequence of operatton IS 4,1,2,3; the 
silnulallon models are described in Scc1l0n 5.2. 
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Figure 3.2 Expenmental concentration profiles for air pressurization In a bed of SA 
zeolite. The lines represent the best curves through the expenmental data. (From 
Ref. 1; reprmted with permiSSIOn.) 

agreement with the profiles measured by Fernandez and Kenney j for air 
pressunzation in a bed of SA 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 iess strongly adsorbed speCIes, is withdrawn at the 
product end. In the blowdown and purge steps the concentration wavefront IS 

pushed back and a relatlveiy clean Initial bed condition IS c5tahlishcd for the 
next cycle. The more Important features of these steps and tllclr,vanants will 
be discussed In relation to various different <..ycles. 

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

The early PSA cycles were developed for equilibrium separations, Orlmarily 
for the recovery of the less strongly adsorbed raffinate product at high Dunty. 
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in such a process the PurilY of the ratfinate product and the extent of 
adsorbent regeneration depend on the partial pressure of the strongly ad
sorhed ~pecies In the void volume of the column at the end of the desorption 
Sll'P· In that ~tcn the desorhing gas, which IS nch In strongly adsorbed 
SpL'!Cu:s, occupies the void volume ()f the column, and, unless adcQu(Ilcly 
removed from the bed, this gas will contaminate the raffinale product. The 
early PSA cycles were based on two different techmQues for regeneratmg the 
adsorbent and cleanmg the void volume. The cycle developed by Skarstrorn 2 

(see the followmg) empioyed atmosphenc desorption with product purge, 
while the Air Liouidc cycle:: utilized vacuum desorptIOn. Evacuation to a very 
low absolute pressure may be necessary to achieve reasonable regeneratIOn 
bv vacuum desorptIOn, especially when the isotherm for the more strongly 
adsorbed component IS of favorable (type J) form. However, vacuum desorp
tion has other advantages (such as reduction In the power reOUlrement) and 
is still widely used, particularly for kinetic separations. 

3.2.1 The Skarstrom Cycle 

The Skarstrom cycle 2,4 In Its basic form utilizes two packed adsorbent beds, 
as shown SChematically In Figure .3.3. The follOWing four steps comprise the 
L'vdc: 

L Pressurization; 
2. AdsorptIOn; 
3. Countercurrent blowdown; and 
4. Countercurrent purge. 

Both beds undergo these four operatIOns and the sequence, shown In Figure 
3.4, IS phased in such a way that a contmuous flow of product IS mamtallled. 
In step 1, bed 2 is oressurlzed to the higher operating pressure, with feed 
from the feed end, while bed 1 IS blown down to the atmospheflc pressure In 

Ihe opposite direCtion. In Slep 2, high-pressure feed flows through bed 2. The 
more strongly adsorbed component IS retained in the bed and a gas stream 
ennched In the less strongly adsorbed component leaves as effluent at a 
pressure only slightly below that of the feed. A fraction of the effluent stream 
IS withdrawn as product and the rcst IS used to purge bed I at the low 
operating pressure. The direction of the purge flow IS aiso opposite to that of 
the feeu flow. Steps 3 and 4 follow the samc sequence but with the beds 
Interchanged. 

DUrIng the high-pressure adsorptIOn step the gas phase behind the front 
has essentIally the feed composition, whiie the compositIOn beyond the front 
I~ ennched in the weak :o;orbatc. Feeding continues until the producl Impurity 
level rises to the acceotable limIt. In other words. the concentratIon front of 
the strong sorbate is allowed to break through to a preassigned limit. The 
idea behind the purge step IS 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 
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RAfFINATE PRODUCT 

f 
I 

FEED 

Figure 3.3 The baSIC two-bed pressure sWing adsororton system. 

In the next half-cycle IS comoleteiy free of the strong sorbate. At steadv state 
the concentratIOn front IS pushed back m the blowdown and desorptIOn steps 
by a distance that is exactly equal to the distance it has advanced III the 
pressurIzation and high-pressure adsorption steps. ',Reverse-How regeneration 
prevents retentIOn of the more strongiy adsorbed species at the product end, 
thereby redUCing the purge requirement. For highly favorable systems, for
ward-flow regeneration would require an ImpractlC:allv iarge volume of purge 
to ensure complete c1eanmg of the bed through to the product end. 

From the preceding diSCUSSIOn Ii I~ dear that increasing purge Improves 
product pUrity hUI at the expense of a decrease III product recovery, ,:IOU 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 
In detail by Maiz and Knachci. ~ 

The anginal Skarstrom cycle was used for air drymg.2 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 aJr beIng about 73%.4 The process 
details along with tile product profile are shown 111 Figure 3.5. The. Skarstrom 
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Fi~lIre 3.4 The sequence of step:> III the hnSIC Sk/lrslrom PSA cvcle. 

cycle IS still widely used for small-scale' air drying, and this cycle has also 
proved successful for other similar separations where the Impurities are 
present at low concentration and the selectivity of the adsorbent IS high. 
Under these conditIOns the raftinate product behaves as a non adsorbing 
mert. 

Oxygen oroductIOn from air usmg 5A or 13X zeolite as the adsorbent IS an 
example of a bulk separation. The preferentially adsorbed specIes (mtrogen) 
is present at a relatively high concentratIOn level, and there IS significant 
coadsorptlOn of the less strongly adsorbed specIes (oxygen). Such a separa
tIon can be achieved usmg the Skarstrom cycie, but a reasonably pure 
raffinate product can be achieved only at low fractional recovery, making the 
economics unattractive. In Skarstrom's anginal experiments uSll1g a 13X 
zeolite adsorbent, a 90% pure oxygen product was achieved only at a 
recovery of 10%.6 The separation factor for this particular adsorhent appear!> 
to have t)cen rather low (2.m, and a somewhai hetter performance can he 
expected with the higher separatIon factors (3-3.5) tYPIcally ohtameo with a 
well-dehydrated zeolite.7 However, to Improve the economiCS, further en
hancement of the recovery-purity profile is obVIOusly deSirable. 

In a Skarstrom cycie the column effluent during the blowdown and purge 
steps IS normally waste gas (nch In the more strongly adsorbed species but 
containmg a Significant fraction of the less strongly held species). Skarstrom 
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Figure 3.5 (a) Process details and (b) product profile for the PSA air drvmg system 
develooed bv Skarstrom. (From Ref. 4; rePflnted with permIssion.) 
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Figure 3.6 VanatlOn of the blowdown stream contribution to the ioss of raffinate 
product with feed pressure, A simple mass balance (assuffimg negligible adsorpiion of 
the raffinate product) yields for the fraction of the raffinate prOduct lost III the 
blowdown stream 

II + !'.)IIPI.GXp<llip,,/LPII(PH -1.).\'l>d1-· ' 

The prolilcs are shown for G = 2.0, 1\ = 1.0 atm, ipu = 60 S, XI"il = 0.95, and 
Xhu = 0.5. The numbers on the curves lIldicate L / llou ratios. 

suggested that the purge baCkwash volume (measured at the purge pressure) 
should exceed the feed volume (measured at the high operatmg pressure) at 
all oomts In the beds dunng each cycle In order to obtain a pure product. 4 1n 
practice the purge-to-feed volume should generally be between one and two. 
The relative contributions from blowdown and purge streams to the total loss 
of raffinate product depend on the level of the higher operatmg pressure, 
Since the product emerges at the high pressure while purgmg takes olace at 
atmosohenc pressure, the actual fraction of the product stream lost as purge 
1S Quite small and becomes negligible when the pressure ratiO is large. On the 
other hand, the contribution from the blowdown loss Increases with mcreas-
109 pressure, and becomes completely dominant at high operatmg pressure, 
as mav be seen from Figure 3.6. The Improved performance of most of the 
mnrc complex cycles comes from reduction of the hlowdown losses. 

3.2.2 Pressure EqualizatIon 

The first improvement over Skarstrom's anginal cycle was the mtroductIOn of 
a pressure equalizatIOn step proposed by Berlin.8 A schematic diagram of the 
1mpf(wed ,process and the modified sequence of operatIOns are shown in 
Figure 3.7. After the first bed has been purged and the second beLi has 
l'Ompklt::li the high-pressure adsorption step, instead of hlowlIlg down the 
second hed directly. the two heds are connected through their product ends 
to equalize the pressure. The first bed IS thus partially pressurized with gas 
from the outlet region of the second bed. Followmg pressure equalization the 
bells arc disconnected and the firsl bed is Dressunzed with feed gas while the 
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Figure 3.7 (a) Schematlc diagram and (b) the sequence ()f operations in the modified 
Skarstrom cycle mcluding pressure cqualizatlon. 
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Figure 3.8 Punty and fractional recoverY of O2 III a two-bed PSA air separation unIt 
showing Improvement 111 recovery ohtamed bv mcluslOn of pressure equaljzatlOn step. 
(From Rd. 4: rcpnnlcd wilh pCnlll~Sulll.) 

RAFFINATE PRODUCT 

VENT 

FEED 

Figure 3.9 Schematic diagram of a PSA cyCle showing the usc of a third empty tank 
for rcduclllg blowdown ioss. 
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second bed IS vented to complete the blowdown. The pressure equalization 
step conserves energy Since the compressed gas from the hjgh~Dressure bed is 
used to partially pressurize the low~pressure bed and, smee this gas IS 

partially depleted of the strongly ~HJsoibcd speCies, separatIVe work IS also 
conserved. Blowdown losses are reduced to about half, With consequent 
Improvement In the recovery of the ratfinate product. as may be seen from 
Figure 3.8. 

Pnor to Beriin"s modification of the Skarstrom cycle, another natent hasee] 
on a different idea for reducing blowdown loss was- assigned to' Marsh et 31. If) 
The process scheme, shown In 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 IS connected to the empty tank where a portion of 
the compressed gas, nch In the raffinate product, is stored, The blowdown of 
the high-pressure bed is completed by ventmg to the atmosphere In the 
reverse-flow direction. The stored gas IS then used to purge the bed after 
which the bed IS finally purged with product gas. The product purge reqUIre
ment lS reduced, thereby mcreasmg the recovery, l)ut the savmgs m the 
specific energy of separatIon IS less with this arrangement than with a direct 
pressure cqualizlIl,lon SIC!). 

3.2.3 Multiple-Bed Systems 

Further Improvements In effiCiency arc generally achieved by USlOg multi pic 
adsorbent beds with a sequence of pressure equalization stcps Incorporated 
mto the CYCle.! 1.12 In fact, multiole-bed systems also use the blowdown gas 
for purging other beds. Since this is done at a pressure level where further 
pressure equalization is not worthwhile, the resulting gain 10 recoverY yields 
an additional benefit. One such example IS shown schematically in Figure 
3.10, which shows a typical large-scale air separation process for oxygen 
oroduction. In this system. whiCh utilizes three or four columns, one column 
IS III the adsorption step and the other two (or three) columns arc In various 
stages of pressunzation, depressurization, or purging. The process operates 
at two intermediate pressures between the feed pressure and the exhaust 
pressure (usually atmosphenc). At the end of the 'adsorption step, column j. 

which IS at high pressure, IS connected at the discharge end to coiumn 2, and 
the pressures are equalized. Prior to pressure euualizatiOn column 2 has Just 
completed the purge step and IS essentially at' atmospheriC pressure. A 
fractIOn of the remaining gas from bed i IS used for reverse-flow purgmg of 
bed 3. When the pressure in bed 1 has fallen to the required level, beds I and 
3 are disconnected and the residual gas from bed, 1 IS vented to atmosphere 
from the bed Inlet. Bed 1 IS then purged m reverse flow with gas from the 
fourth bed and repressurized to the first Intermediate pressure from the 
second bed, whiCh has Just compic[cd the adsorptIOn step. Final repressuriza
tlon IS accomplished using a part of the product gas and the feed IS then 
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Figure 3.10 SchematiC diagram of a three~ or four·bed PSA system for air separa~ 
lion. (From Ref. 11; reprinted with permission.) 
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Figure 3.11 Summary of the cycle for a four~bcd PSA UOlt. (From Ref. 13; reDnnied 
with permiSSion.) 
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connected to the inicl of bed I. The cvcle configuratIOn IS summarized In 

Figure 3.1l. 
The idea of product rcpreSsurlzatlon was put forward for the first tlIne In a 

very similar oateni for hydrogen purification by Wagner. 14 Prc~sunzatlOn 
with product pushes the residual adsorbed components toward the feed end 
of-the adsorber. therehy enhancing the product punty. The four·hed con fig. 
uratlon allows continuous product withdrawai and enmlnates the lise of an 
empty tanl< 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 Swmg Cyde 

The SImplest way to understand a vacuum SWing cycldVSC) IS to consider It 
as a Skarstrom cycle 10 which the low-pressure countercurrent product purge 
step IS replaced by a vacuum desorptIOn. The oroduct end of the column IS 
kept closed and the vacuum IS pulled through the feed end' as shown 10 
Figure 3.12. In a vacuum swmg CYCle, US 109 the same high operatmg pressure 
as a Skarstrom cycie, for the same product punty; the loss of the less 
favorahly adsorbed species In the evacuation step IS 'normally less than the 
corresponding loss 10 the purge. The gam Jfl raffinate recovery IS achieved 
here at the exoense of the additional mechamcal energy reqUIred for the 
evacuatIon step. A significant energy savmg IS possible:if the cycie is operated 
with the higher pressure slightly above atmosphenc pressure and a very low 
desorption pressure. In the low~pressure (linear) range of the adsorption 
isotherm it IS the pressure ratiO and not the actual high· and low·pressure 
levels that determines the achievable punty and recovery. A vacuum sWing 
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Figure 3.12 The seQuence of steps In a vacuum swmg cvcle. 
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cycie will therefore be advantageolls over a Skarstrom cycle if a low-pressure 
product IS acceotable. However, this a(lvantage In operating cost IS to some 
extent offset by the increased capital cost anslng from the increased size of 
tile equipment. 

The idea of vacuum regeneration was originally proposed hy Guerin de 
Montgarcuit and Domine In a patent assigned to Air Liquide.·1 There arc, 
however. several differences between the pressure SWlOg cycie proposed by 
Montgareui! and Demme and the simplified v,lcuum sWing cycle shown In 

Figure :U2. Depending on the niltun: uf the gas mixture to be sepan.ltcd. the 
Air Liquilic ·process call vllry in the number of adsorbem beds, the type of 
oed aSSOCI}ltton, and the scheme of cyclic operation, as well as 10 other 
operatll1g conditions. The number of beds can vary from one to SiX or morc. 
A two-bed illustration of this process IS gIVen 111 Figure 3.13. Bed!. is 
pressurized to the high opcratlng pressure by introducing a compressed feed 
gas from the IIllct cnd. The IIllct end IS then closed and the gas IS expanded 
cocurrently through bed 2 and the effluent from this bed IS recovered as 
raffinate product. When the pressure 111 hed 1 reaclles a predetermined 
mtermediate pressure, the discharge end of bed i IS closed and the vacuum 
line (Iocated at the middle of the [,cd) IS ODened for regeneration. At the 
same time the mlet end of bed 2 is opened to high-pressure feed stream, with 
the discharge end closed, for reprcsslIfization. The major disadvantage of the 
Air Liquide cycle is that the oroduct IS delivered at a low (subatmospheric) 
pressure. (Air separation uSing this cycle produced 98% oxygen at 51 % 
recovery. This result was 'markedly supeflor to the performance of the 
competing Skarstrom cycle for the samc separation. Additionally, the Air 

COMPRESSED AIR 
) 

VACUUM 

02 RICH 
GAS 

Fi~urc 3.13 SchematiC diagram of Ihc two-hcd Ail Uquidc PSA system. (After 
MonlgHl"I..'uil and Domlllc,l) 
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Liquide cycle also produces a Tlllrogen-nch stream (96.3% nitrogen at 58% 
recovery) from the evacuation step. 

The gain In raffinate product recovery obtaIned here resuits from two 
Improvements over the Skarstrom CYCle. The recovery advantage of vacuum 
regeneration over purge has already heen discussed. 1n additJ{Jn, the coctJr
fcnt depressunzatiOn through an evacuated chamber actually conserves part 
of the raffinate oroduct that would have otherwise been lost dunng evacua
tIOn. It IS lmportant to note that tile gam 10 the raffinate recovery from 
cncurrent deprcsslirizaiion nlily not he achieved _if thIs step, IS used In 

combinatIOn with (product) purge rcgcncratJ(Hl. Cocurrcnl depressurization 
contammates the product end With the more strongiy adsorbed species. Suh 
and Wankat l5 have shown that depending on the amount of the more 
strongly adsorbed specIes In the feed and the relative affil1ltv of the compo· 
nents, the gam m tlle raffinate recovery from cocurrent depressurization may 
be outweighed by the lI1creased purge reqUirement. :Cocurrent depressuriza
tIOn is also beneficial in enhancmg tile punty of the strong adsorotlve product 
(see Section 3.3). 

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

The vacuum swing cycle developed by Montgareui! and Domine and dis
cussed In Section 3.2 was the first pressure sWing process mcorooratmg the 
prOVISion for recovering the more strongly adsorbed species at high pUrity. 

The operatIOns responsible for providing this additional benefit to the cycie 
are cocunent depressunzatlOn and vacuum regeneratIOn. The vacuum regen
eration step produces the extract product. The region of the bed througll 
which tile feed penetrates during the higll-pressure adsorption step IS essen
tially at equilibrium with the feed gas. Since disperSive effects such a~ mass 
transfer reSIstance, aXial disperSion. heal effects, 'and so on, are usually 
assOCIated with eauilibrlum-controlled separatIOn processes, there IS always 
some spreading of the mass transfer zone. The regIOn ahead of the mass 
transfer zone at the end of the high-oressure adsorotlOn step is therefore 
available for further adsorotlon of the more stron,gly adsorbed speCies in 
the feed. By cocurrent depressunzatlOn the raffinate product rernaming 
in the void space ahead of the mass transfer zone is Dushed out of [he bed 
and the more strongly adsorbed speCIes IS retamed at the product end. Thus 
the mole fraction of the more strongly adsorbed specIes Increases 111 both 
phases. The subseauent evacuation step therefore produces the cxtract 
product at high punty and recovery. If tile situation is such that the length of 
unused bell prior to breakthrough IS not suffiCient to hold the strong 
adsorptive, then the high-pressure adsorption step :IS cut short well before 
hreakthrough In order to provide with the ~lddjtlOnHj capacity. Such an 
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arrangement will reduce the adsorbent productivity and- the optimum chOice 
therefore depends pnmarily on the value of the extract product. 

When the separation factor is low, the adsorbed phase concentrations of 
the light and heavy components are comparable. The reduction in the 
concentration of the lighter species In the bed as a result of cecurrent 
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 rmse) the void spaces, after high-pressure adsorptlon. with the 
strongly adsorbed species In the direction of the feed. 16 The effluent gas 
during this step is produced at the feed pressure and has a feedlike composl
tlOn so that the stream may easily be recycled. 

The punty of the stfl"ingly adsorhed component depends Critically On the 
use of cocurrent depreSSUrization or purging by the more strongiy adsorbed 
species. The use of vacuum desorptIOn IS not particularly crucial unless one IS 

dealing with strongly adsorbed species with a type I isotherm. For bulk 
separations involvmg 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 17 separated 
a 50: 50 hydrogen-methane mIXture over achvated carbon mto 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 anJ 35 pSlg. The two-bed, five-step, cycle 
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y Pressunu 
tion I 

feed 

Melhane 

S 
~~"~ 

feed 

Figu.-e 3.14 Schematlc diagnlm of Ihc two-bed, five-step PSA cvcle lIsed by Yang 
and Doong for recovery of both extracl ,lOci ralHniltc prO{1\lcts at high punty. (From 
Ref. l7; reprmted wilh permlS""n.) 
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used by Yang and Doong IS shown In Figure 3.14_ Cen and Yang lH In another 
study repeated the same separatIOn and demonstrated that the pUrity of the 
extract Product IS Improved further by replacmg the cocurrent depressuflza
tlon step with a cocurrent methane purge step d':onducted at the feed 
pressure. 

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

The PSA cycles discussed so far, for both purification and hulk separatIOn, 
were developed for separations based on eQuilibnum selectivity. The cycles 
used for kinetic separatIOns are somewhat different. In such systems the 
chOice of contact time is critical. Since the idea IS to exploit the difference in 
the diffuslOn rates of the adsorbing mOlccuies, the conta.ct time must be short 
enough to prevent the system from approaching cQuUihnum but not so short 
as to preclude Significant UPtake. The crucial elemeIilt III any kinetic separa
tIon IS therefore the duration of the adsorPtlon and desorption steps. 

The only widely used commefClal PSA process based on kinetiC selectlvltv 
IS air separatIOn for nitrogen productIOn uSing a carbon molecular sieve or 
4A zeolite adsorbent. KinetiC separatIOn of air for mtrogen production uSll1g 
Union Carbide RS~H) molecular sieve (modified 4A zeolite) has been IOvestl~ 
gated by Shin and Knaebel. 19 In a recent study Kapoor and Yang 21

) have 
shown that methane-carbon dioxide separation (from landfill gas or effluent 
gas from tertiary oil recovery) using carbon moieclilar sieve is another 
prospective candidate for kinetiC separation. 

Although with properly sciccted ~tep times the Bkarstrom cvcle can be 
applied to a kinetiC PSA separation, such a cvcle IS far from ideaL A maJOr 
disadvantage is that the slowly diffUSing raffinate product would be continu
ously adsorbed during the purge step. This difficulty can be avoided bv use of 
vacuum desorptIOn or by uSing a modified form of "self~Durglng" cvcle. 

3.4.1 Self-Purging Cycle 

Equilibrium and kinetic data for the sorption of oxygen and mtrogen on the 
Bergbau-Forschung carbon molecular sleve 21 are shown in Figure 3.15 and 
summarized in Table 3.2. It IS apparent that there is little difference in 

eQuilibrIum but a large difference In diffuSlvlty, with oxygen being the more 
rapidly adsorbed speclcs. The high~Dressure raffinatc product in the carbon 
molecuiar sieve process IS therefore nitrogen. In such a system Durglng with 
nitrogen to remove the fastcr diffUSing oxygen from the bed (as In the 
Skarstrom cycle) IS undeSIrable since, as well as wasting product, a certain 
fraction of the slowiy diffusmg nttrogen will be adsorbed, thus redUCing the 
capacity for oxygen uunng the next adsorptIOn step. The earlier kinetiC 
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Figure 3.15 (a) Equilihnum Isotherms and (b) expenmental uptake curves for 
sorptIOn of O 2 and N2 on Bergbau-Forschung carbon molecular sieve. (From Ref. 21; 
reprmtcd with permission,) 

nItrogen proceSSes avoided this difficulty by usmg a vacuum to clean the bed 
rather than a purge, as illustrated In Figure 3.12. The general scheme for a 
vacuum swmg carbon SIeve process to produce nitrogen IS shown 10 Figure 
3.16. A better option IS, however, available. At the end of the blowdown step 
the adsorbent contains both oxygen (fast diffusing) and mtrogen (slow diffus
ing), Thus. if the bed is simply dosed at the product cnd and left for a period 
of time, the oxygen will diffuse out lirst, followed bv nitrogen, so the system 
is, 10 effect, self-purging. The product punty IS directly controlled by increas
mg feed pressure, and pressure equalization IS incorporated to reduce the 
blowdown loss. A dual-ended pressure eaualizatlOn IS used in which the feed 
and product ends of the high-pressure bed are connected to the respectJve 
ends of the low-pressure bed. Most modern mtrogen PSA units therefore 
operate on the cycle shown In Figure 3.17, which Incorporates both pressure 

Table 3.2. Equilibnum and KinetiC Data of Oxygen, Nitrogen, Methane, and 
Carbon Dioxide on Bergbau - Forschtlng Carbon Molecular Sieve and 
4A Zeolile at 25"C 

Diffu510nai 
time constanl (S-I) 

OrCMS'" 2.70 x 10-; 
N2-CMSI> 5.90 x 10- 5 

°r4N 8.51 x 10-' 
N2-4N 8.99 x 1O-~ 
CO 2-CMSd 9.00·x 1O-~ 

CHcCMSd 5.00 X 10-1:. 

Dimen~JOnless basl~. 

Henrv's 
constant" 

9.25 
B.90 
2.10 
4.26 

135.83 
25.83 

Saturatl<)D 
constant (g moles/cm") 

2.64 x 10-' I 

2.64 x 10'-'; 
1.72 x 10- 2 

i.20x 1{)-2 
2.85 X 10- 3 

1.74 x 10-'; 

Source: Kinetlc data from Ref. 24 and equilibrium data trom Ref. 22. 
Source: Ref. 23. 

d Sourre: Ref. 20. 
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Figure 3.16 Schemallc diagram of the Bergbau-Forschung PSA air separation 
process. (From Ref. 21; repnntcd with permission.) 

equalization and a self-purging desorption step. Connectmg both ends of the 
beds allows rapid pressure equalizatIOn and Improves product punty smce 
the oxygen-rich gas remams at the feed end of the: pressurized bed. The 
higher recovery advantage of dual-ended pressure eqUalizatiOn, however. 
decreases with increasing product purity. 

Kinetic selectivliy may he Increased hy increasing the diffusivliy of the 
faster component. oxygen. or further decrcasmg the difruslvlty of the slower 
component, nitrogen. An mcrease In oxygen diffuSIVlty will Increase the 
nitrogen product punty without seflousiy affectmg the recovery (see Figure 
5.9). Intuitively It may appear that mtrogen recovery will mcrease with 
decreasing nitrogen diffuSlvity, and the hcst situatIOn would be reached when 
there IS practically no penetratIOn of nItrogen. What IS overlooked In this 
mtultlve argument IS tile role of the desorbing nitrogen In a self-purgmg 
cycle. The desorbing mtrogen cleans the void volume of Ihe adsorption 
cOlumn, and, unless there IS Significant uotake of mtrogen during tile high
pressure adsorption step, madequate self-purgmg W:iII result 10 mcreased 
oxygen contammatlOn in the nitrogen product. There IS therefore a lower 
limit of nitrogen diffusIvtty below which the self-purgmg cycle becomes 
Ineffective. 

Ii-
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Figure 3.17 The sequence of operations In a two-hed PSA cycie Incluuing ulHlI-cndcd 
prc!>surc cquuliz'ltion lind Il() purge. 

3.4.2 Kinetic and EquilibrIUm Effects in Opposition 

When equilibrium selectivity favors the slower-diffusIng component, as In air 
separatIOn for mtrogen productIOn on modified 4A zeolite (see Table 3.2 for 
Quantitative values), the system cannot be made self-purging SInce the amount 
of desorbing mtrogen IS not sufficient to elimmate the residuai oxygen 
concentration in the bed. For such a system conventIOnal purge or vacuum 
regeneratIOn is necessary. Shin and Knaebel 19 have reoorted an extensIve 
eXpenmental study of this system. They adopted the Skarstrom cycle 111 a 
single-bed apparatus and therefore enjoyed the additional freedom to oPtI
mize the cycle by vmymg jndependently the duration of the individual steps. 
Theif eXperImental system IS shown III Figure 3.18. In slich an arrangement 
an additional tank was used for Product storage (in order to supply the 
purge) and pressure 'equaliza.tion cannot be performed. However, the con
te'nts of the auxiliary -tank may be used to parhally repressurize the bed in a 
manner essentially eqUIvalent to a pressure equalization step. 

Blowdown and purge under vacuum were also Investigated in this study fOf 
comparison. Some of the more important findings are summarized In Tables 
3.3 and 3.4. As the preSSLIre ratio increases, the PUrIty increases, but the 
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Figure 3.18 The slOgie-bed expenmental PSA svsiem used by Shin and Knaebel to 
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 Umon 
Carbide RS~ I 0 Molecular Sieve 

High Low Nitmgen Product 
prelisure pressure Pres~ure recoverv pUrity 

(kPa) (kPa) rallo (%) (mol % N 2 ) Productivity 

200 113 1.77 41.56 H2.3 4.7R 
358 123 2.91 22,46 93,7 3.9 
620 154 4.03 12.54 98.2 2.61 
200 113 i.77 13.83 93.8 1.00 
358 123 2.91 22.46 93.7 3.9 
610 152 4.08 23.05 93.7 5.46 

Hign.pressure adsorptIOn = 35 S, blowdown = 2 1'. purge = 3 s. preSSUrization"" 15 s. Purge volume 
=O.0\66x 10-" m~ at STP. 

Source: Ref. 19 

Table 3.4. Effect of Purge Pressure on Separatlon of Air on Union 
Carbide RS~lO Moiecular Sieve" 

High pressure 
(kPaJ 200 358 

Low pres/iure 113 0<1 123 78 152 
(kPa) 

Nitrogen recovery 13.83 16.87 22.46 21.83 23.05 
(%) 

,ProduCI punty 93.8 93.8 93.7 93.7 93.7 
(mole % N2 ) 

620 

119 

23.12 

93.7 

High-pressure ad~orptJon = 35 s. hlowdown ~ 2 s. purge = 3 s. pres:<iIJrlzallon = 15 5. Purge volume 
... n./IJoox 10'" m·' STP. 

SUI/rce: ReI. 19. 

recovery IS decreased. For the same purity. both recovery and prOductivity 
Increase with Increasing feed pressure. The recovery gam IS relatively less 10 

the higher-oressure region, but the II1crease in productivity is consistent. 
Moreover. subatmosphenc blowdown and purge are advantageous (in terms 
of recovery) at low feed oressures. but the advantage disappears as the feed 
pressure is 1I1creased. The latter finding further confirms that in a Skarstrom 
cycle hlowdown loss becomes domlllant at higll feed pressure. Product pUrity 
may therefore t)C controlled by either the feed pressure or the purge rate or 
by a combination of both of these. 

3.4.3 Equilibriu'm and Kinetic Effects Reinforce 

Scp;]ratlOn of methane from methane-carbon dioxide mixture on :. carhon 
molecular Sieve IS an example where equilibrium is In favor of the faster~dif~ 

! , . 
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Figure 3.19 (a) Equilibrium isotherms and (b) expenmental. umake curves for 
sorption of CO

2 
and CH 4 on Bergbau~Forschung carbon molecular sieve. (From Ref. 

20; reprmted with permission.) 

fusmg component, carbon dioxide. Relevant equilibrium and kinetiC data are 
presented in Figure 3.19 and Table 3.2. A purity~versus~recovcry plot for this 
separation (feed 15 50: 50 methane-to-carhon dioxide ratio) construct.c(J 
from the data of Kapoor and Yang 20 in the regIOn of their oPtImal operating 
pomt is shown In Figure 3.20. The effects of varyIng the high and low 
oressures and the product rates about their optimal values are also Indicated. 
A cycle similar to that shown m Figure 3.14 was used, except that the 
countercurrent purge step was repiaced hy vacuum. desorption through the 
feed end. It is clear from Figure 3.20 that there IS an upper iimlt of the high 
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Figure 3.20 Effects of feed pressure, desorption pressure, and product rate on the 
cxpcI'Illlcnlai punty and reCOvery of ell ,I from Cf{ljjC02 scparailon by pressure 
sWlIlg .idsorptlon on a carhon molecular sieve. The arrows indicate the direction of 
Illcrcasmg parameter values. (Data taken from Ref. 20,) 

operatlOg pressure beyond whiCh both purity and recovery decline. With 
atmosphenc blowdown tile maXlnlUtn methane oroduct purity that can be 
achieved by raising the adsorptIOn pressure is therefore limited to about 
70%. Further Improvement In product PUrIty IS essentIally controlled by the 
(subatmosPhenc) desorptIOn pressure. 

These observations provide an Interesting contrast with similar perfor
mance profiles for the kinetic air separallon process (Figure 3.2]). In Figure 
3.21 all profiles are monotOniC with no evidence of an upper limIt. While 
there must always be a theoretical limit for the high opcratlOg pressure, 
beyond which both recovery and punty decline, It is clear that this limit lies 
wcll bcyond the normal range of operating pressures for aIr separation on ~i 
carbon molecular steve and therefore does not limit the system -performance. 
In contrast to the methane~carbon dioxide system, a high-punty nitrogen 
raffinate product can therefore be achieved simoly by raising the adsorPtIOn 
oressure, without recourse to subatmospheric desorption. 

The key difference between air separation and ~ethane-carbon dioxide 
systems appears to lie m the shape ot the equilibrium Isotherm for the more 
strongly adsorbed speCies. For nitrogen-oxygen on eMS the isotherms are of 
linear or slightly favorable (type I) form. whereas, In the relevant pressure 
range, the ISotherm for carbon dioxide on eMS is highly favorable, apprOach. 
ing the rectangular limIt. If the Isotherm for the fHstcr~diflusing species IS 
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Figure 3.21 Performance of an alT-carbon moiecuiar sieve system operated on a 
modified Skarstrom cycle (no external purge) !>howmg the effect of high nper<ltlOg 
pressure and equilibrium selectIVity. KinetiC data and cQuil:ibnum data for Sr., = 1 arc 
gIVen In Table 3.2. S13. has been vaned bv changmg th"c oxygen equilibrium. (From 
Ref. 25) 

highly favorable, a very high feed pressure IS not deSirable, and the product 
punty IS primarily controlled by the (subatmospheric) desorption pressure. 
The enhancement of performance to be expected in a kinetic PSA separatiOn 
when equilibrium and kinetic effects rem force will be 'observed only when the 
equilibnum relatIOnship does not deviate too much from the linear rOnTI. 

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 In SectIon 3.4, the rapidly diffusmg component, 
carbon dioxide, was also recovered at high punty (over 90% pUrity and 
recovery). Cocurrent depressurIzation and vacuum desorption, whiCh are 
commonly employed in equilibrium-controlled separations 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 eicmentary steps discussed here are addressed in mOre detail 
tn Chanter 4, The appiication of the haSIC principles 10 representative 
industnal PSA processes 1S discussed in Chanter 6. 
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CHAPTER 

4 
Equilibrium Theory of 

Pressure Swing Adsorption 

4.1 Background 

Since the introductIOn of PSA, a wide vanetv of mathematlcai models have 
been suggested, based on theOrIes that extend from, snllPle to complex. One 
of the first was a detailed model, presented by Turnock and Kadlec, I whiCh 
accounts for nonlinear adsorption equilibnum. pressure drop, and [empera
iUfe effects. That type of model IS covered In the next chapter. Shortly 
thereafter, Shendalman and MitChell' suggested 'a SImpler type of PSA 
model, based on the assumption of local cQuilibnum. This type of modei 
accounts mainly for mass conservation, and ignores transport phenomena. 
That might make the model seem tnvlal, but the baSIC eouations of mass 
conservation account for tlme and axial pOSitIOn vanations of flow, pressure, 
and composition, whiCh are essential m pressure swing adsorbers. 

The model of Shendalman and MitChell was ba'sed on a four-step PSA 
cycle In which a trace contammant was adsorhed from a non adsorbing 
carner. Thus, it applies only In very restnctlve cases, such as Cleanup of 
hydrogen or helium contaming less than 1 rf,-, of methane or mtrogen using 
activated carbon as the adsorbent. Over the past decade, there have been 
several extensions of the baSIC ideas proposed bv Shendalman and Mitchell; 
many of these developments are explamed m this chapter. For example, the 
model has now been extended to binary mixtures havmg arbnrary composI
tions, with both components adsorbing, and In cycles composed of diverse 
steps. The models are not perfect, hut realistiC PSA applicatIOns can be 
studied relatively easily. 
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Most PSA applicatIOns expiolt c(llIiJihnum seiectlvity. and systems are 
usually designed to mlllimize the negative effecis of mass transfer resistance. 
In such cases, the trends and. frequently, even precise measures of PSA 
pcrflwmancc can be predicted accurately rrom incal equilibTlum models. In 
particular, estimates of product recovery are often excellent, even when mass 
transfer resistances are large, because mass conservation predommates over 
diffUSIOn and heat effects. That such models can be accurate, without 
reQumng extensive experimental data, has made them valuable as a tool for 
PSA simulatIOn and deSign. Other advantages of equilibrium theories are: 
they help to identify proper comhinatlons 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
mg links between steps, conditions, adsorbent propertIes, and performance; 
and as a result they may facilitate conception and optimization of novel 
Cycles. 
- Another major advantage is that the model parameters may he obtained 

dirccriv from equilibrium 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 mteractlons can be lumped together as a 
single parameter, roughly analogolls to the Inverse of selectivity. It is even 
possible to incornorate dispersIOn bv accountmg for dead zones at the 
entrance or eXit of the adsorbent bed. 

As exolamed m Chapter 3, the conventIOnal four-step PSA cycle for 
separation of a binary mixture comprises feed, blowdown, purge, and pressur
Ization, as illustrated In Figure 3.11. Each of these steps serves a vitai 
functIOn that contributes to successful operation of the PSA system. By 
accounting for the relations governing flow and transfer between the gas and 
adsorbent, eQuilibnum models are able to predict the phenomena occurring 
m each step'- It IS 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 Ill': 

simulated. 
Before proceeding with mathematical details, the reader may wish to scan 

SeclIon 4.4 on Cycle AnalySIS. For example, Eqs. 4.27, 4.37, 4.44, and 4.45 are 
timll equations that predict product recoveries for a variety of cycles. Those 
equatIOns should convey the idea that, even though the PSA L)'cles and 
governing equations may seem complicated, they can be soived in closed 
forms that are Simple and yet have broad' applicability. A separate SectIOn, 
4.5, covers ExPeri~ental Validation, In whiCh predictions of some of the 
models are compared with experimental data. 

The restnctlOns of the equilibrium theOlY are evident in the follOWing two 
groups of inherent assumotions. The first group IS generally valid for eQuilib
num-based PSA separations, and they make the resulting equations amenable 
to solutiOn by Simple mathematical methods. 

, 
! 

·1 
1 
I 
! 
I 
i 
! 
i' , 
i 

I , 

I 
i 
! 
! 

EQUILIBRIUM THEORY 97 

1. Local equilibrium IS achieved instantaneollsly between the adsorbent and 
adsorbates at each aXIal location. 

2. The feed is a binary mIxture of ideai gases. 
:.. Axial disperSion within the adsorhcnt hed IS negligihle. 
4. AXIal pressure gradients are negligihle. 
5. There are no radial veioclty Or compositIOn gradients. 
6. Temperature IS constant. 

The second group links the equatIOns and conditIOns to a particular cycle 
and geometry. The assumptions of a simple four~step cvcie and adsorptIOn 
system are listed, though they may be modified to' reflect other cydes or 
conditions without affecting the applicability of the eauilibrlum theory. 

7. All of the adsorbent IS utilized dUring the feed and purge steps. 
8. Pressure IS constant dunng the feed and purge steps. 
9. The isotherms may be linear or nonlinear, but they are uncoupled. 

10. Dead volume at the adsorher entrance and exit is negligible. 

Actually. 111 the first group of assumptions. all 'but the first could be 

reiaxed within the confines of an equilibnum model. To drop those assump
tIOns, however, would complicate the mathematics and ,diminish the SImplic
ity of the eauilibnum approach. After all, if one, resorts to orthogonal 
collocatIOn or other potent mathematical methods to account for disperSIOn, 
oressure drop, etc., there IS no point 111 restricting such a modei to Instanta~ 
neous mass transfer. Nevertheless, some aspects of detailed models are 
mentIOned in this chapter, along with the effects ofaxl3J pressure drop (see 
Section 4.9), In addition, the assumption that PSA operation be Isothermal IS 

not necessarily ngid. In fact, heat effects appear In a vanety of ways, some of 
which are covered 111 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 Ii 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 Plain region con tams only the pure, leSS strongiy 
adsorbed (or "light") component. In this chapter the heavy and light compo
nents arc referred to as A and B, respectIveiy. 

The following mdividual component balance applies to bmary mIxtures In 
which both components adsorb, so they are coupled in the gas phase, but are 

·,1,1 
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Figure 4.1 Steps in a conventional PSA cycje; Orientation of column and streams. 
(Top) Flows and compositions associated with each step. (Bottom) Positions-versus
iimc representation of euch step. Shndcd regions depict penetration of heavy compo
nent. 
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assumed mdependent In the adsorbed Dhase: 

( 
aPy, JVPy,) aq; 

f at + az-- + RT(l - f)at ~ 0 ( 4.1) 

The subscript, refers to component A or B. Shendalrnan and Mitchell 2 

and Chan et al.3 considered the case of a trace amount of component A 
bemg adsorbed from a carner, B. Shcndalman and Mitchell took the carner 
to be nonadsorbing, while Chan et aJ. accounted for adsorption of the carner. 
In both cases, the mterstltJai veioclty, v, was taken to be independent of 
composition (and of both time and aXial position at constant pressure). As It 
IS written, however, Eo. 4.1 applies to bulk separatIOns as well as removal of 
a dilute contaminant. 

An important detail is the definition of the void fraction e. If the adsorbed 
phase concentratIOns are expressed on a particle volume basis (Le., Including 
mtrapartIcle porosity), then e IS sImply the extra-particle or interstitial bed 
voidage. Such a defimtIOn IS logical where mass tran~fer rates are finite and 
when the mass transfer resistance IS assocJateo with external film diffusIOn, 
rnacropore diffusion, or solid-side mass transfer resistance at the partlcie 
surface. With this definition, the bed densIty (Ps), particle density (pp), and 
the solid or mlcrooarttcle density (p,), and the corresponding void fractIons 
are related by: 

When mlcropore resistance IS dommant, or mdeed under the assumption of 
local equilibrium on which this chapt~r IS based, it is' more logical to regard 
the external void fraction as the sum of the particle macroporoslty and the 
bed voidage (Le., all gas space outside the ffilcropores). The densitIes and 
void fraction are then related by: 

Pc corresponds to the density determmed with a fluid that penetrates the 
external voidage and the macropores but not the m1cropores. Since these 
definitions affect the magnitude of the Isotherm parameters, it is essential to 
maintam consistency when equilibrium data are Incorporated mto a PSA 
model. 

The balance equations are modified by substltutlllg adsorption isotherm 
expreSSIOns for each component in the form, 

i PY;'J 
q; ~ f;l RT ~ f;(c;) ( 4.2) 

Examoles are gIVen in Chaoter 2. Following assumptIOn 6 above, the temper
ature is fixed. so the second term of EQ. 4.1 can be detenmned from Eo. 4.2. 
as: 

( 4.3) 

il. 
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Inserting this into Eq. 4.1 Yields: 

al')'; a "I'y; 
-' +[3.-- ~O at 'az ( 4.4) 

where {3; ~ {l + [(1 - e)/el!;J-'. which IS a function of the component 
partial pressure. Note that when the Isotherms of both components afC 

linear, this parameter IS constant, although here It IS treated as if it depends 
on parhal pressure. Simply adding the appropnate forms of EQ. 4.4 for the 
respectIve components yields the overall matenal balance, whiCh governs the 
mterstitial flow 1O the packed bed. Hence, this exPression may be employed 
to determine the local velOCIty in terms of composition, pressure, and 
adsorbent-adsorbate mteractions. The result is 

"2 (f Y'" 1 - [3 'J 1 + ([3 - l)y, 
V. ~ exp . YA, I + ([3 - l)YA dYA '" 1+ ([3 - 1)Y2 ( 4.5) 

where the approXimation IS oniy exact for linear isotherms. and f3 = f3A/{3B' 
which for nonlinear Isotherms may depend on pressure and composition, but 
for linear Isotherms it IS constant. During pressurization and blowctown, the 
composition, pressure, and Interstitiai velOcity vary with time at each axml 
position. The details are beyond the· current scope (see Section 4.9>, but the 
result for linear Isotherms IS 

-z 1 dl' 
,,~ [38[1 + ([3 - l)YAJ Pdt (4.6) 

The Simplicity of equilibrIum-baSed theOrIes arIses because the couoled 
first-order partlai differential eQuations governmg the matenal balances can 
be recast as two ordinary differential equatIOns that must be simultaneously 
sallsfied. The mathematical techOlque employed IS calied the method of 
characteristics. A bnef explanation is given in Appendix A. The resulting 
equations are: 

dz [3 Ali 
at ~ 1 + ([3 l)YA 

( 4.7) 

and 

dYA ([3 - 1)(1 - YA)YA 
<II' [I + ([3 - I)YAJp 

( 4.8) 

Equation 4.7 defines characteflstic trajectories In the z, t Diane. First of all, 
Eq. 4.8 shows that when pressure IS 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 Ea. 4.8, and 
the characteristics are curved. Examples of characteristics are shown 10 the 
bottom portion of Figure 4.1, for example, as lines durmg feed and purge and 
as curves during oressunzation and blowdown. It IS Important to note that 
charactenstics do not end at the end of a step; rather, they continue in an 
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altered form. Since compositIOn can be determined aiong any characteristic, 
knowlllg the mitial composition, they provide an excellent means for perform
mg stepwise matenal balances for PSA cvcles. 

The blowdown step IS governed by Eas. 4.7 and 458, 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 IS com
monly referred to as a prOf}OrtlOnate f}attem or dis/Jcrswe from (see Section 
2.4). In the remainder of this chapter, It IS referred to·as a srmpie wave, partly 
because it contrasts with the term shock wal.'e which. IS discussed beiow (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 mvolves uptake of 
the more strongly adsorbed component. As Ifl conventIOnal adsorption sys
tems, a sharp concentration front IS created by this uptake that IS sometimes 
called a constant pattern or self-sharpening profile. At the extreme of local 
eauilibrium behaVIOr, the front is a step change. and IS called a shock waNe. 
Since equilibrium effects are emphaSIzed In this chapter. the term shock 
wave will be used, even though In reai systems disSipatIve effects may 
diminish the sharpness. A shock wave IS shown In the l)ottom portion of 
Figure 4.1 m the feed step. It appears as a thick line 'at which charactenstlcs 
Intersect, and it separates the shaded region (depicting presence of the heavy 
component) from the plam regIOn (depicting the pure light component). 
Examples of breakthrough data (from expenments :m whiCh methane was 
admitted to a bed of activated carbon preViously pressurized with nitrogen) 
are shown III Figure 4.2, iliustratiOg the sharpness aUalnable in many PSA 
applications. 

It Is the velocity of a shock wave through Ihe packed bed thai governs lhe 
duratIOn of the feed and nnse steps. Simiiariy, 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 
eauating the shock wave velOCities based on the conditions for both compo
nents A and.R to get 

( 4.9) 

where, III general, 

1 and 2 refer to the leading and trailing edges of the wave, respectively, and 
iii IS gIVen by EQ. 4.2 for component I at comoosition'}. 

, ''d I 
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Figure 4.2 BreaKthrough data of N2 and CH 4 on activated carbon at 2.7 atm and 
25°C. 

A balance for comoonent A around the shock front Yields an expressIOn 
for the velocities ahead of and behind it, 

[), ~ 1 + (e - 1) YA , 

V, 1+(0 I)YA, 
( 4.10) 

where 0 ~ 0AIOB' Agam, Appendix A treats this subject somewhat more 
generally and thoroughly. 

4.3 Model Parameters 

Two parameters provide the simoiest means by which to express the impact 
of adsorbent-adsorbate interactions on PSA oerformance. The parameter {3 
IS evaluated at a specific composition using tangents of the respective 
isotherms. The parameter 0, however, IS evaluated at a Jump discontInUity 
using chordS of the respective Isotherms. For systems havmg linear Isotherms, 
{3 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 
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. ~ column Isotherm IS 

I 
, I 
I 
I 

, j 

c, _ y,? (. 1 - s t, RT) n; - RT 1 + -s-'-Y;?' 

In tenus of wave movements, this IS the cumulative amount of adsorbate i 

admItted at P and y, to an initially clean adsorbent (j.e., totally evacuated or 
pre pressurized with a less strongly adsorbed component), stopping at l)rcak· 
through. The column Isotherm is discussed later In other contexts. 

The parameters {3 and () are related to velocities via Eqs. 4.5, 4.9, and 
4.10. Therefore, it IS possible to measure theiT effective values in break
through experlments. In one type of experiment, a fixed bed of adsorbent IS 

Initially purged and pressurized with the light component. The feed IS then 
admitted to the bed at the same pressure. By Simply mOTIltormg the influent 
and effluent flow rates, the value of () (or f3 when both Isotherms are 
praclIcally linear) may be found from: 

8 ~ 8(P,G,y,) ~ I -
- Qon,/Q;ol,· (4.] ]) 

( = [3 for I in ear Isotherms) 

where the product is pure (Le., YA" = 0), the bed pressure is kept constant, 
AP = 0, and the volumetnc flow rates, Qs, arc constant. In an alternative 
type of expenment the adsorbent bed is mltlally equilibrated with feed. Then 
the pure heavy component is admitted to the bed at the same pressure. By 
Simply monitonng the influent and effluent flow rates, the vaiue of () (or (3) 
may be found from: 

( ~ f3 for linear ISotherms) ( 4.12) 

Note that when both isotherms are linear. the values obtamed In the two 
types of experiments should be conSistent, but if Isotherm curvature IS 
significant, the values of fJ detenmned In the two types of expenments 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 comoositlOn, pressures, and cycle times) can be examined, 
the effects of mInor vanations In packing and/or adsorbent prop!!rtlcs can be 
assessed directly, and even effects of dispersIon and: diffUSIOn can be identi· 
tied and easily reSOlved. 

As mentioned earlier, examples of expenrnental breakthrough .curves, for 
methane (A)-mtrogen (B) on actIvated carbon, are shown in Figure 4.2. The 
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104 

i .0 
SYIolIlO~ 

0.9 
, 
" ~ 

O.B 

0.7 

0.6 
a> 

0.5 

0.'4 

0.3 

0.2 

0.1 
0 

PRESSURE SWING ADSORPTION 

,,~ p""'"<t P (G''''') ~".""'.n' 

!.~ 
"' '" 

-,,---u-~ 
<>2 l.1 z."m. ~ 
H. 1.1 .... C"rb.~ 
112 6.1 .< .. Ca.to"" 

CH~ Hl' 2.1 ",r. C"""'ft 

. 

H ___ tl ________ 
11 

.1 

10 20 30 

Re 

~"". ~"l O.5~ 
().~1" 
0.171 
O.~~7 
O.#S 

40 50 

Figure 4.3 Effect of Re on adsorption selectlVitv parameter, 0, for 31f-02 on zeolite 
5A (BaliS), and N z ,and He on activated carbon, and N2 and CH 4 on activated carbon. 

results are pioUed as 0 versus Reynolds number (Re = pEudp/p." where p 
and J.L are the gas denSIty and VISCOSity, 60 IS the gas superficial vcioclty. and 
d p IS the partIcle diameter) in Figure 4.3. In that figure, absolute pressure is 
shown as a parameter, and results for aIr (A)-oxygen (B) on zeolite SA, and 
mtrogen (A)-helium (B) on aClIvated carbon are also mCluded. Some of the 
pressures were sufficiently low for the isotherms to be nearly linear, while 
others were at pressures 'high enough for Isotherm curvature to be significant. 
Furthermore, the dependence of B (or (3) on Re is similar among the 
different cases, reftecttng the Impact of dissipative effects. For each data set, 
the mmllnum value of 0 corresponds to conditions m which the combined 
effects of diffusIOn and dispersion are mmimaL At that pomt, 0 IS typically 
found to be iarger (worse) than the vaiue predicted from 1sotherm data alone 
by about 0.02 to 0.05. The optImal Reynolds number (Re) for all the cases, 
except nItrogen-helium, IS in the range of 9 to 18. The elapsed time per 
breakthrough experiment is on the order of a few mmutes, while batchwise 
isothenn measurements are much more time consuming. 

For certam compositions, when the isotherms are Quite nonlinear, there 
may be a selectIvIty reversal, mdicated bye> l. This can occur when the 
partIal pressure of the heavy component IS so large that 0 A becomes greater 
than 8ll . In that case, if a shock front existed, It would begin to dismtegrate 
and a simple wave would form. The resulting breakthrough pattern would 
have a tail (at high partial oressures) that might be falsely diagnosed as an 
effect of mass transfer resIstance (see Figure 2.23). Generally, other compli-
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cations are possible due to multiPle conceIvable values of the velocities and 
the parameters 8, and B. The compositions bounding the shock front are 
constramed by the influent and effluent compositions, but due to entTOPic 
effects they may tend to lie somewhere between those. For multIcomponent 
systems, the phenomenon of "roIlup" can cause loc.al maxima of the lighter 
components. resulting in a shock velOCity slower or faster than expected. 
Subtleties arIse because the choice IS suhject to :a uniqueness condition. 
Applications to PSA have been discussed by Kayser and KnaebeJ. 4 When the 
curvature of the Isotherms 1S not too severe (i.e., at 10w partial pressures), the 
Uniqueness condition will be automatically satisfied, and the shock velOCity 
predicted by Eo. 4.9 will be valid for YA, ~ YA, (i.e., the feed comoositlon). 

4.4 Cycle Analysis 

Certam prelim manes are essential for predictmg PSA performance. First, 
one must determine baSIC properties, and among these, for the local 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 composit10n, pressures, and step tImes. At 
that point matenal balances and thermodynamic relatIOnships can predict 
over~1l p~rformance In terms of: flow rates, oroduct recovery, byproduct 
compositIOn, and power reaUlrements. 

The key concept involved in applymg cQuilibnurn :rnodels is that each step 
is intended to accomplish a specific change. For steps such as pressurization 
and countercurrent blowdown, the specific change IS .obvious. Other steps are 
more subtle because they may proceed until breakthrough IS Immment. 
complete, or some fractIon thereof. Such operating policIes link the flow 
rates, step hmes, bed Size, etc. of those steps, and depending on mitial and 
final states, may Impact other steps in the cycle. In that sense the goals of the 
steps are not at all open ended. 

As an example of stepwise matenai balances" the number of moles 
contained in an mfluent or effluent stream durmg any step can be determined 
from appropnate velocities, as gIven by Eqs. 4.5, 4.7, 4.9, and 4.10. The 
chOice depends on the nature of the step, The mol'es added to or removed 
from the column III each step can be expressed as the mtegral over time of 
the Instantaneous molar flow rate(s). or as the difference between the finai 
and initial contents of the column. General expressions are: 

( 4.13) 

(4.14) 

d.L 
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where the products of the average molar flow rates and time are: 

(4.15) 

( 4.16) 

Fot steps In which pressure IS constant, the mfluent flow rate or effluent 
flow rate can be set to complete the sten within the allocated step time. No 
matter which is spedfied, the other can be easily determined if hoth composi~ 
lions arc 'known, VIa Eo. 4.5 or 4.10, depending on whether a shock front 
eXists in the column. 

For steps In whiCh pressure vanes, it IS easier to specify the rate ot' 
pressure change, because the volumetric flow rate vanes as pressure changes. 
Employing Ea. 4.5, Eo, 4.16 can be wntten as: 

Q- f'''''Q dt 
'step = dP dP 

o 
(4.17) 

For some steps, it is convenient to determme the flows from the molar 
contents of the column, when the composition profiles are known, For either 
A or B, the contents are: 

N, ~ fL[ec, + (1 - E)!,(c,)!Acsdz 
o 

( 4.18) 

where { IS the Isotherm function, given by EQ. 4.2. This relation IS eQUlvaient 
to the column isotherm mentioned 111 Section 4.3, In the same veIn, the total 
column contents are obtained by summing the amounts of both components, 

NTOTAL ~ t(ec + (1- E)l!A(CA) + !B(cB)])Acsdz 
o 

( 4.19) 

Now these balance equatIOns can be combined to predict the overall 
performance of some PSA cycles. As discussed in Chapter 3, the simolest 
PSA cycles emoloy 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 called the Skarstrom cycle/) and 
IS discussed in Section 3.2. Several vanations of the Skarstrom cycie have 
been analyzed via the local equilihrium theory. including steps with incom
plete purge,1-9 SImultaneous pressurization and feed and sirnuitaneous feed 
and cocurrent blowctown,W cocurrent blowdown,ll rinse,l2 etc. As shown III 

Sections 4.4.i-6, the final results of those models are surpnsIngly simple. 
Futhermore, experiments conducted over a wide range of conditions have 
confirmed theIr validity, as shown m SectIOn 4.5. 
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4.4.1 Four-Step PSA Cycle: PressurizatIon WIth Product 

The cycle covered in this sectIOn IS shown in Figure 4.1, and it is probably the 
simplest PSA cycle, at ieast from a mathematical VIeWpOint. One result of 
that sImplicity IS that It has been possible to extend the equilibrium theory, in 
closed form, to systems exhibiting noniinear Isotherms. ~ For the sake of 
clarity, although generality IS sacrificed, the discussion IS given here III terms 
of a specific type of mixture, VIZ., In which th"e light component has a linear 
Isotherm while the Isothenn for the heavy component IS nonlinear (e.g., a 
Langmuir or Quadratic isotherm), When both Isotherms arc practically linear, 
the equatIOns presented here can be easily Simplified, and when both are 
nonlinear, the preceding equatIOns can be adapted, although the resulting 
expressions become somewhat more complicated. 

As mentioned previously. step times, veiocities, and molar flow rates are 
mterreiated through matenal balances. Therefore; smce the mfluent and 
effluent moles requued for a certam 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 chOlee IS CrItIcal. For example, during the feed step the flow rate 
affects the apparent selectiVity, as suggested in Figure 4.3, as well as pressure 
drop. In contrast, the time allotted for the purge step IS usually chosen 10 
order to synchronize steos occurrtng m parallel beds. Pressure drop and mass 
transfer rates are normally of little Importance while purgmg. From a 
mathematical vlewDoint, the velocities III the feed and purge steps are 
governed by the rates at which the ShOCK and SImple waves propagate 
through the bed, as given by EQs. 4.5, 4.7, 4.9, and 4.10. These equatIons 
reiatc the mterstitlal velocity, the length of the bed, the step time, and the 
column Isotherm, as follows: 

vin/IF = L/6A 

Vinl!pu = L/{jA 

( 4.20) 

(4.21) 

Note that the feed step IS assumed to produce the :,pure light component at 
high pressure. so in Eq. 4.20 8A = 8iPu , y = 0, y,,). Furthennore, since in 
EQ. 4.21 the purge gas IS also presumed to be pure, /3 A = f3..,,,. In this sectIon, 
the light component IS assumed to have a linear Isotherm, so III the foliowlllg 
treatmentf3n ~ f3B, = 0B· 

Accordmgly, the moles reqtured for the feed and purge s,teos may be 
determmed from EQs. 4.13 through 4.21 as 

Q;"tlF ~ q,sff Pf3A "IOA 

Q;"tipu ~ q,f3A"If3A ~ <I), 

and K; IS the Henry's law coefficIent of component i. 

( 4.22) 

(4.23) 
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The moles of the Dure, light product withdrawn during the feed step may 
be determmed from Eqs. 4.10 and 4.22, as follows 

(4.24 ) 

where 8 A has the same value as In Eqs. 4.20 and 4.22. 
The pressunzation with product step m this cycle follows the purge step; 

so the bed IS presumed to con tam only the pure, light component. Thus, Ea. 
4.17 YIelds 

( 4.25) 

Consequently. the rate of pressunzauon IS immaterial; only the Initial and 
final pressures matter. 

The definition of recouery of the light component for this four·step cycle, 
with pressurization by product IS: 

R 
_ l2.:tlF - Q;;;tlpR - Q;;;tlpu 

8-
QintlF Y8F 

( 4.26) 

Thus, by combining Eas. 4.22 through 4.26 and rearrangmg, one obtams: 

.. ( l) R. = (I - 8) 1 - P 
YB~. 

( 4.27) 

where C = 1/[1 + (gPH YF13 A.,l/(J - 130)] is a factor that devIates from UnIty 
only for nonlinear Isotherms. For' examole, when component A follows a 
auadratic Isotherm. qA = KAcA + MAC~ and component B follows a linear 
Isotherm, qB = KBc n, one gets 

1 - e MA 
~= -e-T 

Some specific results of Ea. 4.27 are shown 10 Figure 4.4 for the case of 
linear isotherms (MA = a and l = 1). This figure illustrates the effects of 
feed composition and pressure ratio on product recovery, for two adsorbent 
selectivities, {3 = 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), respectlvely. The resuits are shown as three-dimensional surfaces 
tllat have qlllte sImilar shapes, despite the large difference m selectlvitles. 
Both surfaces approach an asymptote at high oressure ratios and, to a lesser 
extent, as the percentage of the heavy component 10 the feed approaches 
zero. Conversely, recovery of the light comoonent always decreases as the 
amount of the heavy component 10 the feed mcreases. Later, 10 Sechon 4.6, 
additional comparisons are made that focus on the effect of isothenn curva
ture. 

Another measure of overall PSA performance is the enrIchment of the 
byproduct. EA = Y AII'/YA

F
- This may be of interest when the more strongly 

adsorbed component IS 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 ~ 
(a) = 0.1 and (b) 0.9, for pressurizatton with product. 13 
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present four~steD cycle (with complete purge) may not be the best chOIce. 
More will be said about alternatives later in this chapter. Nevertheless, a 
simple matenal baiance can he used to determine this parameter, regardless 
of the operating conditions. The following reiatlOn applies for any cycle thai 
splits a binary mixture in which the light component IS obtained as a pure 
product, and the only other effluent stream IS the byprOduct: 

1 
E A = "1 --'-Rh,

YOI' B 

4.4.2 Four-Step PSA Cycle: Pressurization with Feed 

( 4.28) 

Wh~t may seem to be the simplest modificatIOn of the four-steD cycle 
outlmed previously IS 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 preSSUrIzmg with feed rather than 
product could produce more net product G;e., have a higher recovery). That 
is, on physIcal grounds It IS easy (but deceptive) to regard preSSUrIzation as a 
"parasitic" step, Since no product evolves. At first giance, the baSIC mathe~ 
mattes would secni to confirm these expectations. For example, In the case, of 
preSSUrizatIOn with feed, NpR • the moles consumed for pressunzatlOn, ap
pears In the 'denommator of the definttion of recovery, as shown In Eo. 4.29. 
For the counterpart cycie (pressurizatIOn with product), NpR appem:s as a 
negatIve term In the definition of recovery, Eo. 4.26. Thus, in both cases It 
would appear th~t pressurIzatjon IS detenmental to oerformance. Following 
that notion, it might be deduced that the relatively less valuable feed should 
be employed for this purpose. as opposed to the pure product. 

Followmg this reasonmg, It is useful to examine pressunzatlOn with feed as 
an alternative to pressurization with product, pnmarily in order to better 
understand the PSA cycle, and secondarily to gain inSight mto the develop~ 
ment of eQuilibnum mOdels. As mentIOned earlier, both Shendaiman and 
Mitchell2 and Chan et al.3 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 pressuflzation with feed versus 
product. TheIT predicted recovery of the light component, restrIcted to the 
case of cornpiete purge, is: 

R = N"p - NL 
S - ( Yo,£, NH + N pR ) YnF[to

l ~ + (3(to - 1) 1 ( 4.29) 

Note that Yn c '" 1 was assumed by both Shendalman and Mitchell and Chan 
et aI., so It would be superfluous In the denominator on the rIght-hand side m 
their versIOns. It is Included here only for completeness. In addition, 
Shendalman and Mitchell assumed that f3 = f3 AII , and /30 = 1, while Chan 
et al. assumed {3 = {3A /{3n . 
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Removmg the restrictions on feed compOSitIOn and including tile Impact of 
sorptIOn on the interstitial gas velocitv leads to a more widely applicable and 
accurate model for mosi PSA systems. That approach was followed by 
Knaebel and Hilll.1 for a system havmg linear isotherms. Their relation to 
oredict recovery of the light comoonent, also restncted to the case of 
complete purge IS: 

R- PO-I 
B - YB,[toO + {3(Ato- 1)1 

( 4.30) 

In this equation the parameter, n (= H In the onglflai paper), IS determined 
by 'integratIOn via Runge-K~~ta or a simiiar approach,- and IS somewhat 
Involved. In general, n 0: §J -"HI' when f3 ----) 0 (e.g., 0.1), while for larger 
values of /3, n IS somewhat larger than that product. Since n IS not a Simple 
functIOn of feed composition, adsoroeni selectiVity, or operating pressures, 
one might expect that the dependence of recovery would he eQuallv complex. 
The discrepancies between the models, due to differences In their Inherent 
assumptions, are discussed in Secllon 4.6. In addition, some of the subtleties 
of the presSUTIZatlon sten are discussed in SectIOn 4.9. 

As III the prevIOus section. specific results caicu:Iated from Eq. 4.30 are 
shown in Figure 4.5, for the case of linear I$otherms. That figure illustrates 
the effects of feed composition and pressure ratIO 'on product recovery for 
two adsorbent selectiVities, f3 = 0.1 and 0.9, which span the range of very 
easy to QUite difficult PSA applications. The results, agam arc shown as 
three-dimensional surfaces that in this case have QUite different shaoes, due 
to the difference In selectivities. As for pressurIzation with product, recovery 
of the light component always decreases as the amount of the heavy compo
nent III the feed increases. In addition, both surfaces approach an asYmptote 
at high pressure ratIOS, but, for the low~selectivlty case ({3 = 0.9), there IS a 
ridge representing maxnnum recovery at low pressure rat,ios. 

Another relevant issue is the Inherent differences between the preSSUflza
tlOn methods discussed. Thougfl there may he differences In mcchanicai 
compleXity and other details, the most Significant difference I~, 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 pressuflzation by feed as affected 'by feed composition and 
pressure ratiO, again for f3 = 0.1 and 0.9. The comp'anson is again limited to 
systems havmg linear Isotherms. As can be seen, regardless of the conditions 
and parameters, the recovery of the iight component that IS attamable by 
pressunzatlon with product is generally supenor to: that Obtainable by pres
SUrIZatIOn with feed. The percentage difference is small for systems with high 
selectIVities, but grows larger as selectiVIty drops. Perhaps surpnsmgly. the 
difference mcreases as the pressure ralIo CP) increases. 

This result underscores the fallacies of the prevIous mtuitive arguments in 
favor of pressUTlzatJOn by feed, and shows that it is a misconception to vIew 
presSUrIZatIOn as a "paraSItic" step. The Pflmary underlYIng prmclPie IS that, 

iii 
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(b) 

Figure 4.5 The effect on recovery of feed composition and pressure ratio, for {; 
(a) = 0.1 and (b) 0.9, and for pressurization with feed.i3 
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Figure 4.6 Difference In recoveries for pressurization with product versus pressuriza
tion with feed as a function of feed composition and pressure ratiO, for f3 (a) = 0.1 
and (bl 0.9.13 
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when lhe adsorht~Jlt is pressurized with feed, the adsorbent near the feed end 
contacts the feed at essentially the lowest pressure In the cycte. 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 fully 
pressurized. As a result, that adsorbent is less than fully utilized. Thus. 
deSPite the fact that preSSUrIzation does not contribute directly towards 
productIOn. It can diminish the useful capaCity of the adsorbent. 

4.4.3 Four-Step PSA Cycle: Incomplete Purging 

The two cycles considered so far 10 this section are sImple, and relatively easy 
to anaiyze. Unfortunately, however. they are not particUlarly efficient In 

terms of their performance relative to power requirements. That IS, they 
generally require high pressure ratios to attam high recovenes. For this 
section, wc consider a siOlple modification of the four~step PSA cycle 
described in SectIon 4.4.1. It will be seen that this modification, which smIPly 
Involves varymg the extcnt of purgmg, can lead to remarkably higher recovery 
at relatively low pressure ratios. 

Incomplete purging has been common In industrial practice, as mentioned 
by Wagner l4 and Wankat. 15 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,16 Doong and Yang,l7 and Yang. IM TheIr results 
implied that it was not feasible to increase recovery by decreasing the 
purge-ta-feed ratio and still mamtam high oroduct purity. Kirkby and 
Kenney 19 Showed theoretically and expenmentally that there is an optimum 
extent of purgmg, for whiCh product punty and recovelY are maximIzed. 
Their cell model suggested that the optimum corresponded to complete 
purge, but their expenments revealed tl1at a lesser amount was optImal. An 
equilibrium-based model was developed by Matz and Knaebel 7 to assess the 
effect of purge on PSA performance, based on systems havmg linear 
isotherms. aha that work is the baSIS of the following discussion. Recently, 
Rousar nnd Ditl9 solved the same baSic equilibrium-based eauatlOns analyti
cally to determine the optImum purge amount, and they examined ooeratlon 
in a regime that yields impure light product. 

By Its nature. mcomplete purging ieaves a compositton tail, or heei. at the 
feed end of the column. containmg some of the more strongly adsorbed 
compom:nt. Subsequent pressurization with product (also countercurrent to 
the feed) oushes that residual material toward the feed end. More subtly, It 

also reduces the gas-ohase mole fraction of the more strongly adsorbed 
component III that region, Since the heavy component is preferentially taken 
up as pressurizlHlOn proceeds. The presence of the compressed t,:lil reduces 
the quantities of both the fecd admitted and the gross product obwlIlcu 
durlllg the feed steD. The relative amollnts consumed an%r produced 
during each step depend on the extent of purge, as well as on the conditions 
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Figure 4.7 Paths of characteristics In the purge, prcssunzatlon, and feed steps. for a 
fractional extent of purge of X. Note: z' is measured from the bottom toward the top. 
and Z IS measured in the reverse directlon.7 

and parameter vaiues. Generally. reducmg the amount of purge always 
results 10 Increased recovery, but beyond some limit (described below) there 
IS no assurance that pure product can be Obtained. 

It may help to visualize the action of the steps 10 terms of wave move~ 
ments, as m the discussion of Figure 4.1. A schematic diagram of the wave 
movements 10 the relevant steps IS given m Figure 4.7, aithough m this figure 
the shading that represents the mftux of the heavy component has been 
OInltted. The purge step IS still characterized by a simple wave. This wave 
spreads as It propagates over the iength of the coiomn, as shown on the 
left-hand side of the diagram. 

The key feature of the extent of purgmg IS the fraction of the column X 
that IS completely purged. That IS, X is the fraction of L over which y = 0 at 
the end of the purge step, t L' Because they are linearly reiated, this IS 

identical to the fractIOn -of the amount of gas requ)red to purge the bed 
completeiy) Via Eas. 4.21 and 4.23. as 

X = {3ALJ in tlpU = Qt!pu 
L Qtlpu 

(4.31) 

where f3AvintlPU is the distance IOta the bed that IS fully purged and Qtl~u IS 
the number of moles required for complete purge. 

An arbitrary characteristic 10 the slmok: wave is denoted by Its composI
tIOn, Yu. The one that Just reaches the effluent cnd of the coiumn as the 
purge step ends IS speCiaL Its mole fractIOn IS called yoi:-i .. An operatIonal 
constraint is that this should be less than the "expanded" feed mole fraction, 
or, if it is not, when It IS reoressUfized It will slmpiy revert to the feed 
composition. In other words, if this constraint is not met, regeneratIOn will he 
Incomplete, and the effective length of thc column will he reduced. le~HJjng to 
premature breakthrough. Mathematically, this amounts to the follOWing 

meauality YSI'~L < Ye. Generally, the value of Ys can be determmed from 
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its initial composition and the Imposed pressure ratIO, 

( 4.32) 

The ultimate axial position, denoted zs. is coupled to the ongmal position Zo 
by 

Zs = zo(Ys )PI"-~){ 1 =Yo )'/"-~)( 1 + (f3 - I}Ys) 
Yo \1 Y, 1+(f3-I}yo 

( 4.33) 

Any greater extent of purge than the amount indicated by this inequality will 
drive oil" a suffiCIent oortlOl1 of the morc strongly adsorbed component so that 
net product IS possible. At any rate, the composition at the end of the purge 
step can be determmed from the fractional extent of purge as follows, 

1 - X'i' 
Yoi,-L = 1 f3 ( 4.34) 

Thus, beginning with values of X and y and Inserting them into EQs. 4.7 
and 4.34, one can determine the composition profile Jll the column at the end 
of the purge step. One can SubseqUently employ Eqs. 4.32 and 4.33 to 
oredict, by tracmg characteristics, We profile after pressurizatIOn. 

The feed step is affected by the profile In the column at the end of 
pressurizatIOn because charactenstics having composition Ys encounter char
acteristics at the feed .composition, formmg a Shock wave. Since the compOsI
tion at the leading edge varies nonlinearly along the shock path, it mav be 
necessary to determine the path by mtegratlOn usmg a Runge-Kutta routIne. 

Since the composition profile at the begmning of the feed steD IS compli
cated, It IS conceivable that variations of composition and velocity, along with 
the diffenng adsorption selectivities of the components, could lead to unusual 
waveforms (e.g., the formatlOn of double shock fronts), whiCh are possible for 
a smgle adsorbate that has a Type IV isotherm. If that were the case, column 
behavior would be difficult to understand and analyze. Applying the entropy 
condition and the method of characteristics, however. leads to the conciusion 
that multiple shock waves cannot occur at conditions typically encountered in 
PSA cycles.' 

Havmg summarized 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 combinmg the 
foregomg analYSIS with Eq. 4.26. From an engmeenng standpoint, the most 
mterestmg cases to consider are those were dramatlc Improvements are 
possible, for example, III relation to the Simpler cycles discussed earlier. 
Perhaps the most mterestmg type of application at the present state of PSA 
technology IS the Situation in which both the feed composition and adsorbent 
selectivIty arc moderate. Separation of oxygen from air using zeolite SA IS a 
realistic exampie of such a system. Air IS composed mamly of miTOgen 
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(78.03%), oxygen (20.99%), and argon (0.94%) (for Slmplicltv the mmor 
constituents are omitted here), and the temperature IS taken to be 4SOC, 
which assureS that the Isotherms are nearly linear (up to about 6 atm). 
Furthennorc. the adsorptIOn Isotherms of argon and oxygen on SA zeolite 
practIcally coincide, so argon and oxygen are not separated. The 
adsorbent-adsorbate mteractlOns are charactenzed by f3 = e = 0.593 (Kayser 
and Knaebel'O). 

Two types of comparisons are possible: fixmg the extent of purge and 
varying the pressure ratio, or vice versa. The results arc shown in Figures 4.8 
and 4.9, respectively. The former shows extents of purge of 100% and ~O%, 
and pressure ratios from 1.45 to 100. The recovery based on complete nurge 
passes the break~even pomt at a pressure ratlO of 4.6, reaches 22% at a 
pressure ratiO of 10, and approaches ahout 39% as the pressure becomes very 
large. Conversely, at 50% purge the recovery at a pressure ratio of 1.45 IS 
230/0, rises to neariy 39% at a pressure ratIO of 10, and attains the maXImum 
value of about 40% at a high pressure ratIO. Figure 4.9 shows pressure ratios 
of 2.0 and 4.0, with extents of purge from 45% to 100%. Both cases show nil 
recovery for high extents of purge, and over 30% recovery as the exteni of 
purge reaches the minimum value for which pure product is attamable. 

To summanze these results: redUCing the extent of purge to about 50% of 
completion allows recovery to pure oxygen at low p:ressure ratiOS. As the 
pressure ratiO IIlcreases, the Improvement IS still Significant, though the 
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Figure 4.8 Effect on light product recovery of pressure ratiO, for extents of purge of 
50% and 100%, for {3 ~ 0.593 and y, ~ 11.78. 
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Figure 4.9 Effect of extent of purge on light product recovery for pressure ratios of 
2.0 and 4.0, for 13 ~ 0.593 and YF ~ 0.78. 

returns dimInish. 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 oroduct punty 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 certam PSA steps could lead to simolified equipment or 
superior perfonnance. For example. the simplest PSA cycie is a two-step 
cycle that combines the pressunzation and feed steps, and the blowdown and 
purge steps. This CYCle reqUIres the rnmimum number of valves and very 
Simple 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 domg so would IOvolve some mechanical 
comoHcations. The locai' equilibnum theory IS a natural choice to study such 
cycies because It can focus on the Impact of major parameters and operating 
conditions, without the mtruslOn of extraneous effects which would involve 
adjustable parameters. 
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The interstitial flow rate can be found from the toUU matenal balance (i.e., 
the sum of Eq. 4.1 or 4.4 for both components). These equalionS can be 
mtegrated with boundary conditions (YF' i'F. specified at the feed end of the 
bed) In order to evaluate the velocity and composition at other points in the 
adsorbent bed, The mdividual component balance for component A, can 
then be solved, Yielding results tilat are slightly more complicated character
IstiCS than those described by EQs. 4.7 and 4.8: 

dz (3(IPO-P'Z) 
dt ~ -p-[ 1'-'-+'-'('--(3---1 )--'Y-A-:C;], 

(13 - 1)[1 + ((3 - 1)YAj(I- YA)YA 

13[( !fro/P') - z 1 

(4.35) 

(4.36 ) 

where P' ~ dP/dt ~ (!fro - 'PF)/L, and ,/Ill ~ f3 i1"oP[1 + (13 - I)yAOl. In 

which the subSCrIPt 0 refers to the outiet, and the sUbscnpl F refers to the 
feed end of the packed bed. When pressure vaneS lineariy with time, P' is 
constant1 as are the molar flow rates. A hypothetical: problem could arise if 
imposing a pressure shift caused the shock wave to degrade mto a diffuse 
front. The step time would then have to be shortened to maJOtam high 
product purity, which would reduce recovery, On that Domt, Kavser and 
Knaebel lO concluded via the entropy condition that unless the pressure shift 
causes a dramatic Increase in pressure drop or mass :transfcr reSistance, the 
eQuilibrium tendency should preserve the shock froni. 

When the pure, less strongly adsorbed component, B, is used to pressurize 
the column from P L to Pr:;, and when the feed step iiwolves a pressure shift 
(e.g., partial pressurIzation bv feed or partial cocurrent bJowdown) to PH' the 
recovery of the purc._less strongly adsorbed comoonent can be expressed as: 

R~ 
1 + (f3P~-1 - I jYA" 

P~(1 - YA,) 

}ll - 1/(3 + (PF
- I) (P~[I+ (: ~ I)YA"J" - III 

P,,-PF 1 + (f3P,- - i) Y .. , , . 

( 4.37) 

where PI = PH/Pro PF = PF/PL , and PH = PH/PL' Only two pressure ratios 
of the three mentioned are mdependent; the latter Quantities are preferred 
because they are constrained to be greater than unity. Suh and Wankat lJ 

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 latter 
pressure ratios. Three cases are shown involvlOg ·separatlons that arc "dif
ficult," either because the feed is oredomlllately the heavy component. or 
because the adsorption selectIVity IS poor, or both. These are reoresented by: 
(a) (3 ~ 0.1 and YF ~ 0.9; (b) (3 ~ 0.9 and YF ~ 0.1; and (c) 8 ~ 0.9 and 
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Figure 4.10 Recovery as affected by pressure ratios, for a four-step cycle tn which 
the feed step pressure nses or falls. (a) f3 - 0.1, YF - 0.9; (b) {3 - 0.9, YF - 0.1; 
(c) {3 - 0.9, YF - 0.9. 
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Figure 4.10 (Conflnued). 

YF = 0.9, respectively. It can be seen that recovery alwayS Increases by 
combining feed and partl3i cocurrcnt hlowdown: the increase can he dra~ 
mattC for a large value of P. and a low or moderate value of PH' Conversely, 
recovery always declines when pressurization and feed are combined (i.e., 
P. < PH). The first plot shows the case of excellent selecllvlty, but the feed is 
very contammated with the heavy component; the resuits suggest that. for 
this system, combined feed and cocurrent blowdown will YIeld only a small 
improvement over conventLOnai PSA. The second plot, In whiCh the selectiV
Ity IS poor and the feed IS predommateiy the light -component, shows that 
very large Improvements in recovery are possible for combined feed and 
cocurrent blowdown. For exampie, the maximum recovery VIa conventional 
PSA IS 10% (at a very high pressure ratto). Combinmg 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 ratto of 50). The third 
example shows a system haVing poor adsorbent selectivity and heavily can
tammated feed. Recovery IS improved for this case, too, by, for example, 
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 pre'Ssure ratlos.). lncreasing 
the initial pressure ratio to 100 yields a 50% increase in recovery. The 
advantages of Increased recovery must, of course, be weighed against the 
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mherent costs of increased comolexlty and additional power for recompress~ 
IIlg 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 cycie discussed In 

Section 4.4.3. The added flnse step follows the feed step. and It begins by 
admittmg the pure heavy component to the bed. This displaces the residual 
feed, which is recycled. In so doing, the adsorbent bed becomes saturated 
with the heavy component. Therefore. durmg the blowdown step, the heavy 
component IS recovered as the pressure drops from PH to PL' At least part 
of the heavy component mllst be recompressed (to PH) for use In the 
subseauent nnse step. The cycle is shown schematically In Figure 4.11. 

Thougll called rinse, the actIOn of this step could also be thought of as a 
high-pressure purge. A major formal distinCtion between rinse and purge is 
that rmsing involves a composition shock wave, while purgmg lOvolves a 
simple wave. Arguments can be made for directmg the flow dUrIng the nose 
step either cocutrent or countercurrent to the feed. Factors such as mecham
cal complexity and product purity affect the chOice. For now, since the 
mathematical model to be discussed assumes local eauilibrium, Implymg that 
ideal shock fronts eXlstldufing the feed and rinse steps, the direction does not 
alfeet 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 Includes Incomplete purgIng. The eauatlOns 
that govern the purge, presSUriZatIOn, and feed steps m this cycle are 
identical to those that apply in the fOU[Mstep cycle covered In SectIOns 4.4.1 
and 4.4.3. Similarly, the equations that govern the nnse step In this cycle are 
analogous to those for the feed step. That IS, the relation between the 
Interstitial veiOCtty, the length of the bed, the step tIme, and the column 
Isotherm IS obtained from Eas. 4.5. 4.7, 4.9, 4.10, and follows along the same 
lines as Ea. 4.20: 

( 4.38) 

Similarly, the corresponding expression mvolvmg the nnse steD molar ef
fluent rate, step time, pressure ratio, and coeffiCients that represent geometry 
and adsorhent-adsorbate mteractions IS Similar to EQ. 4.22. As a result, the 
molar quantities In the effluent and influent are: 

QQ"tI R ~ q, Pf3A.,I08 

Q,"tIR ~ 4>P[l + (0 - l)YAFjf3A.,/OA 

( 4.39) 

(4.40) 

where 0 ~ O(PH , Y", Y ~ n. Note tllat the form of Ea. 4.40 tS 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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The blowdown step IS CrItical· to this cycte smce It IS the source of the 
heavy component product. It follows the nnse step. so the bed is presumed to 
contam only the pure, heavy component. The most direct approach to 
determine the net effluent is simply to determme the difference the initial 
and final states, according to Eo. 4.18 (since the contents arc assumed to be 
pure A). The result IS: 

(4.41) 

Thus, as for pressurization, the rale of blowdown is Immaterial" only the 
mitIal and finai pressures matter. • 

The light and heavy oroduct recoveries from the current five-step cycJe~ 
based on complete purge and nonlinear isotherms aTC: 

0/f3 -0 
R8 = 1 _ A Ao 

PYBP - 0) 
(4.42A) 

where 0 = OUB , Ye, Y = 0) and 0A = 0AU", Ye, Y = 0). 

R 
_ pr'l'l + (1 - fl)h - 1] - '1'2 

A-
PYe( '1'3 - 0) 

(4.43) 

where fl = fl(PH , Y = 1, h), '1', = fliP", Y = I, re)/oiP", y = 1, y = 0), 
'1'2 = fliPII , Y = 1, Ye)/fliPL, Y = 1, Y = 0), and iP, = fliP", y = 1, YF)/ 
fliP", Y", Y = 0). 

For linear Isotherms, these CQuatlOns simplify to: 

1/. = i 
1 --- (4.44) 

PYaF 

RA - 1 
1 

(1 - f3)PYAF 
( 4.45) 

In this cycle, Just as for the four-steo cycle mentIOned in Section 4.4.3, 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 
~urge here is identical to that presented earlier, since the steps are basically 
~he same. A mmor detail IS that, at the outset of the purge step, more of the 
heavy component remams In the column than In the four-step CYCle, when the 
hlowdown step follows the feed step. 

The present cycle differs some~hat from the cyCle suggested by Sircar 22 

which also includes a rinse step and IS described in SectIOn 6.4. Differenc~s 
between the cycles are mainly In the details, such as the flow direction In 

certam steps. Both cycles were reduced to practice for the purpose of 
splitting air, and the ranges of pressure ratios are nearly identical. i~lPlymg 
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that the Dower reqlmed would be eqUIvalent. Expenmentallv. however. these 
cycles performed differently, and the resulting recovehes and product puri
ties are compared In SectIOn 4.5. That sectIOn also compares the experimen
tal results with the theoretical predictIOns presented here Isee Figures 4.14(a) 
and 4.14(b)]. 

4.4.6 Four-Step PSA Cycle: Columns with Dead Volume 

This sect10n covers a methOd for estlmatmg the magnitude of effects caused 

by dead volume, Via an equilibnum model. The effects of dead voiume are 
diverse-they vary deoending 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 selectlVItv IS 
poor. 

Notwithstanding the last assumptIOn stated In Section 4.1, an Inescapable 
feature of adsorption columns is dead volume 'at both the feed end and 
product end of the flXed bed. The pnmary reason IS that, if plug flow IS to be 
established in the adsorbent bed, the gas must be allowed unifonn access In 

the directIon of flow. For an ordinary cylindncal column, with axial feed and 
discharge nozzles and bad retention plates, this could amount to a dead 
volume (at each end) of 5 to 10% or more of the volume of the adsorbent 
bed. 

Breakthrough curves obtamed from most commercial columns exhibit 
"rounding" ansmg from aXIal disperSlOn, mass transfer reSistance, or back 
mixmg 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 column with one in whiCh dead volume has been miTIl~ 
mlzed. Examples of the iatter. shown in Figure 4.2, were obtained with 
commercial adsorbents at velocities and pressures typical of commerCIal 
systems, but in a column 10 which dead volume was mimmized. 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. 

Purge. 

If, during the prevIOUS feed step, breakthrough had not 
begun, retained pure product partially purges the bed dur-
109 blowdown; if breakthrough had begun, the gas that 
expands from this volume is mereiy additional (unneces
sary) waste. 
If breakthrough had not begun dUring the feed step, less 
gas IS consumed during purge because of the contribution 
dunng blowdown; if breakthrough had begun, excess gas IS 
necessary to cleanse this volume before the adsorbent can 
beglll to be purged. 
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Pressuflzatiofl. Extra pure light product IS reqUired to oressuflze this 
space, though It IS recovered during the feed step. 

Feed. No effect except to retam part of the product gas, if 
bre~kthrough was prevented; if breakthrough had begun, 
mixing In this region dampens the contamll1atlOn of the 
product stream leavmg the column. 

In companson, dead volume at the feed end of a PSA column has the 
following effects: 

Blmwlown. 
Purge. 
Pressurization. 

Feed. 

'No effect except to retain part of the waste gas. 
Same as blowdown. 
Excess pure light component IS necessary to pressurize this 
space, 
Feed gas nuxes with the pure light component, resulting In 

a ddiffuse" front enterIng the adsorbent bed. 

Thus, there are several disadvantages to dead volume, and few advantages. 
In fact, the oniy positIve aspect IS the possibility that the dead voiume at the 
product end of the column may hold sufficIent pure product to partially 
purge the bed dunng blowdown. That benefit IS balanced by the fact that the 
gas will be less effectiv'e at purging the column than gas admItted dunng the 
purge step (at low pressure), because it needlessly expels gas while desorp
tion is In progress. 

The followmg development is based on linear Isotherms and the four-step 
cycle described in Section 4.4.1. The cycle IS composed of pressunzatJOn with 
product. con$tant pressure fecl1, 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, A. Some of the concepts to be presented have been 
exammed by Kolliopoulos. 23 

FOf'simplicity, the analYSIS begms with the blowdown step. This IS because 
the gas retained in the product-end dead volume and exhausted in that step 
contributes to purging. It is presumed that the feed step stops at the pomt of 
Immment breakthrough, so that the gas retained in that dead volume, having 
VOlulll~ ~ VDV" IS not contammated (Le., YDV, ~ 0). The approach taken IS 
to determine the extent of purging that occurs durmg blowdown, and then to 
determtne the additional amount needed during the purge step. The amount 
of pure light component reqUIred for pressurizatIOn IS Increased by that 
needed to fill the dead volumes. Under these assumptIons, tile 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 conclusion of blowdown, one 
must follow characteristics representing different mitial compositions and 
aXIal positions. The characteristics velOCity is given by Ea. 4.35. Perhaps the 
most Important charactenstic IS [he one that identifies the extent of purgmg 
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due to expanSIOn of gas from (he dead SDaee: 

( 4.46) 

where .po ~ f3BvOP. whiCh is nil if VDV, ~ 0, p' ~ (P,- - PH)/'BD' and 'aD 

IS the tIme allotted for blowdown. This can be rearranged to get tile distance 
wto the bed (measured from the product end) that IS completely purged, 

, t/l" _~ 
Zo ~zl,_" ~ 1"'(1 - P ) ( 4.47) 

A material balance for the dead volume demands that 

(448) 

wllcre Ap = Vovp/Vc and Vc = 7Td~L/41S the volumc' of the adsorbent bed. 
When this IS combined with the preceding relations, the fraction of complete 
purge that IS attaIned during blowdown IS found. 

X ~ ~o ~ Apf38 (1 _ p-B\ 
L E ! 

(4.49) 

The bed IS assumed to have been saturated with feed at high pressure 
during the preceding feed step. If the feed-end dead volume IS very large, 
however, the actual concentratIOn of A may be iess. That possible discrep
ancy is neglected here. Thus, as blowdown oroceeds, the residual gas be
comes ennched In component A and IS pushed towards the outlet end. The 
composition shifts to YBO' as In Ea. 4.32, whiCh yields: 

(

Y!iD fJ_I,I/fJ 
YBD~l-(l-YF) y"p J (4.50) 

The charactenstic havlI1g this compOSitIOn propagates according to Eq. 4.33, 
which may be combined with a material balance to obtam: 

X' ~~I L Yap 

1 + (13 - l)YBD (. 
1 + (13 - 1) YF 

(4.51) 

The dimenSIOnless distance, X*, reached by the expanding feed gas IS 

measured from the product end. Thus, Eas. 4.49 and 4.51 define the partially 
purged region between completely purged and expanded feed. 

Before proceeding, It may be enlightenmg to consider the potential impact 
of dead volume at both ends of the column, and the vanety of possibilities 
that arise. For example, the adsorbent selectivity, feed compOSition, pressure 
ratIO, and size of the product-end dead volume all affect the ulthnate pOSition 
6f the partially purged regIOn. So, assummg that there IS dead volume at [he 
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 prodllct~end dead volume. Similar additional possibilities arise In other 
steps of the cycle, leading to many permutattons and contmgencies. Hence, 
the overall problem is difficult to generalize. 

To detemune the effluent composition durmg the countercurrent blow
down step, the matenal balance for. the feed"end dead volume IS combined 
with the foregomg balances of the adsorbent bed and Droducl"end dead 
volume. The former YIelds YBD(P(t)) at z ~ L via Eo. 4.50. The overall 
balance equatIOn is: 

( 4.52) 

By appiymg the cham ruJe for differentiation and simplifying, this reduces to: 

dym" ~ e/{38 - Ap (. YBD - Yo",) (4.53) 
dt ,Ie (1 - (3)(1 - YBD)YBD 

where A]::" = VDV/VC' This expression may be integrated either analytically 
or via a Runge-Kutta routme .. The resuit of the former approach IS given by 
Eel. 4.54. ,llthough in terms of time and effort, the numerical approach may 
well be easier. 

( 
1 - YBD 

YBDout = YF - 1 - yp 

+ 1)YBD L 
~=tl 

YeD - 1 

where 1) ~ (6/{38 - Ap)/A F. 

( 4.54) 

The dead volume at the feed end is assumed to be well mixed, and thus 
cannot be completely purged. For practicai purposes, It 15 sufficient to purge 
the adsorbent comPletely. In fact, m vIew of the earlier diSCUSSIon of 
lncompiete purge, even this IS often unnecessary. The QuantIty of tight 
component essential for complete purging of the adsorbent bed is: 

- (. {38 A
p ( -p ) Qint!pU ~ </> 1 - -e- 1 - P ) ( 4.55) 

This IS iess than the amount reqUired for a column having V DVp == 0, by the 
fractIon of the bed that had been purged by residual product dunng the 
blowdown steD. 

To continue the analysis, It IS necessary to find the final composition in the 
feed-end dead volume durmg the purge step. Two phases are rei evant: 
during the first, the heavy component concentration Increases (reflecting 
residual matenal m the feed"end dead volume), and dunng the second there 
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IS diminishing concentration of the heavy component (which continues until 
the adsorbent is purged). The column outlet concentration dUrIng the first 
phase IS given by: 

( 4.56) 

xexp ( - B \ [1 + ({3 - I)Yool(1 - x*)) 
. A F . 

The second phase IS charactenzed by gradual cleansmg of the feed~end 
dead Yoiume, whiCh deoends on the relative volume at' the product end, as 
follows: 

- ea;(Oo-I) 1 
j 

( 4.57) 

where a ~ 2e/A e{3A' 80 ~ (1* /tL)I/2 ~ [1 + ({3 - 1).\,']0 - X*)I/'. and 
X* is given by Ea. 4.51. When the product~end dead volume IS smail, the 
ultimate composition leaving the column durmg purge IS: 

(4.58) 

The pressurizatIOn step demands excess matenai to pressurize the dead 
volume. The' precise amount, according to the ideal gas' law, IS mdependent 
of composition. Nevertheless, at the feed end, since matenal Hows mto the 
dead volume as pressure Increases, the composItion changes. The moles 
reqUlred for pressurizatIOn become: 

(4.59) 

The composition In the feed-end dead volume at the end of oressurizatjon 
becomes: 

YPU
Olltli 

YPR rmal ==-p ( 4.60) 

Finally, Ille feed step IS potenlIally somewhat inVOlved due to the presence 
of the heavy component In the feed-end dead volume. The feed immediately 
begins to shift that composition, but it displaces ma:tenal into the bed 
SJffiultaneousjy. The composition m the feed~end dead, volume vanes with 
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time according to: 

Yin ~ Y(Z ~ O,i') ~ Yb(t) ~ YF + (YPRIi""- YF)e-'H"A,,/V"VF)" 

(4.61 ) 

Material at this composition enters the bed at f ': and it reaches the shock 
Wi.we at I. The shock wave velocity vanes as the composition at its trailing 
edge varies, that is, 

( 4.62) 

LikeWlse. the velocIty of the charactenstic that intersects the shock wave at 
the trailing edge varies depending on its compositiollt as follows: 

(4.63) 

Solving EQs. 4.6] and 4.63 simultaneously for Yb yields an expreSSlon for ti In 
tenus of z and i. The path of the shOCk wave can be determmed by 
mtegratmg EQ. 4.62, for examoie 

dd
Z

\ ~ Kf,l + (f3 - J)Yb] ~f(Yb(Z.i,t'(Z,t») 
t SH 

( 4.64) 

To simulate a complet~ PSA CYCle when both dead volumes are sIgnificant 
calls for only two more parameters to be specified than for a system without 
dead volumes. DesPlte that, the pressure ratIO, feed compositIOn, and adsor
bent selectivity all affect the Impact of both dead volumes. Hence, to present 
a general perspectIVe would reqUIre more space than is available here. As an 
alternative, it Is'possible to Keep details to a mmlmum, yet get a sense of the 
Important factors, by restnctmg attention to a smgle dead volume. Since It IS 
conceivable that the proCluctwend dead volume may Improve PSA perfor
mance by its paSSive Durging'action, it IS more interesting than feed-end dead 
voiume aione, for whiCh all the foreseen effects are negative. For that reason, 
the discussiOn that follows is focused mainly on oroduct-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 IS the same as that shown In Figure 4.1, except for dead 
volume In the column. Each figure applies to a different feed composition 
and adsorbent selectiVity. While exammmg the detaiis, It may be revealing to 
Keep in mmd some historical facts. Early PSA systems for hydrogen purifica
tion used modest pressure ratios (e.g., P ~ 10), had high adsorbent selectivity 
(e.g .. f3 ;<; 0.1), and the feed was predommately the light component (YF;<; 
ttl), Figure 4.12(a) IS baSed on those conditions, and it shows that the effect 
of dead volume on recovery is small. Thus. hindslght affirms these theoretical 
results; that is, hydrogen purification systems could contain sIgnificant dead 
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Figure 4.12 Predicted recovery versus pressure ratio and petcent dead volume: (a) 
/3 ~ 0.1, Y. - 0.1, (b) /3 - 0.9, YF _ 0.1." 

VOlume, as in conventJOnal adsorbers. without suffenng much loss in recovery. 
At the present time, increasmgly more difficult PSA applications are bemg 
considered, and an appropriate question is whether column designs need to 
be modified to accommodate them. For example, the predicted recovery for a 
system havmg low adsorbent selectIVIty IS shown In Figure 4.12(b). To be 
specific, the conditions are the same as for Figure 4.12(a), except that 

. f3 ~ 0.9 in that figure Instead of f3 ~ 0.1. The effect of ctead volume IS severe, 
except at low pressure ratiOS (e.g., P s; 3). ConverselYJ at moderate to large 
pressure ratios (e.g., P;;:: 10), there is a 50% drop in recovery for only 10% 
dead volume, and nil recovery for dead volumes of 20% Or greater. 

: I 



.:1 l1i 

132 PRESSURE SWING ADSORPTION 

R 

(e) 

0.10 

0.08 

0.06 
R 

0.04 

0.02 

0/" Dead volome 
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Figure 4.12 Predicted recovery versus pressure ratio and percent dead volume; (c) 
fJ ~ 0.1, Y. ~ 0.9, (d) fl ~ 0.9, y. - 0.9." 

In the same vem, another type of difficult PSA separatIon exists when the 
feed is mostly the more strongly adsorbed component (e.g., YF = 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 10 Figure 4.12(bl, even though 10 this case the 
adsorbent selectivity is large. ApplicatIOns that are difficult in both regards, 
that is, they have both low adsorbent selecttvlty and a high level of the more 
strongly adsorbed component m the feed, are extremely sensitive to dead 
VOlume, as shown in Figure 4.12(d). In that case, mereiy 2% dead volume is 
suffiCient to destroy the potential recovery. From these results a rule-of-thumb 
is appat'cnt: the fractional dead volume that will lead to nil recovery IS: 
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4,5 Experimental Validation 

The beauty of local eQuilibnum theones lies In their slmoliclty and their 
ability to draw attentIOn to the most Important operatmg conditions, geomet
ric parameters, and phYSical oropertles. Unless these predictions agree with 
reality, however, that beauty IS superfluous. This section reviews some of the 
experimental work that has been deliberately aimed at verifying local equilib
rium 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 vaned systematically. As these parameters were mampu
lated, the performance (flow rates, product and byproduct Durities) and other 
variables were monitored. ComparIsons with theory were made retrospec
tively. Perhaos the first comparison of this sort was that of MitChell and 
Shendalman.24 Their application was the removal of 1 % :C0 2 from a helium 
carner using silica gel. They did not find close corre·spondence with their 
eauiIibrlllm theory; so they mtrOduced 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 enUre ,range of conditions. 
Flores-Fernandez and Kenney25 deveioped a more broadly applicable equI
librIum theory, and sOlved it via finite differences and a commercial package 
known as CSMP. They tested t.heIr modei bv exveriinentally separatmg 
oxygen from air usmg 5A zeolite, and obtamed fair agreement: within 15% 
for the prediction of feed flows, and within 12% for the prediction of 
recovery. 

More recently a different approach has been taken, which is to build an 
expenmental system In such a way that the mherent ~assumptions of the 
equilibrium theorv are closely approached, then to operate it In such a way 
that the best possible perfonnance is expected. This: approach has the 
advantage of exammlOg conditIOns that are of most practical interest, as well 
as usmg the theory as a tool to guide the experiments. Several different cycles 
have been evaluated this way, but to conserve space only three are discussed 
here. They are: the four-step cycie employing pressunzabon with product, a 
four-step cycle with combined feed and cocurrent blowdown, and a five-step 
cycle incorporating a rmse step In order to obtain two ,pure products. The 
underiymg theory of all these cycles was discussed earlier in this chapter. 

The first test determIned the vaiidity of the theory that was described 10 

Section 4.4.1, which applies for the four-step pressunzatton-with-product 
cycle, shown In Figure 4.1. The experimental system was a two-bed apparatus 
contammg zeolite SA, desIgned to separate oxygen from dry aIr (Kayser and 
KnaebeI 20 ). The temperature and pressures were such that nearly linear 
isotherms 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 werc tested, and for each, the system was 
operated until cyclic steady state was achieved. The pressure ratIO range was 

I ~: 1 i 
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Figure 4.13 Experimental recovery versus predicted recovery (according to Eo. 4.27) 
for oxygen (and argon) separation from air usmg SA zeolite at 45° c.20 

from 6.5 to 840, and the average temperatures were 45 and 60
0 

C. It should 
be noted that argon, which appears as about 1 % to dry air, adsorbs nearly 
identically to oxygen, so the targeted "purc" light product IS actually about 
95% oxygen and 5% argon. Product recovery was of primary Interest, smce It 
IS predicted Quantitativeiy by the theory. Results of the expenments and the 
predictions of Eo. 4.27 are shown III Figure 4.13. Recall that there are no 
adjustable parameters in the model, so the extent of agreement is not due to 
emomcal fitting. The average abSolute deviation between the experimental 
and oredicted recoveries was 1.5%, and the product purity averaged 99.6% 
(nItrogen-free oxygen and argon). These experiments provide strong evidence 
that, for this system, the equilibnum theory IS essentially correct. 

Although the results described are reassuring, they focus on the high-pres
sure feed step; the pressuflzation, purge, and especially blowdawn are 
ancillary steos. So a major QUestlOn still remams as to the validity of 
equilibrIUm theories when -pressure changes are vital to the cycle, rather than 
practIcally immatenal. This issue was examined in two separate types of 
exoeriments. The first type of experiment looked at the acceleratIOn or 
deceleration of the shock wave durmg the feed step, in conjunction with. 
decreasmg or mcreasing pressure, respectiveiy.26 Comparmg experimental 
results with predictions of the theory showed nearly perfect agreement for 
both mcreasing and decreasmg pressure. Second, PSA experiments involvmg 
Simultaneous feed and cocurrent blowdown have been conducted in a two-bed 

.j 

! 
j 
" 

I , 
! 
! 

, , 
! . 
! 

t 
i 
i , 
! 
I , 
! 

~ 

I.'.' , ,; 
, 
, 

EQUILIBRIUM THEORY 135 

Table 4.1. Conditions and Results of PSA Expenments with Combined Feed and 
Coemrent Blowdown27 

Run 

I 

2 
3 
4 
5 
6 

il. 

12.77 
13.18 
17.41 
22.91 

33.73 
33.2Q 

ilH 

10.43 
10.95 
14.35 
19.03 
25.12 
21.06 

R-:'Pl Hilleary ~ (0;;) 

25.4 26.5 -1.1 
28.4 27.1 1.3 
29.6 31.4 - 1.8 

34.1 34.6 -0.5 
35.9 38.5 -2,0 

37.4 39.1 - 1.7 

apparatus.27 The theory for this type of cycle was discussed In Section 4.4.4. 
The application was to split oxygen from air with zeolite 13X. Six experi
ments were conducted In which two pressure ratIos were varied mdcDcn
dently. A summary of the conditions and results IS gIven in Table 4. L 

The average absoiute deviatIon of the light product recovery between 
theory and these experiments was only 1.5%, just as it was for the exoen
ments havmg constant pressure dUrIng the feed steD. This close agreement 
provides additional evidence that the iOcal equilibrium theory IS mdeed valid, 
and IS relatIvely insensitive to the cycle and operatmg cbnditlOns. 

Finally, a set of experiments has been conducted in which a nnse step was 
lOtroduced, In order to extract the heavy component as a pure product. In 
addition. the purge step was left lOcomplete. In ortier to achieve high 
recovery of the light component. The 'relevant theory IS described in Section 
4.4.5. The specific application was to split dry air to gel. oxygen (with residual 
argon) and mtrogen usmg zeolite 5A as the adsorbent. In those expenments, 
a Single bed was used, and pressure ratios were vaned between 6 and 20. 
Generally. it was possible to reduce the level of impurities In the products to 
about 1 % (i.e., 0, III N" and N, III 0,) ana to achieve corresponding 
product recovenes between 27% and 90%. The predicted and expenmental 
recoveries of both products agreed well, even though ;they vaned with the 
applied pressure ratlO, as shown In Figures 4.14(a) and {b). 

In addition, Figure 4.15 shows a cross-plot of the eXDerimental results 
from those expenments, along with results obtamed by Sircar 22 for a very 
simiiar cycle. The axes depicted are product punty and recovery. Sircar's 
results show a commonly observed trend: as recoverY Increases, product 

. purity decreases. The data from the expenments described, however, show 
that punty can be main tamed at high levels as recovery increases, without a 
Significant increase in power consumption. 

To conclude this sectIOn, It appears that the equilibnum theory IS accurate 
and reliable for different PSA cycles, even for relatIVely difficult separations. 
Parenthetically. It should be mentioned that other expenmental evidence, 

. shown In Figure 4.3, Indicates that the equilibrIUm theory should be valid for 
a wide range of applicalions, although the degree of agreement depends on 
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Figure 4.14 Recovenes of (a) oxygen and (b) OItrogen from air, for a five-step cycle, 
with an Incomplete purge step.12 
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Figure 4.15 Recovcncs and purities of oxygen and nitrogen:from air, comparing the 
present five-step cycie 12 with a similar cycle proposed by Sircar. 22 

the Reynolds number In the bed. Finally. across the spectrum of potentlai 
PSA applicatIOns the IlltruslOn of heat effects can be expected to vary widely. 
Such effects may be either beneficial or detrimental, as discussed In Sec
tIOn 4.8. 

4.6 Model Companson 

This section examines the salient features of four distinct local eauilibnum
based models that have been developed over the past severai years. In 
general, it IS fau to say that the ObVIOllS 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 con tamed subtle' assumotIOns that Imposed 
tight restrictions on the parameters. Thus, It 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, 2 can be 
'applied to the PSA cycle shown 10 Figure 4.1, and the resultmg eauatlon for 
recovery can 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 

li ) 
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follows Hcnry'~ law, whik the carrier IS not adsorbed. In terms of the 
parameters used above, these are: YU

F 
~ j (i.e .• YA

F 
.......Jo 0), (= 1, fJ = fJ = 

BA" ~ f3A' and f3. ~ 08 ~ 1. The next eauilibrium model, developed by 
Chan, Hill, and Wong,'] IS iess restnctIve, though It also assumes that the 
more strongly adsorbed component is very dilute. It allows for adsorption of 
the carrier gas (followmg a linear isotherm), These restflctions amount to the 
followmg: Y. '" 1, I ~ i, and (3 ~ 0 ~ (3A /(3 •. Both of these theones 

F 0 u 
Ignore the effects of uptake (and release) on the interstitial gas velocIty. That 
aSSumptIOn allows the cycle to be analyzed easily, but it leads to potentially 
serious errors, because it implies that the molar flows of feed and product are 
identical, and similarly that the amount of gas required for pressurization IS 

cQual to the amount exhausted during blowdown. 
A similar model, suggested by Knaebei and Hill,13 mcorporated adsorp

tIon of both components of an arbitrary binary mIXture ri.e., YB, E (0, 1)l. 
Thus, the vanatlOn of velocity ansing from comoosition vanatlOns was taken 
mto account. Adsorption equilibrium, however, was still restricted to linear 
ISotherms. Hence, the parameters of that model are: I ~ 1, (3 ~O ~ (3.4"/(3"", 
and (3,,, ~ 0;. Finally, the model of Kayser and Knaebel,' which IS the basIS of 
EQs. 4.1-4.27, allows for nonlinear isotherms. as well as arbitrary composl
tton. Thus, 10 that model the parameters are distInct, and the followmg 
combinations art! allowed: t· *' I, {3 * 0 '* f3Au * f3A' and {3(j '* flu (although 
the last lIlequality is dropped in the exarnpies to follow). 

If we use the resuit of the most compiete denvalIon to predict recovery, 
viz., Ea. 4.27, the differences between the models 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 SImulated at two different sets of conditions, will be discussed 
In the followmg paragraphs. 

In the first PSA system. a very light gas, helium. IS to he removed from 
mtrogen (cf. Figures 4.2 and 4.3). Nitrogen IS much more adsorhable 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 IS excellent agreement (i.e., within about 
3%) among the Shendalman-Mitchell, Chan et ai., Knaebel-Hill, and 
Kayser-Knaebel models for that situation, and that the oredicted recovery IS 
high. The second set of conditions Involves a SIgnificant shift: now the heavy 
component is the major component of the feed, and the pressure is high 
enough so that curvature of its isotherm IS important. As a result, the two 
simplest models agree, but they must be incorrect SInce the heavy component 
is not merely a trace contaminant. The Knaebel-Hill model accounts cor
rectly for composition. yielding a 15% reduction of recovery. Correcting for 
curvature of the nttrogen Isotherm, via the Kayser-Knaebel modei, reduces 
the recovery again hy 23%. 
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Table 4.2. Comparisons of Four Local Equilibrium ModeL'I for rl Four-::'Hen PSA C:y(:lf~ 
EmplOYing Pressllflzalion wiHl Product (/ , 

Svsiem 
and 
model 

NrHe 

2 
3 
4 

N2-02 

2 
C 
4 

LoW;:> 
and 

low concentratIOn 

o 
YA F = 0.10, fJ = 5 

0.171 0.171 
0.171 0.956 0.179 
0.171 0.956 0.179 
0.172 0.956 0.180 

YAf=O.IO,P"" 5 
0.0579 1 0.0579 
0.0579 0.]61 0.356 
0.0579 0.163 0.356 
0.0583 0.163 0.359 

R 

0.663 
0.657 
0.638 
0.636 

0.754 
0.515 
0.501 
0.497 

High;:> 
and 

high concentrallon 

R 

YA f = 0.90, fiJ = 50 

0.171 0.171 0.812 
0.171 0.956 0.179 0.805 
0.171 0.956 0.179 0.657 
0.286 0.956 0.299 0.426 

>'A F "" 0.79. P = 20 
0.0579 , 0.0579 0.895 
0.0579 0.163 0.356 0.612 
0.0579 0.163 0.356 0.490 
0.0795 0.163 0.489 0.301 

"Model i is the Shendalman·-Mitchcll model. YA, ... 0. Model 2 is the Ch<w-·HiJl-Wong rnl,dd. YA •. • ... n. 
.Mod~t 3 is Ihe Knaebel~Hill model. Mode! 4 is Ihe Kayser-Knaebel model. for N,~He and N,-O'" Ihe 
value of PI.. used for the "Jow-P" comparison was I atm.' For N2-He, Ihe value of PI.. used for the "high-V" 

companson was 0.5 atm. For N2~02' the value of PI.. used for the "high-.P" companson was 0.25 aim. These 
values. and the pressure ratios, allowed Pit 10 Slay within the range 01 equilibrwm dala. I-Ic-N,; /\d~()rheni 
- aCllvl,ted carbon, tcmperature ~ 2f)"(,'. {fA'-- lfU11c.-t·- 12.H2" ... ~. qn ",O.;I<'.!I, ~ ... O.f>H74 (), N,: "d~<lr. 
bent >= Zeolite J3X. temperature ... O~C tlA = lSJ)l1c.ol -24,S47d. q,/ = 4.7542<'./1. ~- ~ O.4k(J 

The second PSA system IS mtended 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 Inadeauacy of the Shendalman-Mitchell modeL 
The heavy component is dilute, however, so there IS litHe difference between 
the Chan-Hill-Wong and Knaebei-Hill models. Since the total pressure IS 
relatively low, the curvature of the mtrogen Isotherm is' not SIgnificant, so the 
Kayser-Knaebel model is in good agreement with the previolls two models. 
The second set of conditions, agam, differs Significantly from the first set: the 
feed IS taken to be air, so the heavy component. flItrogen. IS the majoflty of 
the feed. In addition, the pressure is high enough so that the CUIvature of the 
mtrogen isotherm IS Important. This leads to serious discrepancIes among all 
the models. The Kayser-Knaebel model accounts for all the effects, and 
yields a significantly Jower. but more realistic oredictidn of the recovery. 

Figures 4.16 and 4.17 exoand the scope of the oxy~en-nItrogen example 
cited by showmg a larger range of operatmg pressures. The baSIS IS the same 
as described in Table 4.2. For the hypotheticai feed composition of 10% 
nItrogen and 90% oxygen, shown In Figure 4.16, all the modei predictIons, 
except those of Shendaiman and Mitchell (whiCh does not account for 
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Figure 4.16 Predicted recovenes versus pressure ratio for separation of 10% nitro
gen from oxygen with zeolite 13X. 
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Figure 4.17 Predicted recovenes versus pressure ratio for separation of 79% nitro
gen from oxygen with zeolite 13X. 
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sorption of oxygen), are m good agreement at low to moderate pressure 
ratios. Even when curvature of the nitrogen Isotherm IS taken Into account, 
the differences are mmor, as long as P L IS small. When "it IS raised to Just 
0.25 atm. to correspond to the compaTlson In Table 4.2. the effect of 
curvature becomes pronounce(1 at high pressure ratios. 

For the more typical feed composition of 79% mtr:ogen and '21 % oxygen, 
shown in Figure 4.17, there is practically no agreement among the modeis. 
That figure clearly shows the magnitude of devlations:cau'Sed by 19normg: (1) 
sorption of the light component (the difference betWeen the Shendalman
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 
Knaebel-Hill mOdeJ). (3) the effect of Isothenn curvature (the difference 
between the model of Knaebel-Hill and the Kayser~Knaebel mOdell. and 
finally (4) the Impact of absolute pressure when the Isothenns are not linear 
(the difference between the values of P L within the Kayser-Knaebel modeJ). 
In all of these compansons, recovery (at a gIven pressure ratio) is always 
dimmished by taking mto account more of the effects mentIOned. 

4.6.2 Four-Step PSA Cycle: Pressurization with Feed 

The differences between the assumptions of the mode is of Chan et al.} and 
KnaebeJ and HilI 13 are also evident in PSA cycles that employ pressurization 
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Figure 4.18 Recovery versus P for vaflous adsorbent seiectivities, YB = 0.9, compar-
ing the models of Chan et a1. and Knaebel and Hill. F . 
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Figure 4.19 Recovery versus fJ for vanOllS adsorbent selectlvities, Yl.ll' = 0.1 accord
mg to the mollel of Knacbci and Hill. 

with feed. This section bnefly discusses the aualitatIve and quantitatIVe 
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 models; the conditions arc then 
aitered to vioiate the simpler model. In both cases the model predictions are 
compared to show the magnitudes of the potential errors due to oversimoli
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 §J for 
vanous adsorbent selectivIties. Specifically. Figure 4.18 shows relatively close 
predictIOns for 'YA"~ 0.1 (YB, ~ 0.9). Conversely, Figure 4.19 shows larger 
discrepancIes between the predicted recoveries, especially at lower pressure 
ratios, for YA

F 
= 0.5 '( = YB

F
)' It Should be emphasized that the lower vaiues 

3re considered to be more accurate, because the assumptions are less 
restrictive. In both figures, the differences dimimsh as the pressure ratIO 
mcreases, ImplYing that the Impact of composItIon dependence on gas 
velocIty becomes relatively smaller. Both of thOse figures also show that 
maXImum recovery occurs at an mtermediate pressure ratio for systems with 
moderate ,to iow selecttvities'(Le., fJ > 0.4). SuCh behaVIOr is not observed for 
the CUSl!l of pressurizntlon with prOduct, except for nonlinear isothermH at 
relatively high vaiues of PL' 
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4.7 Design Example 

Ordinarily. open-ended (Icsign of a PSA system might mean an Involved 
optimizatIOn of the production rate, pressures (and other operating condi~ 
tlOns), adsorbent, steps within the cycle, and equipment. Conversely, to 
deSIgn a PSA system for a specific applicatIon IS more straIghtforward. 
because one would be gIven soecifications for the feed and purified product 
streams and perhaps the adsorbent. Important steps :for that case, whiCh IS 

really a subset of an open-cnded deSign, include: obtammg relevant Isotherms 
and other properties, selectmg a PSA cycle, estlmatmg recovery of the 
desired product at vanous operating pressures (assuming that sufficient 
oroduct purity could be attamed), determinmg power reqUirements and 
adsorbent bed sizes aSSOCiated with each operatmg pressure range. and 
finaIly estimatmg 'the costs of the adsorbent. power. vessels, valves, etc. to 
amve at the lotal cost. Detailed deSIgn considerations would address the 
product purity Question, and ancillary details that affect the optImum condi
tIOns, and therefore the cost. Such details, though, ate beyond the scope of 
this example. The puroose here is to illustrate rough siZing of a specific PSA 
system, generally follOWIng the steps listed, and employmg the eauilibnum 
theory. 

The application considered here IS production of .JOO N m·; per hour of 
oxygen (at 4.0 bar) from air, which IS at amhieni 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 Issues. For exampie, one wotild ordinarilv consider 
pretreatment of the feed to remove contaminants that could reduce adsorp
tion capacity (e.g., In this case mtegrating deSiccant With [his system). For 
SImpliCIty, however, the air fed to this system is assumed to be dry and free of 
contaminants. Thus, only the main constituents r nitrogen (78.03%), oxygen 
(20.99%), and argon (0.94%), I.e., 99.96% of "standard" alfl are considered. 
In additIon, the adsorbent IS chosen to be zeolite 5A. COlllcidenrally. the 
adsorptIOn Isotherms of argon and oxygen on SA rzeolite arc practically 
identical, so argon is treated as oxygen in the PSA, analysis. Sel~cting the 
operatmg temperature to be 45° C ensures that the' iS0thenns are essentIally 
linear up to about 6 atm (so there IS no effect of absolute pressure on PSA 
performance). In addition, at that temperature the adsorbent-adsorbate 
IIlteractlons are characterIzed by {3A ~ 0.10003, E ~ 0.478, PB ~ 810 kg/m" 
and {3 ~ 8 ~ 0.593.20 

Even within these constraints, there remain mafly'options: for .operating 
conditions, one could optimIze the oressure ratiO, 'extent of purge, and 
possibly the pressure manlPuJation scheme (cf. Sections 4.4.1-4.4.4). One 
could ~.ISO consider producmg purified nitrogen as a byproduct via a five~step 
CYCle, since Ii offen. very high potcntml oxygen recovery (ef. SectIOn 4.4,5). To 
be conCise, however, only two four~sten 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 or as many valves (e.g., for blowctown In successive stages), so the 
entire system IS SImpler and less expenSIve, A final, subtle pomt that has not 
been taken into account IS that the cycle time could possibly be reduced for 
this case (smee less uptaKe and release occur), which would lead to less 
reqUired adsorbent, and a further reduction m cost. 

4.8 Heat Effects 

The. term heat effect IS frequently applied to a conspICUOUS change m 
performance that cOincides with a temperature fluctuation. Although the 
term IS mtroduced here, It IS covered more QuantItatively 10 Section 5.4. 
Viewing a packed bed pressure swing adsorptIon system, there arc two malO 
heat effects: heat IS released as a heavy component displaces a light compo· 
nent due to the preferential uptake, and compression raises the gas tempera
ture. of course, heatmg due to adsorptIOn and compreSSIOn IS at least 
partially reversible, since desorption and depressurization both cause the 
temperature to drop. The relatlve magmtudes 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 III 

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 
oerformance 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 simultaneously. -Thus, determining cause-and~effect relationships IS not 
t'riviai. In fact, some unusual thermal behavior was revealed In a oatent 
disclosure hy Collins 2H that continues to perplex some mdustrlal nractition
ers. Collins stated that, "Contrary to the pnor art teachings of uniform 
adsorbent bed temperature during pressure swing air separation, It has been 
unexpectedly discovered that these them1ally isolated beds experience a 
sharply depressed temperature zone m the adsorptIOn bed mlet end .. ,. The 
temperature depression hereinbefore -described does not occur In adsorbent 
beds of less than 12 inches effectIve diameter." Without attempting to 
unravei those observations, it may be Instructive to consider what happens in 
a small column, to see detailed effects directly and to lOfer their causes, and 
to become aware of the range of potential effects. 

For most systems. the prinCipal he.d effect arises from simuitaneous aXial 
bulk How, adsorption, and heat rclea!\e due to adsorption. These phenomena 
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lead to composition and thermai waves that propagate toward the product 
end of the column. For many PSA applications, these fronts COIncide, and the 
induced temperature shifts Just due to adsorptIOn are ofren greater than 
lOoe and may exceed 500 e (Garg and Yon"), It IS shown iater that 
temperature shifts dunng a tYPical PSA cycle need not Significantly affect the 
adsorptIon selectIVIty, even though relatIvely large changes In absolute capac· 
Ity may occur. For systems with small amounts of a strongly adsorbed 
contaminant or'3 very weakly adsorbed carrier, however, the thermal wave 

. may lead the compositIOn wave (see SectIOn 2.4) and III such cases the 
adsorption selectiVity can be dramatically affected. 

Temperature profiles for a typical bulk separatIOn applicatIOn are shown 
III Figure 4.20. That figure shows the internai column temperatures dUTIng a 
PSA cycle m whiCh oxygen IS bemg separated from aIf IIsmg zeolite 5A with a 
pressure swing of 1 to 5 atm. Five thermocouples were placed at the 
centerline of the column at equal spacings. They were small and had exposed 
JunctIOns for fast response. The pressunzatlon step (up: to 39 s) appears as a 
linear increase of temperature measured at all the thermocouples. Durmg 
the feed step (contmuing to 149 5), the temperature IS stable until the 
cOTJlPosition front passes, and then a sharp flse occurs and a new piateau IS 

reached. Simultaneous measurements mdicate that for this system the tern· 
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~igure 4.20 Bed temperature histoncs for a four-step PSA cyde, from pressurizatIon 
through purge. The numbers 1 through 5 indicate thermocouple locations In the bed, 
from ncar the feed cnd TO ncar the product end. The opplkawm is production of 
oxygen from 'lIT with zcoiite SA. The pressure range IS from 1.0 til S.O atm. 
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Figure 4.21 Bcd tempcralUrc hi!;toncs dunng a [our·step PSA cycle In which water 
vapor IS r~movcd from all' with s.ilica gel at 25°C and a pressure rallo of 4. 

perature front COincides with the composItion front. Blowdown causes a 
nearly instant.aneous temperature drop due to simuitaneous depressurizatIOn 
and desorotlon (until 161 s). Finally the purge step exhibits a small drop In 
temperature as desorptton of the heavy component IS completed, followed by 
a gmdual flse back towards the ambient {influent) temperature (completed at 
205 s). 

For comparison, temoerature profiles fOf the feed step 10 a PSA au dryer, 
which IS a tYPical contamlOant removal application. are shown in Figure 4.21. 
That -figure shows mternal column temperatures for air drymg 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 is barely discernible, and is certainly not sharp. 

Knowmg some -of the details of temperature fluctuations during PSA 
cycles, It is appropnate to explore the effect of temperature on overall PSA 
performance for a bulk separation. The clearest and Simplest indication of 
temperature dependence comes from the limiting case of linear lsotherms in 
the four-step cycle discussed in Section 4.4.1. EaCh stream depends differ
ently on individual component f3 values whiCh are themselves dependent on 
temperature. The overall recovery, however. dependS only on ~() (which is 
written Simply as {3 here). First of all, consider the overall dependence of 
recovery on temper~ture from Eq. 4.27, 

( 4.66) 
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Where 

and 

K,~Ki,exp[C,;I(;O -~)] 
is the temperature-dependent Henry's law coeffiCIent of componen't I. Com
binIng these Yields 

af3 
aT 

+KB(~Z; - I)] 

(4.1;7) 

To cite a specific example, the parameters for separating oxygen from air 
USIng zeolite 5A at 45°C are: KA = 8.24, K. = 4.51, I1FiA ~ -6.0 kcaljmol, 
C,HB ~ -3.0 kcal/mol. and € = 0.478, so af3AfaT= 0.00269 K-'. ae./aT 
~ 0.00209 K-', and af3/aT = 0.00856 K-' 20.30 At very high pressure ratIos, 
only the second term In Eq. 4.66 IS Important. and the limit IS: oR.faT = 
- 0.00856 K -': that IS, recovery would decrease by slightly less than 1 % if 
the average temperature mcreased e c. At a more reasonable pressure ratio 
of 5, however, the first term In Eo. 4.66 is about -0.05,which would require 
an average temperature mcrease of 200 C for recovery, to decrease 1 %. At 
iower pressure ratiOS, EQ. 4.66 predicts that the recovery would mcrease, 
rather than decrease, if the average temperature Increased. 

Next, the flows Involved 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 stream can be found from the 
isotherm parameters. For the sake of discussIon, Quantities are identified 
only by orders of magnitude, and the temperature of the high-pressure 
product IS taken as the base temperature. Relative to that, the temperature 
reached at the end of oressurIzation IS practically the! same. The fact that 
pressurization begms at a lower temperature 1S less Important, since equili
bration at the final temperature and pressure detennines the quantity of gas 
admitted. The temperature encountered by the feed is higher (due' to the 
heat released by uptake). Finally, the temperature dunng blowdown (which 
does not affect recovery) and purge IS lower due to depressurlzatlon and 
desorplion. Hence, looking at each term In EQ. 4.26 reveals the effects of 
temperature shifts for mdividual steps: 

0-0 - [Ml/f3A)/I1Tj[l1Tlpu] 
r 11( 1 /f3 A) / tiTl[ tiTIF] 

[-][-] 
[-][+] 

(4.68) 

: ,[Ii 
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Thus, the net effect of temoerature 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 Isothermal. The net effect IS expected to be mmor since, 
according to the basis chosen, only the purge and feed streams are affected, 
and the mcrease of the ourge 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 cycies will respond to temperature 
shifts differently. For example, for cycies in which the heavy component is 
produced dunng blowdown (cf. Section 4.4.5), the most important stream In 

determmlOg recovery is the blowdown step. This steD involves a large 
temoerature drop (relative to the pressurization, high-pressure oroduct, and 
rinse steps) due to desorptIOn and depressunzatlOn. As can be seen from EQ. 
4.41, the net effect 'is that the adsorbent retains marc of the heavy component 
than It would under isothermal conditions (i.e., the magmtude 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 thelT 
inherent thermal response, there is an even greater mcentive to understand 
this behaVior. To elaborate, in many PSA systems It is Important to prevent 
complete breakthrough, (e.g., durmg feed and cocurrent blowdown steps), 
whiCh would reduce the purity of the product. Conversely, if breakthrough IS 

not Imminent at the end of these steps, the product recovery cannot be as 
high as possible, smce any purified gas left m the column IS exhausted with 
the byproduct. Simiiariy, a rinse step should be allowed to proceed until 
breakthrough is Just comPlete. To go further would reduce recovery, and to 
stop prematurely would reduce purity. Accordingly, both high product punty 
and high-recovery PSA performance can be achieved by termInatmg such 
steps very preCisely. A minor problem IS that many composit10n senSing 
instruments have long response times or large sample volumes, so that 
on·line measurements are often nnpractical. That is where the thermal 
response comes m. 

The fact' that the shock wave of temperature usually comcides with the 
composition front' can be exploited to control the tlmmg. Evidence for that is 
shown both In Figure 4.20, which was described previously, and to Figure 
4.22, in whiCh, again, oxygen IS being separated from air. In the iatter figure, 
the pressure increases from 2.0 to 5.2 atm. as feed IS being admitted to and 
product is bemg slowly released from the column. As can be seen, the 
average temperature m the bed rises, but the sharoness and magmtude of the 
temperature front are essentially the same as when pressure was constant. 
EqUlvaient, but reverse effects occur when the bed pressure decreases. 26 The 
possibility of controlling the step times in this manner can prevent reduced 
recovery [e.g., due to diminIshed adsorbent capacity or when operatmg 
conditions (or ambient conditions) vary significantly]. In fact, this concept was 
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Figure 4.22 Bed temperature histones for a combined pressunzalJon and feed step. 
The numbers 1 through 5 indicate thermocoliPie locations In the bed, from near the 
feed end to near the product end. The applicatIOn is productIOn of oxygen from aIr 
with zeolite SA. The pressure Increases linearly with ume from ~.O to 5.2 atm.26 

used to control feed and rinse step tImes for the five-step <"'Ycle expenments 
described in Section 4.5 Icf. Figures 14(a) and (b)]. 

4.9 Pressurization and Blowdown Steps 

Until now, attention has been focused on complete PSA cycies and overall 
effects. There are. however, cases in which the individual steps are lmportant. 
For example, when the heavy component of a mIxture )s valuable, it may be 
deSIred as the sole product or as a co-product. In tha.t case, the blowdown 
step. in particular, IS vitai to the perfonnance 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., mvolvmg presSl1f1ZatlOn 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 preSSUIIzatlOn. 

In that vein, perhaps the first treatment of composition profiles at various 
extents of preSSlIflzatlOn was given hy Flores Fcrn~ndez and Kenney.2:'i They 
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assumed local eouilibnum and neglected pressure drop. and they solved the 
equations by fimte differences. A subsequent modei that examined pressur
izatIon and mcluded effects of aXial dispersion, but not of mass transfer 
resistance or pressure drop, was developed by Rausar and Ditl.31 Another 
local eQuilibnum model was proposed by Kumar,32 and it was one of very few 
to Incorporate an energy balance. That model was used to analyze adiabatlc 
blowdown behav1Or. More detailed modeis arc discussed later in this sectiOD. 

This section first examines the simpiest cases of pressurIzation and blow
down,_ and suggests that the key features predicted by morc sophisttcated 
models can be obtained analytically. In such cases, much less effort IS 

required, and reasonably accurate estimates of the expected behaVIOr can be 
obtained. That upproach neglects axial pre5surc drop and mass transfer 
reSistance, as is the case throughout this chapter. Later In this section, 
however, the Impact of pressure droP on pressurization and blowdown IS 

considered. 
It turns out that the coupling of veloCity, composition, 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 
not praCtical. In addition, as noted in the prevIous sectIon, the pressunzatlOn 
and blowdown steps also may give rise to significant temperature shifts that 
affect the validity of predictions based on 'Isothennal models. 

For pressurization a number of possibilities exist, and the two simplest 
extremes have aiready been covered, viz., pressurization with product (see 
SectIon 4.4.1), and with feed (see Sechon 4.4.2). These were assumed to 
begin with an initial conditlon m which the bed was purged with the pure 
light component. When the bed has not been completely purged, slmulatmg 
prc'ssurizatlOn 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 sltualIon 
occurs dUrIng startup, when the gas used for purgmg (and possibly pressur
ization) IS not pure. Other possible complications anse from minor VarIatIOns 
In operating procedures. For example, a pressure equalization step empioys 
the gas evolved from one column (as it depreSSUrizes) for pressurizing a 
parallel column. Such gas may have a slowly or suddenly varymg composition, 
due to uneven rates of desorption, poor synchronizatIOn of the valves, or 
contamination by residual matenal in the connectmg fittmgs. 

Pressurization at startup or with gas having vanable composition can be 
regarded as fitting the following possible scenanoS: (1) Pressunzing with gas 
that gradually becomes leaner In the heavy component, during which a shock 
wave cannot form, or (2) pressunzmg with gas that gradually becomes richer 
In the heavy component, dUrIng which a shock wave may form if the 
composition change is sufficlentiy large, or (3) pressunzmg with gas that is 
significantly richer in the heavy component than the mitial interstitial gas·, for 
which formation of a shocK wave IS unavoidable. For sImplicIty, let us restnct 
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consideration to a CYCle havmg cornpiete purge .. To: detemllne whether a 
shock wave may form, one must sImply examme whether the characteristics 
mtersect (in the space-tIme domam bemg considered). The paths of the 
characteristiCS are gIven by Eo. 4.33, and the comno.sition as a function of 
pressure can be determined from Eo. 4.32. When the characterIstics do no.t 
intersect, regardless of the initial and boundary conditions, that pair of 
equations IS sufficient to predict the composition profile dunng pTessuriza~ 

, tion. On the other hand, situations that result m the fonnatlOn of Shock 
waves reouire a few additional steps to predict the· ultImate compOSition 
profile. When oressure vanes, the shoCk wave trajectory can be determmed 
by emplOYIng Ea. A.7 from Appendix A, as follows 

A.IJPYA 
iJ SH = °A APyA ( 4.6iJ) 

The interstitial velOCity is obtamed by summmg Eq. 4.4 for components A 
and B. 

( 4.70) 

In this equatlon, the aXIai dependence of pressure can be neglected, which, 
given the dependence of pressure on time, ieaves a separable ordinary 
differential equation, 

din P dv dvy, 
---at' + {38 dz + ({3A - {38) dz ~ 0 (4.71) 

IntegratIOn reqUires boundary conditions, and a convenient set IS: lJ = U F at 
z = L, and u = 0 at z = O. The result IS the expressIOn that was simoly stated 
earlier m this chaoter: 

-z din P 
v(P,y,z,t) ~ {38[1 + ({3 - I)Y] dt ( 4.6) 

When Eqs. 4.6 and 4.69 are combined, the shock wave veloCIty may be found 
from 

-{3z dlnP 
[I + ({3 - l)YI][l + ({3 - I)y,] dt 

( 4.72) 

The dependence of Yt on P, and that of Y2 on z~ can be expressed via 
Eas. 4.7 and 4.8, respectively. By combinmg those with Eq. 4.72, the couoled 
matenal balances can be solved to get: 

ay, 
Y2 = 1 + (a . l)y, (4.73) 

where a ~ Y2o(1 - YIO)/lYw(J - y,,,)], and Yw and Y211 are the mitial 
compositions at the leading and trailing edges of the shOCk wave, respe:c· 
tively. Thus, a is a sort of selectiVity, analogous to. relative volatility for 
vapor-liquid equilibnum. 

II! 
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Thus, to find the ultlmate axial position of the shock front at any pressure 
requires a sequence of steps: the mitial conditions give a; then the comoosi
tion ahead the shock front can be found from 

( 
y p~I\'IP 

Y ~ 1 - (1 - Yo) -ffJ 
Yo J, 

(4.74) 

(which is c.$sentially the same as Eqs. 4.32 and 4.50); next the composition 
behind the shock can be determmed from Eq. 4.73; and finally the aXIal 
position can be computed from 

_ (Y \P/O"P'{ i-yo )'/(J~P>( 1 +. (13 - I)y \ 
Z - Zo Yo) \ T="Y . 1 + (13 J) Yo J ( 4.75) 

(which IS essentially the same as EQ. 4.33) usmg the comoosition shift at the 
trailing edge of the shock front. 

To illustrate the oOlnt, it is approoriate to compare such results with those 
obtamed by finIte difference techniques. Figure 4.23 shows predictIOns of the 
previous equations -and those presented by Rousar and Ditl)! for oxygen 
enrichment. It can be seen that the endpomts coincide, as does much of all 
three profiles. The Principal distinction IS due to rounding, whiCh is inher
ently due to dispersion being included in the numerically derived results. 
All the results shown for the equilibrium theory were obtained with a calcul
ator in several mmutes time. Similar results have been obtained by Flores 
Fernandez and Kenney,25 and are shown in Figure 3.2. 

If we turn our attention now to bJowciown, and still restrIct conditions to 
locai equilibrium; it is ciear that blowdown IS simpler than pressuflzation. 
That is because there IS no interactIOn between the initiai and boundary 
conditions. Furthennore, m prevIOUS sectlOns of this chapter, the mitlal 
condition ,prior to blowdown was usually taken to be uniform, which led to 
relativeiY'slmple matenal balance calcuiations. Some sUbtleties anse 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 
ac~ompanymg blowdown were found to be deleteriOUs (cf. Secllon 4.8). The 
most impC?rtant feature of bIowdown IS the effluent composition, which m 
most Instances continuou:;ly changes as pressure falls, except when a rmse 
stel.' preceges blow~own, yielding the pure heavy component throughout 
blowdown. Apother topic of pr,actical mterest IS the ultimate composition 
profile m .the bed followmg blowdown. 

If the mitial composition profile IS known, applymg the local equilibrium 
m,?del for systems with linear lsotherms IS f~irly Simple. For example, in 
order to predict the ~ffiuent composition during blowdown or the residual 
interstitial, gas composition follOWing bIowdown, one need only apply charac
,lenstlC ec]UatlOns such as Eqs. 4.74 and 4.75, where Yo and Zo represent the 
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Figure 4.23 Composition profiles dunng preSSUrization of a bed of zeoiite SA, to 
which various mIxtures of oxygen and nitrogen are admitted. P = 6 atm. Initial 
conditions: (a) Yo., = 0.1. (b) Y02 = 0,21, (c) }'o, = 0.60. f3 =,0.517. Numerical results 
from Rousar and Ditl. 31 

imtlal composition and position of a particuiar characteristIc. For a gIven set 
of mitial conditions, It IS easiest to choose a final composition y. then to 
determine the necessary pressure ratIo p, and fimllly the ultimate axial 
position z. Otherwise (i.e., gIVen the pressure ratio), a 'root-finding procedure 
IS needed to determme the final compositIOn.' When the mitial composition 
profile is uniform, Eq. 4.75 mdicates that there will be no axIal composition 
gradient as the pressure falls. Regardless, Eos. 4.18 and 4.19 can be used 
with the composltion-position-pressure mformation to determine the aver
age composition and quantity of the effluent dUrIng" blowdoWfl. To relate 
these to flow rates, It would be necessary to select a depressunzation rate: 
SImplistically dP /dt ~ constant, or somewhat more realistically, dIn P /dt ~ 
constant, alt~ough any operatmg policy can be accommodated. 

In the models presented earlier III this chapter, the pressure gradient 
through the column IS assumed to be negiigible. In that situation the baSIC 
equations governmg pressurization and blowdown steps are not much more 
complicated than those for steps at constant pressure. Neglectmg pressure 
drop is reasonable for most conventJOnai PSA units, but It IS clearly mappro
pnate for Single column, rapid pressure swing processes, which are discussed 
m SectIon 7.3. The detailed modeling of presSUTlZatlon and blowdown steps, 

II 
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taking mto account pressure gradients through the column, has attracted 
much attentIOn recently. For example, a detailed model was suggested by 
Lu et al.,J3~J5 who studied both preSSUflzatJOn and blowdown. Their model 
mcluded mass transfer rC!llstances, axaal dispersIon, mtraparticle convection, 
and axial pressure drop, but not heat effects, and was solved by nnite 

differences. Other similar models have been suggested,'·-41 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: 

'801' 
V= ---

/.l. oz ( 4.76) 

Coupling this with the differential fluid phase mass balance for a plug flow 
system (cf. EQ. 5.2) with rapid equilibration Yields 

api ~ 8 a [1'(01') 1 
at, IL[e + (1 - e)(dq* Idc)] az oz, , 

( 4.77) 

where, for an Isothermal system, da* / de reoresents simply the local slope of 
the equilibnum Isotherm. The appropnate initial and boundary conditions 
are, for pressunzation: 

I ~ 0, for all z 

t> 0, for z ~ ° 

with PH and P L mterchanged for blowdown. 

( 4.78) 

When pressure drop through the column is negligible, EQ. 4.77 is eQUlva· 
lent to EQ. 4.6, whiCh was discussed previously. For a pure gas, A, It reduces 
to: 

( 4.79) 

wherj':: the _sign reflects the orIentatIOn of the column and the direction of 
flow. This may pe mtegrated directly to obtam the dimenSionless time 
required to preSSUrIze or depressurize the bed: 

~ = volume of gas fed to the column ~ In P 
. holdup III the column ( 4.80) 

which was obtamed originally by Cheng and HiI1.37 In this situation, pressur
IzatIon and blowdown are symmetrIc processes. This symmetry IS lost, how
ever, when the pressure gradients are Significant since the pressure response 
IS then governed by Eo. 4.77, whiCh IS nonlinear. This IS illustrated in Figure 
4.24, which shows pressure profiles for pressUrizatIOn [Figure 4.24(a)) 
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Figure 4.24 AXial pressure profiles dunng (a) preSSUrIzatlO:n and (b) blowdown of an 
adsorbent bed with a nonadsorbing gas. PH = 5 atm. PL = i atm. L = 1 m t reference 
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of the more strongly adsorbed component (YA) dUring blowdown of an adsorbent ()ed. 
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and blowdown [Figure 4.24(b1], over idenlIcal pressure ratlOs, calculated by 
numerical integratIOn of Ea. 4.77.36 Blowdown is clearly slower than pressur
izatIOn. The dimensionless times for pressuflzatIon and blowdown are, re
soeclIvely, about three and ten tImes the charactenstlc time defined by: 

(4.81) 

In this example, the pressure profiles during pressunzatton and blow~own 
both assume the fonn of simple propagating waves. With mixtures of differ
ently adsorbed components (or with mIXtures of inert and. adsorbing speci~S) 
the profiles assume more comolex forms. Many such ramifications, mcludmg 
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act:~a~ed carbon bed with CO
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transfer model (LDF), (2) equilibrium adsorption model, and (3) model for no 
adsorption. (From Hart et al.,39 with permission.) 
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the effect of 'a nonlinear Isotherm and the effect of uSIn:g the Ergun equatIOn 
for pressure drop Gn place of Darcy's Law) have been investigated by 
Rodrigues et a1.33 - 36 

One situatIon of special Interest IS to use a PSA process to conc.entrate 
strongly adsorbed component(s) from a feed of low concentratIOn. An exam
ole of this was studied by Rodrigues et al. 36 The bed is Ihitiaily at eQuilibrtum 
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 III Figure 4.25(a). 
Simultaneously. as shown in Figure 4.25(b), the mole fraction of the more 
strongly adsorbed component flses rapid Iv 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. Thereafter, the profile remains 
almost uniform through the bed, flsing asymptotically towards YA ::::: 0.90. At 
this paint: 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 In highly concentrated form by deep evacuation of 
the bed (see SectIOn 6.10). 

An alternative approach has been followed by Scott,JS who has shown 
that, if the column can be regarded as mfimtely iong, a relatively Simple 
analytical solutIOn may be obtamed. Profiles of pressure and compOSition for 
oressurIzation and blowdown, calculated with parameters representative of 
air-zeolite SA, afe shown ill Figure 4.26. The composition profiles for 
pressurizatIOn rFigure 4.26(a)1 show a complex wave form that Includes a 
partial shoCk, which appears as an inflection at small values of (J. The profiles 
for blowdown [Figure 4.26(b11 contam only Slmole waves; that is, they are 
everywhere concave downwards. 

The effect of tinite mass transfer rate has been Investigated by Hart et al. J9 

Their expenmental data for pressunzatlOn of an activated carbon bed with 
CO2 are shown III Figure 4.27 together with theoretical curves calCUlated 
according to three different assumptIOns: negligible adsorption, instanta
neous adsorption, and adsorptIOn at a timte rate according to the linear 
dnvlng force (LDF1 model (k ~ 0.2 s- '1. The expenmental data lie closest to 
the fimte rate model, although there is a Significant deViatIOn in the long-time 
regIOn. It seems likely that this deViatIOn may be attributed to heat effects, 
which will reduce adsorptIOn III the long-time region. 

4.10 Conclusions 

The iocal equiIibnum theory approaCh IS the Simplest available for SImulatIng 
or designing PSA systems. Furthermore, when data are sparse (e.g., no PSA 
pilot plant data), it is the most reliable method because It does not depend 
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on senllemPlrICai parameters that can only be determined from data, Such 
methods can lead to excellent desIgns when kinetlcs arc fast. Even when 
kinetics are slow (though not controlling), such methods can predict overall 
performance (e.g., m terms of recovery and byproduct enrichment) very well. 
The main and perhaos only drawback IS that. when kinetIc constralOts are 
imoortant, It becomes imoossible to estimate product pUrity reliably. 

Nevertheless, a vanety of aspects of PSA operation can be taken mto 
account by equilibnum-based theories. Some that are illustrated in this 
chapter are: a vanety of cycle and step options, wide ranges of operating 
conditions, isotherm nonlineanty. heat effects. and deadzones In PSA 
columns. In several instances, the simple theories have been verified expen· 
mentally, so there is litue doubt as to their reliability when the assumptions 
are reasonably valid. 

Chilton once said. "The sImpler things become In a PIece of research or 
development, the closer one has come to the truth." Pigford added to that, 
"The simpler an explanation IS, the more widely it will be understood. 
appreCiated, and used ... 42 In pressure swing adsorption ;systems, it IS impossi
ble to achieve greater simplicity than local equilibrium models provide and 
still retam fundamental understanding of the process. Whether the model 
predictions are close to the truth or not depends on the extent to which the 
assumptions arc valid. For all lhat, It IS seldom possible to improve perfor
mance beyond the capability predicted by an eauilibnum model because 
diSSipatIve effects nearly always diminish performance. Hence, striving to 
confonn to those assumptions can be worthwhile, not oniy because It will be 
possible to predict performance accurately and simply. but, more Important, 
because performance will be superior. Whether modeling via the local 
eauilibrium approach can be "understood, apprecIated, and used" depends 
mamiy on whether the implied superior PSA performance can be achieved in 
real applications. 

Future efforts should be directed towards a unified treatment of equilib
rium based seoaratlOns accounting for the several diverse factors that until 
now have been accounted for separateiy. An examole would be to account 
for the eifeds 'of-nonline:ar Isotherms on sequential pressurization by feed 
and feed steps. Ailother facet to examme IS the coupling of isotherms, smce It 
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 Isothermal 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 «effective" separatIOn capacity of an adsorbent, especially with 
respect to now conditions, as alluded to in Figure 4.3. 
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CHAPTER 

5 
Dynamic Modeling of a 

PSA System 

The Simplest approach to the modeling of a PSA separation process invOlves 
the use of equilibrium theol)', whiCh has been discussed In the prevIous 
chapter. The advantage of this approach IS that It allows analytic solution of 
the governing matenai balance cQuations by the method of characteriStiCS. 
The closed-form eauilibrIum theory soiutions provide prelimmary deSign 
guidance and useful inSIght mto the system behavIOr. The auantitatlve value 
of this approach is, however, restncted to idealized systems in whiCh the 
adsorption selectivity is based on differences in eQuilibnum and there are no 
Significant disperSIVe effects such as axial mixmg or fintte res1stance to mass 
transfer. Under these conditions a perfectly oure raffinate product is ob
tamed. Equilibrium theory does not allow easy extensIOn to the more realistic 
SItuation where disperSive effects are Significant and product purity is limited. 
Moreover. in real PSA systems (eQuilibnurn controlled) there are two prOb
lems with this approach. In bulk separations the velocity vanes through the 
bed, and, although an analytic solution for the concentratIOn front may still 
be obtamed. except in the case of a linear Isothenn, fhe solution IS In the 
form of a cumbersome mtegral which generally requires numencai evalua
tlon.! A more serious difficulty arises in tracking the concentration waves for 
adsorption and desorption in partially ioaded beds since, depending on the 
initial profile and the form of the eQuilihrlum relatIonship, one may ohserve 
the fonnatlOn of combined wave fronts (e.g., partial shock plus Simple waves). 
Under these conditions the Simple model IS no longer adequate and it IS 
necessary to track both waves and the tranSItIon point sImultaneous IV.' 
Durmg pressure changes the charactenstlc lines are curved and the task of 
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tracking the shock and slmole waves becomes even more difficult. Further~ 
more, the equilibrium theory approach IS clearly not applicable to systems in 
which separatIOn IS based on kinetiC selectivity. 

The alternatlve route, which IS discussed in this chaoter, IS to develop a 
dynamic simulation model, Including the effects of aXial ffilxmg and mass 
transfer resistance. SUCh disperSive effects are always likelY to be present in 
real systems, even when equilibrium controlled. The dynamiC simulatIOn 
model IS therefore more realistIc and sufficiently general to be applied for 
detailed optlITllzation studies of both classes of process. However, unlike the 
equilibrium theory approach. dynamiC simulation mvolves tracking the tran· 
Slent by repeated numerical integration of the governmg eauatlOns. This 
approach, therefore, provides the advantages of flexibility and greater accu· 
racy at the expense of increased computation. Both the simpler linear driving 
force (LDF) approxImatIon and more detailed Fickian diffUSIOn equatIOns 
have been used to model the effect of mass transfer resistance. In an 
eQuilibri'Um-controIled process the detailed form of the kinetiC model IS of 
only secondary Importance, and it IS found that very little advantage is gamed 
from uSing the more realistic pore diffUSion model. Therefore, for equilib· 
rium-controlled separatIOns the LDF model proveS adequate for all ope rat· 
ing conditions, whereas a more detailed mass transfer model IS sometimes 
necessary for separations based on kinetic selectivity. 

5.1 Summary of the Dynamic Model. 

The theoretical modeling of a PSA system has been widely studied In order 
to gain a clearer understanding of this rather complex process. A summary of 
the published dynamiC models for PSA systems III chronological order is 
compiled in Table 5.1. These models are based on a one- or two-bed process 
operated on a Skarstrom cycle or on a modified cycle deoending 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 gradual development 
by orogressive elimmatIon of the simolifying restrictions. Startmg from very 
simple models, which are valid for oniy a few real PSA systems, It is now 
possible to inciude an adequate representation of all the morc Important 
factors that may affect performance, and thus to obtam an adequate QuantI
tative model which can be extended to almost any PSA process. 

Detailed numerical Simulations have in general been developed only for 
smgle-bed or tWO-bed systems, but smce the simulation gives the effluent 
composition as a function of time, the extension to a multiple-bed process IS, 

In prinCiple, straightfotward. However, although muitiple-bed systems are 
widely used In mdustry, a detailed report of a multibed orocess Simulation 
has been published only for hydrogen purificatlOn.27 
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S~paflj!i{)n of 
H2iCH~ 
mi>:lUre for 
high purity H2 
produeziOl! on 
SA zeolite 

Ha!,;"n. Air scparmion 
Ragn8V<ln. and for 1'<2 produClion 
RuthvcnlH on a eI.rhon 

molecular s,eve 

Farooq. 
Hassan, and 
Ru!h~cn[q 

Shin and 
Knaehel 2l1 

Kapoor and 
Yang11 

Purific:nion of 
He by removing 
Irace C~H~ on 
SA zeol;tc 

Air ,""paralion 
for N2 
production 
on .. RS,·IO 
molecular ~[ev!: 

Separalion of 
CH~/C02 mixlure 
imo tWO usdul 
product. on a 
",rhoo moleeular 

sieve 

Sel~ctivil)' 

Equilibriurll 
controlled: 
CH~b 
mor= strongly 
adsorl:>cd 

Kinetically 
controlled: 
oxygen in 
the f:lSler 
rompOnent 

Squmhrium 
controlled; 
C:H~ is 
strongly 
ad$Orbed 

Operating 
cyde" 

One_bed. 
modified 
cycle with 
eoc:urrenl 
depressuri:<alion 
countercurrcnz 
blowdown 
(followed by 
H2 purge); 
H2 used for 
product end 
pn,ssurization 

Modified 
cycle wilh 
pressure 
equaliZation 
and nO 

external purge 
Skarstrom 

",,1, 

Kinetically Single bed. 
controlled; Skan;trom 
O;tCy8Cn is cycle with 
the fasler purge from 
component product tllnk 

Kinelically One-I:>cd, 
contro!1ed; COl modified 
is the fll5\er 
component 

cycle wilh. 
cocurrenl 
depre55urizalion 
coun\cr~ufTen\ 

blowdown and 
oounh,rcurrcnl 
CV<lcualion 

Approximalj"n.~ 

Fluid flOVo· (pr~<;.S"rizati"n and 
Modc1~ deprer..~urrtation) 

Plug II..,..... Full SOIUlion 
velocity,·aries aHQ""'ng ror 
along the column mass transfer 

between fluid 
and solid 

Alial d,spcr;ed Frozen §Olid 
plug flow. 3ppro~lmlllion 
"elocityVllries and SQuare 
along lhe column wave change in 

""umn prcn!iure 

Axial dispersed Fro=n solid 
plug flow_ approximalion 
ron~~nt 'O'C'loeity and square 
along Ibe column wave change in 

column preSSUre 

Axial di~pets<:d Full solution 
plug floW. ~!l<rooing for 
velocily varies TmIS$ lransfer 
alonf' the bel,""een fluid 
column and solid 

Plug flow. Full solution 
velocity "aries allowing for 
along Ih.e column: moss Iransfer 
<;:olumn pn:ssure tJ<,[ween nuld 
chanllcs in all and wlid 

Ihe Sleps 

Equilibrium 
isotherm 

Loading 
ratio 
corrdation 

Binary 
Langmuir 
isothenn 

Langmuir 
isotherm 

Linear 

Binary 
Langmuir 
isotilerm 

Mf<S'l 

Iransfer 
mOOd 

Bidispe= pore 
diffus;on model 

lDF"cye\e time 
dependent n; 
micropOre 
conlrol 

LDF.n _ 15: 
molecular 
diffw;;on 
control 

Pore model 
(micropore 
diffusion); 
con~lan( 

diffusi'<iry 
LDF. cycle 

time 
dependent (1: 

micropo~ 

""nlrol 

He:!.! 
effect< 

Heat b~lance 
included 

ISOlhennal 

Heat bal.ncc 
ino::lud«l 

bothermal 

Isothermal 

Numeri""l 
m~thod 

Finite 
difIercnce: 
pMaool;c 
<;:oncentralwn 
profile assumed 
in bolh 
crystals and 
pcUelS 

Orthogonal 
collocation 

Orthogonal 
collocation 

Orthogonal 
oollocal,on 

Flni!e 
difference 

(Continued) 

-", 

:IL1,~.' ,\gj.,',o.,_M~:;,>~fi~~~.',:(" "' ....... 'i $.0,' .•. 1,,· .tu.~·i!J!! 11' ,... ___ :::-_____ ~.~"_ ..... ~'o_ .......... "':""-~--""''''''''-''."-'''"-''." ___ ~"_ •. ",_".'M.~_'~·_·. .,-~--.... '" .. , .. ,-, .) 

-... -

r able 5" 1 (Continued) 

AUlhors 

Farooq, 
Ruthven, aod 
Bonifaec22 

Uow and 
Kenn<,yl3 

Addeyand 
Yangl4 

Riller and 
y ang 25 

farooQ and 
Ruthwn 2b 

Experimental 
system 

Air separation 
forOl produnion 
"n SA zC1.,lile 

Air separalion 

k'r ° ~ produ'"1.ion 
(In SA le,,\i\," 

Sop'lmliun "r 
NliCH. mixture 
"n ~ CMix'n 
n",ieeul'lr ~i<'"t 
for upgrading 
naturnl gas 

Purifi,'atiun nr 
.ir b)· ren1,,,"in~ 
trnc~ dim,"lh~1 

methyl ph,:»pbJle 
eln ~nh'at~d 

'·drbun 

Air ~eparll!i"n 
(ur N2 pm\.li~<·Il"n 
nn'5cartmn 
rll"loculnr .iow 

• Two hed p,oc.", u"l""" ntho,....,i,., '\.1I~d 

Selectivity 

Equilibrium 
romrolled; N2 
is more ~tronsly 
,<.I«:"hcd 

Equilibrium 
,"Ontrul1ed; N2 
i~ more strongly 
ad.,urhed 

Kin<"lically 
rontrulled; 

O!,<,raling 
cycle~ 

Skarstrom 
cycle 

Backflll cyde 

M",Jiri~d cycle 
(one·,hcd) ..... ith 

nitrogen is th~ evacuation 
fasler comp<>nenl replac'ng 

bl(lwdnwn 

Equilibrium 
mntrul1ed: 
DMMPi. 
"ery ~tf(>nely 
ad,;nrhcd 

Kinc\iwl!~ 

'""ntrolled: 
l,xYI:C'n is 
Ihe faliu:. 
cumpnm:m 

and ,purge 
One· bed 

procc."" 
Sk,rslrom 
cycle usin~ 
unc"nlamin~1<:d 

air ~s purge ~a.'i 

Modified <)'Cit 
wilh pres,ure 
Cquii:!fzati<'iil 
and no puree 

Fluid flow 
Modd> 

Axial di,pcr~cd 
plug H,,,., 
veindl)" ~aries 
al'lIl~ lb. "olumn 

A>.ial di.'ipcrsod 
plug n""," 
~ul<l(iI)"vari~s 

al"ng the ~"lumn 
Plug fl",.. 

vdo-cil)·",r;e. 
dlong Ih,' cviun", 

Plu~ 11"". 
,>lnS,ant 
n:k",·U)' "I,'ng 
Ihe ,·"tumn 

Axial di~!,.:rs.:d 
plug tin\\ n"xlel 
';'ch><';lj"ar,6 
uluug Ih,' ,"{,lumn 

Appru~jmation, 

(prcssurinlion ~nd 
depressurization) 

Fun .Olulion 
aU<lwing for 
maS, t,an!'fcr 
under linellrly 
ehansillg 
pressure 

Full ~oluti(ln 
~11" .... ing for 
ma~s {ransfer 

Fn'~"n slliid 
~ppw~imali"n and 
,quurc ,,~\'e 
:h~!llle in 
,·"Iun'n pre""rc 

Fr<lL< n ,~,Jid 

~ppr"ximali"n ,mu 
~"Iuaf<· waW 
<·h;<II~e in 
:'<'!umn prC"MJr~ 

Full ~"Iuti"n 
~lklWi!lg fnT 
mai..'ii-iidcr 
!'o.:twe,·n nuid 

~nd ""lid 
I" <qua,c wm'e 
,hang,· in 
pr~""urc·l 

Equilihrium 
imtherm 

Binary 
Langmuir 
isotherm 

Ideal 
adsorbed 
solul;un 
Iheory 

Binary 
Langmuir 
i,,,lhermal 

l.:,"~rnhc'm 
isolhermal 

Bin~ry 

I ... <ngmuir 
;'''I!-term 

Mas> 
transfer 
m()dcl 

L.DF, n - l~: 
mn!e<:ui;,r 
dillusion n,nlf()1 

tDF 

1.DF,1l . 15; 
m,,'ItIp<lf< 
control 

lDF; 'ale • .'<lllSUlnl 

llht3in"d 
h~ linin~ 

til, r'mit) (r<J1ll 
"run "'·,11> 
,i~"ilknnt 

hrcaklh"""llb 

1'1>'0 mood 
IJ1,;cr"p<~rt 
diltu,innl; 
\"ariah!c 
dilfu'l"ill 

He':!! 

"ff~IS 

Isutnl"rm31 

r'''lhcr'''31 

b"lh<rm~1 

\"lll>,rm,l 

{"lth"n,,,1 

Num~ricQI 

mcthud 

Orlhogomli 
C<llluca!lnl'\ 

Orthogonal 
""11"";l(i",, 

McllHld <If 
d'~n,ctcri~u" 

Finile 
difleTemc 

OrIlH>g'Jnlll 
c"I)r>C<lli, n 

h All tht model. "",un,,, ncgiigit k in,u,'na) pr<"",e <.Imp Tnlal c"lumn r>rc"ure re mg,,,, ., fl' I.m dut"'~ tt'Sh flt,·"urc Ie-eel ;",d dc""plin,., ,top, "nk ... , <lIIi:"'" ..... ' ""ltd Tt • " .. um I, ',r ,h,,[lgtllg :"1"",,, 

pr",.,.1."', unl"" ~ny ""'pti!ic-m,,"\ i~ ""h. H",j {ht "'\U~j pre~~ure -tim~ hiw,ry (or "PP"'fI"~[< I'<."t lit C<!,,;,h.>n) ,,~, u><t:t.! 



!I 

172 PRESSURE SWING ADSORPTION 

Many of the models have been tested expcnmentaliy for particuiar sys~ 
terns, but no attemPt IS made here to review the results of such studies on an 
mdividual basis. Rather we have attempted to provide a conceptual summaIY 
In which the models are discussed m terms of their salient features. The 
models may be differentiated according to the followmg aspects: 

I. The fluid flow pattern (generally plug flow or aXially dispersed plug flow). 
2. Constant or variable fluid velocity. 
3. The form of the equilibrIUm relationship(s). 
4. The form of the kinetic rate expression(s). 
5. The inclusion of heat effects (isothermal/nomsothermal). 
6. The numencal methods used to soive the system of eqUatIOns. 

5.1.1 Fluid Flow Models 

Flow through an adsorption column is a PSA system is no different from flow 
through any fixed adsorbent bed. The flow pattern may therefore be ade
Quately reoresented by the axial dispersed olug flow model. A mass balance 
for component t over a differentiai volume element YIelds: 

a2c; a i)cj 1 - to aq; 0 
-D Laz ' + az(vc,) + 7ft + -&-7ft = (5.1 ) 

In this model the effects of all mechamsms that contribute to aXial mixing are 
lumped together into a single effective axial dispersion coefficient. More 
detailed models that include, for example, radial disperslOn are generally not 
necessary. When mass transfer resistance IS significantly greater than axial 
dispersIOn, one may neglect the aXIal di'sperslon tenn and assume piug flow. 
Axial dispersion IS generally not Important for large mdustnal units. In small 
laboratory umts the axIal mixing may be mare significant due to the tendency 
of the smaller particles to slick together to form clusters that act effeclively as 
smgle parlicles in their effect on the fluid flow. Subiect to the piug flow 
approximation Eq. 5.1 reduces to: 

; (I'C,') + oC j + 1 - £ at]; 0 ,'z 7ft -&- 7ft = (5.2) 

However, when the eouations are to be solved numerically, It IS generally 
advantageous to retain the fonn of EQ. 5.1 Since Inclusion of the axtai 
dispersion tenn eliminates discontInuities in the slope of the concentratIon 
profile. The solullon for the piug flow sltualion IS then generated simply by 
~sslgnmg a very large value to the aXial Peclet number (vL/D L ). This 
approach also allows easy InvesllgatlOn of the effect of axial dispersion on the 
cyclic steady-state performance. 

Trace Systems 

When the adsorbed component IS present at low concentration in a large 
excess of an mert carner (which IS more or less true in purification processes 

i 
I 
i 

I· 
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such as air drying and hydrogen ourificatlOn), the change in the gas velOCIty 
through the bed due to adsorotlOn/desorotlon can !be neglected. Provided 
that the pressure drop through the bed IS small, the: IOterstitial velocitv can 
therefore be considered as constant. In fact. the fridional pressure dr~p in 
most actual systems IS not very large and may usually be neglected;2i1 For a 
trace system Eo. 5.i therefore becomes: 

(5.3) 

Bulk Separation 

When the mole fractIOn of the adsorb able component (or components) in the 
feed IS large, the condition for constant velOCity IS no longer fulfilled and a 
more detailed analysis to account for the vanatIon In veiocity through [he 
adsorbent bed is required, based on the continUity condition (aSSUming 
negligible pressure drop); 

n 

I: c, "" C * I( z) (5.4) 

Constant Column p,.essure 

C In Eq. 5.4 IS a constant when the adsorption column is operated at a 
constant total pressure. Therefore under constant column pressure condition 
the overall matenal balance equatIOn, which gIves the vanation of fluid 
velocity through the column, takes the form: 

C av 1 - & \':.. aij; 
az + -e- L- 7ft = 0 (5.5) 

'-' 
Combimng EQs. 5.1 and 5.5, the component matenal balance 
bulk separation at constant column pressure is obtamed: 

a2c. 
-D-' 

L az2 
ac, ac, I - e (' aq, ;., aq,) 

+ °az + 7ft + -&- at - Yi i...J Tt = 0 
. ,=, 

equation for 

(5.6) 

Assummg that t~e ideal gas law holds [i.e., c i = PyJCRgTo)]' the component 
and material balance equations become: 

D 
a2 y,.. ay, ay, 

- L--2 . v-a +-a 
1 - e RgTo 

+----

av 
az + 

Bz z t 

( 
aij, n aij,) 

x 7ft - y, I: 7ft = 0 
. ,-.. 

RgTO 1 - & n aij, 
--I:-' =0 P & at 

1=1 

e P 

(5.7) 

(5.8) 

i ,"I j 
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Table 5.2. (ColltllJlled) 

COhc.cn'lmtlon of Iht! bed undergOIng purge In terms of raffinate product Cont.'entralH)n and is not 
applicable for a self-purging cycle. 
VelOCity boundary coriditions: 

('1,_0 ~ ('" - liP), pressunzatlon 

= l'OIl' high-pressure adsorption 

= 0, blowdown 

= Gl'OH, purge; G = 0 for self-purging cvcle 

0(' I - -0 
Jz l- L 

( lOa) 

(lOb) 

(lOe) 

(IOd) 

(II) 

" The additional vel?clIY boundary condition at z"" L aJlows the convemence of uSing the 
scl~e c{)1I0CallOlI' coefficients for the ve\ocuv gradient as for the concentration gradient In the 
flUid phase. 
Initial conditions: dean bed 

c,("O)-O; Q,("O)-O 

saturated bed 
(12) 

(13) 

"The sum of the m~le fractiOns of 11 components In the gas phase at every POint in the bed;s equal 10 
one. Therefore solVing for (n - J) componentt; 10 the gas phase IS sufficient; Ih~ concerllriltion of the 
f.emmfllng COmponent In the gas phllse IS otHamcd bv differencc. Thili SCi of equations applies lor flow 
Irom. 7 - 0 to L For now from z - L to 0 the iI/n: lermli become negutlve, and the huund<uv 
condulom; arc mterchangcd. 

mtegratlOn'. However, a full solution of the e~uations retaining the second 
term l~. Eq. 5.12 is very difficult and has not yet been attempted except in the 
work of Munkvold et a1.30 Several approximations have therefore been 
prooosed to sImplify the sOlution In an acceptable way. 

The early PSA modeis3
-

7 assume that the ColUmn pressure remains 
con~tant durmg the high- and low-pressure steps. It is further assumed that 
durmg presSU~lzation and blowdown the solid phase rematns frozen while the 
gas phase undergoes a. square wave Change in pressure. (Dunng blowdown 
the mole fractIons in the gas phase remams the same as at the end of the 
preceding hig~-pressure step while the pressure IS reduced; dunng pressur
Izatl~n the ~esldual gas profile IS compressed so that it extends only through a 
fractIonal dIstance equal to the pressure ratio from the product end while the 
remamder o~ the bed is filled with feed.) These approXimatIOns are accept
able. for punficatlOn processes operated on a Skarstrom cycie. The approXI
mation of constant column pressure durmg the adsorption and desorption 
s!eps also holds for many bulk separation process cycles. However, the 
change 10 pressure is not instantaneous, and in a bulk separation prOCess it 
becomes Important to allow for mass transfer between fluid and soiid during 
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, pressurization and blowdown, especlai!y if the separatIOn IS eQuilibnum 
controlled. Sang and co-workers!:l,':I· 12. 15. 17. 21 and Shin and Knaebel 20 have 
used the experImentally measured pressure-time history of the column (via a 
best fit equatIon) to account ror the changIng column pressure. The real 
Situation IS obviously best represented by this approach. in 'the absence of 
expenmental data, however, an approximatIon IS necessary. One approach is 
to consider that the column pressure vanes either linearly or exponentlallv 
over the penod of· the pressurizatIOn or blowdown step.22 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.26 The former:ts a good approxi
matIon for an equilibrium-controlled separatIOn, while the latter IS more 
appropnate for kinetiC separatIOns. Experimentally measured pressure pro
files for equilibrium-controlled air separation on 5A zeolite and kinetJcal
iy controlled air separation on RS-IO (4A) molecular sieve are shOWn in 
Figure 5,1. 

5,1.2 Equilibrium Isotherms 

The pressure range of PSA operatIOn often exceeds the pressure ran~e over 
whiCh expenmental eQuilibnum data are avaiiable. Moreover. the multlcom
ponent eQuiHbna are commonly predicted from smgle-component Isotherm 
data. ReU-able models to represent both slOgie and multicomponent adsorp
tIOn eouilibria are therefore an essenua[ requirement. 

Linear, FreundliCh, and LangmUir isotherms have been used to define the 
smgie-component adsorption in PSA purificatIon processes. Although the 
linear Isotherm is the Simplest eQuilibnum model, even a slight curvature of 
the Isothenn influences the cyclic steady state of a PSA separation and 
should be considered. Since a PSA process Involves both adsorptIOn and 
desorption at the same temperature, Simple Qualitative' reasomng suggests 
that the fonn of the isothenn should not deVIate too greatly from lineanty, 
otherwise either adsorption or desorptIOn will become, unacceptably slOW. 
Moderate CUlVature of the isotherm (either type 1 or type II of Brunauer"s 
ciassificatton) IS acceptable, but it is obViously Important that the portion of 
the Isothenn over which the process operates should be completely reM 
versible. Any hysteresiS, as occurs for example in the alumma-water system;'H 
(see Figure 2.5) will lead to an unacceptable buildup of the residuai conc~n
tration III the adsorbed phase. In such a system PSA operatIOn Should be 
confined to the region below the point of inflectIOn, where the isothenn IS 
reversible. 

The Langmuir model provides a reasonably good fit for most type I 
Isothenns over a wide concentration range and for type n Isotherms UP to 
the infiectlon pOint. The Freundlich isotherm is also sometimes used. but, 
since It does not reduce to Henry's Law, tt IS likely to be less reliable In the 
low-concentration regJOn. In the SImulation of PSA purification processes 

l! ; 



178 PRESSURE SWING ADSORPTION 

7·r------~--------__ --______ ------________________ _, 
I I 

6.l ~\ 
I ~-.~.~I 

5@L , 

1 

] , 

I ! 
2.l I 

I 

J \ \ / 
\~ \ 
~~------~j~0~-----6~'0~----~9~0-------\~2U0.-----~\<500----~\80 

TIME. S 

(aJ 

Figure 5.1 (a) Pressure profile In a small PSA column separating air on SA zeolite 
for oxygen production. The steps in sequence are depreSSUrization (30 s). purge. (30 s), 
preSSUfizatlon (30 s), and production (90 5). The pressure drop during the production 
step IS due to additional oroduct withdrawal for purging the other bed. Column SIze: 

90 em (length)XlO em -(i.d.), bed voidage=O.35. (From Ref. 31; reprmted with 
permission,) (b) A representative pressure-tnne history In a small PSA column 
separatmg air on molcculur sieve RS~ 10 for mtrogen production. The steps m 
seQuence afC pressurization (15 s), high-pressure feed (35 s). blowdown (6 s), and 
purge (3 s). Column SIze: 101.6 em (length) X 2.08 em (i.d.), bed voidage = 0.6. (From 
Ref. 32; reprmted with permission.) 

accurate representatIOn of the Henry's Law region IS obvlOusiy essential; so 
from this perspective tlle LangmUir eauatlon IS preferable. 

The bulk PSA separatlOn processes that have so far been modeled are for 
tile most part bin·~~les. together with a few ternary systems. To predict the 
~lIxture Isotherms the extended Langmuir modci. the loading ratio correla
lion (LRC) and ideal adsorbed solution theory (lAS) have been applied. 

T , J 
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Figure 5.1 (Continued). 

Extended LangmUIr Model 

(5.13) 

1=1 

IRe Model 

(5.14) 

The LRC model IS essentially the muitlcomoonent extenSIOn of the hybrid 
LangmUir-Freundlich equation. In the LangmUIr-Freundlich CQuatlOn the 
concentration terms arc raised to arbitrary exponents to provide an Improved 
empirICal fit of the smgle-component data. Both extended LangmUIr and 
LRC mode is orovide explicit expressiOns for the adsorbed phase concentra· 
lions, so no iteration IS needed during the simulatIOn. By contrast. the lAS 

'iL 
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equations are implicit and an Iterative subroutme is therefore needed to 
determine the composition of the equilibrium adsorbed phase. This Increases 
the bulk of the comoutatlOn so the sImpler explicIt equatIons are generally 
preferred, except In unusual situations. 

Yang and co~workersl2 have reported that for the adsorption of variOUS 

binary and ternary mIXtures of CH., CO, CO2, H 2, and H 2S on PCB 
actIvated carbon, the lAS 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 model arc close to unity. In a more recent study Yang and co-workers34 

have further shown that lAS and LangmUIr modelS give very Similar predic
tions for muiticomponent adsorption of vanous mixtures of H 2• CH4• CO, 
and CO, on SA zeolite. The extended Langmuir model has also been 
successfully used to SImulate the bulk PSA separatIon of methane-carbon 
dioxide 21 and nitrogen-methane 24 on carbon molecular SIeve and 
oxygen-nitrogen on both SA zeolite22 and carhon molecular sleve. 13

,II:I,26 

One may conClude that for most practical systems there IS little to be gained 
from usmg a more complex Isotherm modeL 

5.1.3 Mass Transfer Models 

The chOIce of an appropnate model to account for the resistance to mass 
transfer between the fluid and porous adsorbent partiCles IS essential for any 
dynamiC PSA simuiation. The adsorbate gas must cross the external fluid film 
and penetrate into .the porous structure dunng adsorption, and travel the 
same path III the reverse directton dunng desorption. The mtrapartlcle 
transport by diffusion generally offers the controlling mass transfer resis
tance. The various mechamsms by which pore diffuslOn may occur have been 
discussed in Chapter 2. In an equilibrium~controlled PSA process macropore 
diffusion IS often the major resistance to mass transfer. However, in the 
macropore control regime there is no Significant kinetIC selectIvity. In a 
kinetIcally controlled process It IS therefore deSIrable to operate under 
conditions such that all external mass transfer resistances are minimIzed, and 
the relative importance of the kinetically seiechve mternal (micropore) diffu~ 
sian process IS mamtained as large as possible. 

Full simulations of PSA systems using pore diffUSIOn models have been 
presented by Ruthven et a1. 14 and by Shin and Knaebel. 16 The former study 
deals with macropore diffusion in a nonlinear trace system while the latter 
deals with IDlcropore diffuSion, with constant diffusivities, in a linear eQuilib· 
num system. Although the pore diffuSIOn models are more realistiC, the 
associated computations are very bulky. 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 equatIOn is represented as: 

{)qi *_ 
7ft ~ kit qi - qi) (5.15 ) 

where 

macropore control 

mlCropore control (5.16) 

In Eq. 5.15 Q* IS the equilibnum value of the solid-Dhase concentratIon 
corresponding to fluid~phase concentration, c. 

Nakao and Suzuki 35 have shown by solvlOg the'diffu:sion and LDF models 
Indeoendently for a smgle sphericai particle subjected to alternate adsorp~ 
tion/desorption steps that, for cyclic processes, the va'lue of n for macrop~ 
ore and microoore diffUSion IS not 15 (as suggested by Glueckauf and 
Coates36

) but IS in fact dependent on the frequency of the adsorptIon and 
desorption steps. They present a correlation from which the LDF constant, n 
may be estimated for any specified CYCle tIme. Raghavan, Hassan, and 
Ruthven14 in their study solved the pore diffusion model for a PSA system 
and by comparing the solutions derived from the SImpler LOF model con
finued that fl IS mdeed dependent on CYCle time. The proposed correlation 
based on the full PSA simulation IS, however, somewhat different from that 
proposed by Nakao and Suzuki based on a slngie~partlcle study, as may' be 
seen from Figure 5.2. Farooo and Ruthven 26 ran a limited test to examme 
the validity of these correlations (based on a smgle-component study) for a 
binary system by comoaring with constant-diffuslvlty Dore madei predictions. 
The results, shown In Figure 5.3, suggest that the LDF model with either 
correiation predicts the correct qualitative trends. 

Alpay and Scott 37 addressed the same Issue by ~a more fundamentai 
approach usmg penetratlOn theory. They assume that the dimenSions of the 
adsorbent partIcle are sufficiently iarge that the concentratIon at the center is 
not Significantly affected by the boundary conditIOn at the particle surface 
and is therefore constant, even when the particle IS subjected to a periodic 
change In surface concentration. Companson of the :LDF rate expression 
with the expression derived from the diffUSion eQuatIOn then Yields () = 5.14/ 
-[ii;. which, over the range 10-3 < ()c < 10- 1 

IS very close to the correlatIOn 
of Nakao and Suzuki. 
" Detail~d studies of diffuSIOn in microporous adsorbents reveal that, for 
both zeohtes38

•
39 and carbon molecular sieves,40.41 the, rnicropore diffuslVlty 

varies strongly with sorbate concentration. The concen~ration depenGence of 
mlCropore diffuslvity is even more pronounced in a binary system since. 
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Figure 5.2 Dependence of .0 (constant in the LDF rate exPression) upon cycle time. 
The correlations are gIven by Nakao and Suzuki3S (_._.), Ruthven et'al. J4 (_ •. -

for A = 0.05" and Knudsen diffusion control, _ •. _- for A = 0.5 and molecuiar 
diffusion control). Expenmentai data of Kapoor and Yang 21 (--). (Reprinted with 
permissIOn,.) 

unlike single-component diffusion, binary diffusIon IS very sensItIve to the 
concentration orofile within the adsorbent oarticles. In a kinetIcally con
trolled PSA system the concentratJOn profiles In the adsorbent particles are 
nonuniform and changmg continuously. The concentration deoendence of 
ffilcropore diffusivlty produces a more dramatrc effect on the cyclic steady
state performance of a PSA separatIOn than on the corresponding smgle 
breakthrough curve for a smgle column and must be considered when 
reliable extrapolation IS reqUIred over a wide range of process conditions. 

The constant'diffuslvlty model or the LDF model with an appropnately 
chosen value'of n' (Figure 5.2) can provide a qualitatively correct prediction 
of the effects of changes ill process variables within a limited range, but such 
models do not predict correctly the effect of changes In the operatmg 
pressures. The deviations of the simplified models become more Important at 
higher pressures where the effect of concentration dependence of the diffu
SJVlty is more pronounced. 

The extensIOn of the diffusion model to allow for concentration depen
dence of 'the ditfusivities, ha'wever, adds considerably to the bulk of- the 
numerical calculations. There is therefore a considerable Incentive to adopt, 
where possible; the simpler LDF approach. A simple but practically useful 
way of minImizing Quantitative 'disagreements at high -operating pressures is 
to calibrate the !1 values by matching the model prediction of punty and 
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Figure 5.3 Companson of the predictions of the diffUSIon :and LDF models for a 
Skarstrom PSA cycle showmg the performance of two available correlations for 
estlmatmg the approPriate value of n as a function of cycle time. Pressur~ 

Ization/blowdown timc=20 S, L/I.-'OH=25 s, c; = 1.0, DA /r:=3.73xlO- 1 S~i. 
D8 / r; = 1.17x 10- 4 s-!. other parameters are same as In Table 5.S. (From 
Ref. 26.) 

recovery with limited experimental data for the regIOn of interest and then to 
use these n values to mvestIgate the effects of the other ODeratmg variables., 
Kapoor and Yang 21 used this approach III their study of kinetic separatIOn of 
methane from a mixture of methane and carbon dioxide over a carbon 
molecular sieve. Others20 have used the constant-diffuslvIty pore diffUSIon 
model with the diffuSIVlty values obtained by calibrating the model agamst 
limited number of experimental runs. The constant-diffusivlty mlCfopore 
diffuSIOn model using calibrated effectIVe diffusivitles is, however, no hetter 
than a LDF model uSing the limiting diffuSlvity with the calibrated n. 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 differences in adsorption equilibrium. For 
this class of separations, the LDF model approach IS adequate III almost all 
situations. 

5.1.4 Numerical Method. 

Even the simpiest PSA model including mass transfer reSistance is not 
amenable to anaiyhc solutIOn, and efficient numencal methods for solvmg the 
coupled partial differentJaI equations are therefore needed to solve the 

;l· 
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modeL Commonly lIsed techniques for solvmg partwl differential equations 
are fimte difference 42

•
4J and orthogonal collocatlon.44

-
46 The dependent 

vanables in the governmg equations for a PSA system are functions of space 
and tIme. By applying either of the techniques the parhal differential equa
tIOns (PDEs) are discretlzed in space, thus reducmg the PDEs mto ordinary 
differential equallons (ODEs), which are then mtegrated in the lime domam 
using a st:lI1oanJ numerical integration roUllne:17·4n Algebraic equations (lin~ 
ear and/or nonlinear) may also appear together with the ODEs. In such 
cases Gaussian elimination for linear algebraic equations and Newton'S 
method for nonlinear algebraic equations (or more sophisticated vanatJOns of 
these methods) are used simultaneously with the numencal mtegratlon 
routine for solvmg the coupled system of equations. Many standard computer 
programs49

,50 containing a variety of powerful integration routines and alge
bniic equation soivers are available. The software pacKages referred to here 
are those that are mentioned m the various reported studies of PSA simula
tion. 

POEs may also be reduced to ODEs by applying the method of character
istics. Whereas the method has been widely used to solve the eQuilihnum 
theOIY modeis, its applicatIOn 10 the modeling of kinetiC separations IS qUite 

limited. J. 24 

The maIO disadvantage of the fimte difference method is the large number 
of segments needed to approximate the continuous system. This resuils in a 
iarge number of equatIons and therefore an Increased mtegratlon load. On 
the other hand, one major advantage of orthogonal collocation IS that It 
reqUIres far fewer spatial discrellzatlOn pomts to achieve the specified aCcu
racy. From a comparatIVe study of the two methods m relation to PSA 
Simulation, Raghavan, Hassan. and Ruthven7 conduded that orthogonal 
collocation is substantlally more effiCient 10 termS of computational CPU 
time. 

5.2 Details of Numerical Simulations 

The building blocks which constitute a dynamic simulation modei 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 QUlcker LDF model approach as well as the more rigorous 
vanable diffuslvlty micropore diffuSIon model approach are considered m 
detail with numencal examples. 

5.2.1 LDF Model 

PSA air separation for oxygen production on 5A zeolite 15 considered as an 
example of the LOF modei approach. Detailed experimental and theoretical 
studies of this equilibnum-controlled separahon have been presented by 

I . 
I • 

I 
I 
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Farooq, Ruthven. and Boniface,22 usmg a sanple two~bed process operated 
on a Skarstrom cycle (see Figure 3.4). The assumptions for the Simulation 
model are: 

1. The system is assumed to be Isothermal. 
2. Frictional pressure drop through the bed IS negligible. 
3. Mass transfer hetween the gas and the adsorhed phases is accounted for 

In all steps. The total pressure III the bed remains constant durlOg the 
adsorption and the purge steps. During pressufJzation and blowdown the 
total pressure In the bed changes linearly with time. 

4. The fluid velocity in the bed varies along the iength of the column, as 
determined by the overall mass balance. 

5. The flow pattern IS described by the aX131 disoersed plug flow model. 
6. Equilibrium reiatlOnships' for the components are represented by extended 

Langmuir lsotherms. 
7. The mass transfer rates are represented by iinear dnvlOg force rate 

expressions. MOlecular diffusion controls the transport of oxygen and 
mtrogen m SA zeolite. 51 For this partIcular operation, since the pressure 
IS always greater than atmospheric, any contribullOn from Knudsen diffu
sIon is neglected and the LDF constants are taken to be pressure depen~ 
dent according to the correlation for molecular diffusion control given bv 
Hassan et a!. JO This only affects the Choice of mass transfer parameters 
and does not in any way alter the general form of the mass transfer rate 
equations. 

8. The ideal gas law applies. 
9. The presence of argon, which IS adsorbed with aimbst the same affimtv as 

oxygen and therefore appears with m .... ygen in the raffinate product. is 
ignored. This assumptIOn reduces the mathematIca'l model to a two-com
ponent system. Theoretically the model can be extended to any number of 
components, but the praclleality IS limited by the capabilitv of the avail· 
able mtegration routInes. 

The system of equations describing ,the cyclic operation subiect to these 
assumptions IS given 10 Table 5.2. Equations 1-1] tn Table 5.2 are rear
ranged and wntten in dimenslOnless form. The dimensionless cquatlons may 
then be solved by the method of orthogonal collocation, to give the solid-phase 
concentrations of the two components as a function of the dimenSionless bed 
length (z/L) for various values of time. Details of the collocation form are 
given In Appendix B. Computations are continued unlil cyclic steady state IS 
achieved. In the study of air separatIOn on SA zeolite, depending on the 
parameter values, 15-25 cycles were reQUIred to approach the cyclic steady 
state. 

The equilibnum and kinetiC parameters used to Simulate the expenmental 
runs are summarized in Table 5.3, together with details of the adsorbent, the 
bed dimenSIOns, and the cycle. The expenmentally observed product purity 
and recovery for several operatmg conditions are summanzed In Table 5.4, 
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Table 5.3. Kinetic and Equilibrium Data and Other Common 
Parameter values Used in the Simulations of PSA Air 
Separation for Oxygen Production 

Feed composilion 
Adsorhenl 
Bed length (em) 

Bcd radius (em) 
Particle diameter (em) 
Bed voidage 
Amhient temperature (0C) 
Blowdown pressure (aim) 
PUrge pressure (atm) 
Pedet number 
Duration of step 1 or 3 
Duration of step 2 or 4 
Equilibnum constant 

for oxygen (KA ) 

Equilibnum constant 
for nitrogen (K 8 ) 

LOF constant for 
oxygen (kA)(s-l) 

LDF constant for 
nitrogen (k n) (5- I) 

SaturaUon conSlant for 
oxygen (q AS) (mol/cm") 

$a1urallon constant for 
mtrogen (qBS) (mol/em) 

21% oxygen, 79% mtrogen 
Linde SA zeoli Ie 
35.0 

1.75 
0.0707 
DAD 
25.0 
1.0 
1.07 ± 0.05 
500.0 
0.3 of lolal cycle time 
0.2 of total cvcle time 

14.SU 

62.0 (at I atm)b 

19.7 (at I atm)b 

5.26 X 1O-3c 

52.6 X to- 3d 

Chromatographic data (dimensIOnless) (Boniface52 ). 
b Molecular diffusIon control, torlUOSlty factor = 3.0 and particle poroslTV = 

0.33; all expenmental conditions are within the iarge-cycle-time regIon, for 
which n approaches the GluecJ\auf limn of 15_ 

Miller et al.j
) 

J Since oxygen and nitrogen molecules are about the same Size, theIr sawra
lIon capacilies are assumed to be the same. 

together with the theoretically predicted values from the numerical simula
tion. 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 
Intervals and was integrated to detennine the average. Since the oroduct rate 
rather than the purge rate was fixed. the recovery caiculation was straIghtfor
ward. The 'effects of cycie time, adsorptton pressure. and product withdrawal 
rate on the purity and recovery are shown m Figure 5.4. It is evident that the 
theoretical modei gives a reasonably accurate prediction of both the PUrIty 

and recovery of the oxygen product over the range of expenmental values 
examined. 

The effect of varymg the blowdown conditions was also Investigated and 
the results are shown In Figure 5.4(a). There IS clearly very little difference 
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Table 5.4. PSA Air Separation lor Oxygen Production on SA Zeolite: 
Summary of Expenmental Conditions, Product Purity, and 
Recovery 

Feed Product Mole % Recovery 

How flow Cvcle Adsorption 02 In of O2 

experiment rate!? rale li 
time pressure produci (if,; ) 

No. {em' Is) (em'; js) (s) (aim) Experiment Theory Expenment Theorv 

25.0 L13 100 1.48 80.0 93.4 17.0 20.1 
92.6 b 19.9" 

2 25.0 1.l3 150 }.66 92.0 96.4 19.9 20.8 
96.2b 20.7" 

3 25.0 LJ3 200 1.73 86.0 78.2 18.5 16.8 
74.8" 10.1/' 

4 25.0 1.13 250 1.90 72.0 76.7 15.5 16.5 
5 33.3 1.13 200 2.33 95.5 94.7 15.4 15.3 
6 50.0 J,J3 200 3.41 91.0 95.8 9.8 10.3 
7 66.7 \.13 160 4.30 95.5 96.3 7.7 7.8 
8 66.7 2.55 160 4.35 953 96.4 17.4 17.6 
9 66.7 3.98 160 4.26 95.5 96.2 27.1 27.3 

I atm. 2SQC. 
InSlant pressure change assumed dunng blowdown. All OIher theoretical results correspond to 

linear pressure change dUring hlowdown 
S{mrce: From Ref. 22. 

between the simulatiOn results for an Instantaneous pressure change or a 
linear pressure change during blowdoWfl. 

For two sets of operating conditions, represented Oy experiments 1 and 4 
In Table 5.4, the effect of varying the mass transfer Teslstance was investi
gated theoretically_ The results are summarized in Table 5.5. Under the 
conditions of expenment 1 a high-purity product is obtained, showmg that 
the system must be operating without SIgnificant breakthrough. Reducmg 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 oroduct. Imolying that 
under these conditions the system IS operating close 'to eauilibnum. Under 
the conditions of expenment 4 (Table 5.4) the effect of increasing the mass 
transfer resistance is more pronounced (case 3 and 4 of Table 5.5) smce 
under these conditions there IS SIgnificant breakthrough and any broadening 
of the concentration front as a resuit of increased mass transfer resistance 
leads to a lower-purity product. This SImple investigation provides direct 
verification of the assumption that the dynamic LDF mOdei can provide a 
reliable simulation of an eauilibnum-controlled PSA ·system. Further direct 
support for this conclUSIOn comes from the work of Cen, Cheng. and Yang.s 

For the separation of a H 2-CH 4-H 2S mlXture on activated carbon, the 
concentration profiles caicuiated from both LDF and eauilibrium theory 
models are practIcally identIcal (see Figure 5.5). 

11, 
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Figure 5.4 Effects of (a) cycle time (cxpenments 1-4 In Table 5.4), (b) adsorptIOn 
pressure (experiments 3, 5, and 6 m Table 5.4) on punty 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 computmg 
the LDF model predictions are gIven In Table 5.3. (From Ref. 22) 

The sunulatlon model discussed here may be applied to any other binary 
bulk separation usmg a two-bed process operated on a Skarstrom cycle. 
Perhaps a more important obsezvation is that the model can handle mass 
transfer between fluid and solid adsorbent with fOIWard and reverse flow 
under both constant and vatymg column pressure conditions. The linear 
pressure change approXImation may be easily modified to include the actual 
pressure-time history either directly or through a best fit equation. The way 
In which the pressure eaualization step is handled does. not depend on the 
mass transfer model and IS 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 IS written for a binary bulk 
separatIOn. It is in fact possible to use the same computer code to sImulate 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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overall material balance equatIOn. In this mode the computational load IS 
only margmally greater than for the solutIOn of the single-component, con
stant-velOCity mOdel. Further details of the modeling of trace PSA systems 
are gIVen in papers of Raghavan et a1.7

, to 

For equilibrium-controlled separatIOns the available n versus (}c correla
t10ns (summarized III Figure 5.2) are directly applicable. These correlatIOns 
cannot, however, account for the effect of the concentratLOn dependence 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 III Section 5.1. The effectiveness of such an ap
proach is demonstrated by Kapoor and Yang 21 for the kinetic separation of 
methane and carbon dioxide on a carbon molecular :Sleve. They calibrated 
the n values with experiments conducted by varymg the adsorption/desorp
tion ttme and product withdrawal rate at 3.72 atm (high pressure). For a fixed 
cycle time the purity versus recovery profile obtained by varymg product 
withdrawal rates waS matched with LDF model predictlons, and the paIr of 
n values that gave the best fit was chosen. The same procedure was repeated 
for runs with different cycle umes. The experimental and best fit profiles are 
shown in Figure 5.6, and the resultant empirIcai n versus ()c correlatIOn is 
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]<'igul"e 5.4 (c) Effect of product withdrawal rate (experiments 7-9 in Table 5.4) on 
punty and recovery of oxygen product In a dual~bed PSA alT separation prOcess 
operated on a Skarstrom cycle. Equilibnum and kinetiC data and other common 
parameter values used for computing the LDF model predictions afC given 10 Table 
5.3. (From Ret 22) 

TableS.S. Effeet of Mass Transfer ReSistance on Product Purity 
and Recovery (PSA Oxygen)" 

Feed Product Mole % Recovery 
rare rate kA k. o:zln 0(02 

No. (cm)/s) (em] Is) (5 - I) (5- I) product (%) 

1 25.0 LlJ 62.0 19.7 93.40 21UO 
2 25.0 Ll3 20.0 6.6 93.29 20.08 
J 25.0 Ll3 62.0 19.7 76.70 16.50 
4 25.0 1.13 20.0 6.6 75.78 16.30 

For I nnd 2: ildsorption pressure - 1.48 ,Ltm, blowdown pr/!ssure - 1.0, purge prcs~ure _1.07 aim, 
cycle lime ~ 100 s; for 1 and 4: Iidsorptton pressure - 1.1,)0 atm, hlowdown pressure = l.O, purge 
pressure ~ 1.1 aIm, cYcle ume = 25(1 s. Olher parameters as 10 Table 5.3. . . 

Source: From Ref. 22. 
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Figure 5.5 Effluent concentration at steady state obtamed from a PSA evCle separat
mg 49.5:59.5:1.0 H 2 :CH4 :H 2 S mixture On activated carbon' ShowiOg the close agree
ment between numerlcallv solved equilibflum model (--) and LDF model (._-). 
(0), (0) and (.6.) represent expcnmental data for CH 4• H 2, and H 2S, respective Iv. 
(From Ref. 8; reDnnted with permiSSion.) 

presented In Figure 5.2 together with the other COIirelattons. It IS evident 
from Figure 5.7 that the LDF model usmg the n values derived from this 
calibration can correctly predict the effects of varying the product withdrawal 
rate and the high operating pressure Ifl the range 2.36-3.72 atm. The 
calibrated n values approach the limiting value of 15 for large cycle times. It 
is Important to note that this particular observatlOn is specific to the system 
and the operating conditions and therefore should not'be taken as a umversal 
upper limit for the calibrated n values In the long-cycle-tlme region. 

5.2.2 Variable-Diffusivlty Micropore Diffusion Model 

In most of the studies In which the LDF model has be.en successfully applied 
to PSA separatIOns based on kinetic selectiVity, key parameter values have 
been chosen empiflcaliy by matching the mOdel predictIOns to experimental 
data. In this situation the model predictIOns can be considered reliable only 

., 
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Figure 5.6 Performance CUIves for- PSA separation of CH4 -C02 mixture on a 
carbon molecular SIeve. The cycle consists of four steps of equal duration: pressuriza
tion, product withdrawal accompanied by cocurrent depressunzatIon, coelirrent blow
down and countercurrent evacuation. Adsorotlon pressure'" 3.72 atm. evacuallon 
press~re = 0.34 atm, feed rate = 2.7 1 STP jeyde, product withdrawal rate vaned 
from 0.21 to 1.35 1 STP /cyele; adsorbent diameter - 0.318 em, bed length ~ 60.6 em, 
bed radius = 2.05 em (inner), bed voidage = 0.3. Solid symbols are expenmental, open 
svmbois are the· best fit LDF model resuits obtamed by adjusting n values. _ For 
equilibrium and kinetic data see Table 3,2. (From Ref. 21; reprinted with permission.) 

over the range covered by the experiments. Such an approach is clearly 
unsuitable for the a pnon prediction of system performance. A reliable and 
complete a priori estimate of PSA performance, based on mdependentiy 
measured smgle-component equilibrium and kinetic data over a wide range 
of operating conditions is a major target of PSA modeling. For a kinetIcally 
controlled PSA separation this reQuires the full micropore diffusion model 
Including the conc~ntration dependence of mlcropore diffuslv,ty.26 A simple 
two-bed process operated on a modified cycle with pressure equalization and 
no external purge (Figure 3.16) is considered, and the vanable diffusivlty 
mlcropore diffuslOn model is developed for a binary bulk separation. It IS 
impor-tant to note that the extension of this modei, even to three compo

nents, is not straightforward. 
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Figure 5.7 Expenmental product PUrtty and recovery (solid symbols) for PSA separa~ 
tlon of CH1-CO z mIXture on a carbon molecuiar SIeve are compared with the LDF 
model predictIons (open symbols) uSing calibrated () values. The cvcie consists of five 
steps of equal duratIon: pressurization, high-pressure feed, cOClIrrent depres~unza
hOD, countercurrent blowdown, ana countercurrent evacuation. Total cycle time = 
l~O s and feed rate = 2.8 1 STP jcycie; other details are same as In the capiton of 
Figure 5.6. (From Ref. 21; reprinted with penmssiOnJ 

The assumptIons 1, 2, 4, 5, and 6 made for the LDF model are retamed 
here. Other apprmamatlons for the present model are: 

1. Mass transfer between gas and adsorbed phases IS accounted for 10 all 
steps except the pressure equalization, which IS assumed to be instanta
neous. During pressurization and blowdown steps a square wave change in 
pressur~ IS assumed, with a constant pressure maintained throughout the 
adsorotlon or desorotion step. These are gOOd appr~ximations for smallw 
scale laboratory units, although In large mdustnal·scale ooerations the 
column pressure ]5 never really constant. sInce the' Drodu~t withdrawal 
valve is normally opened before pressurizatIOn IS complete. The modeling 
of varymg COlumn oressure does not depend on the kinetic model and has 
been discussed in greater detail In Section 5.1. 

2. The pressure equalization step IS difficuit to handle in a ngorous manner. 
The approximate representation adooted by Hassan et al,lfI IS therefore 
retained. It is assumed that the adsorbed phase concentration In hoth 
columns remams frozen dunng pressure equalization. Since the columns 
are either pressunzed or depressurized simultaneously from both ends, it 
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is assumed that there IS no nuxmg in the midsectlOns of the coiumns. The 
feed and the product ends-of the high-pressure column are connected to 
the oroduct and feed ends, respectively, of the low-pressure column. The 
gas from the corresponding haivcs IS assumed to be uniformly mixed, with 
due allowance for the difference in initial pressures and therefore In the 
number of moles of gas mitlally present In each half-column. The resulting 
gas mixtures are then uniformly distributed through the relevant halves of 
the two columns. 

3. In the particle mass balance it is assumed that the ~dsorbent consists of 
unifonn microporolls spheres; any macropaTe diffusional resistance IS 
negiected. This is a good approximation, since, In a kinetically selective 
adsorbent such as carbon molecular sieve. the diffuslOnal resistance of the 
micropores is much iarger than that of the macropores. (The relevant 
particle radius III the time constant IS that of the microparticles.) 

4. The gradient of chemical potentIai is taken as the drlvmg force for 
mlcropore diffuslOn with a constant intrinSIC mobility. This leads to a 
Fickian diffuSion eouatlOn In which the diffusivlty is a functIOn only of the 
adsorbed-phase concentratIOns. Ideal Fickian diffusion with constant dif
fusivity is also investigated for comparison. 

S. The fluid 'and the solid phases are linked through an external film 
resistance, even though a large value IS usually assigned to the external 
film mass transfer coefficIent to approximate equilibrIum at the partIcle 
surface. In conjunction with the collocation method this proves Simpler 
than the alternative approach involvmg the direct application of the 
eQuilibnum boundary condition at the particle surface. 

The model equations subject to these assumptIons are summanzed In 

Table 5.6. Equations that are Similar to those III Table 5.2 are not repeated in 
Table 5.6. EquatIOns 1, 2a, 3, and 7-11 in Table 5.2 together with Eqs. 1,2,7 
ana the appropriate set of diffUSIOn equations (Eqs. 4, 5, and 8 for the 
constant-diffusivlty case, and Eas. 11-14 and 4 for the concentration-depen
dent diffuSIVlty case) in Table 5.6 are rearranged and written In dimensionless 
form. The dimenSIOnless equaltons may then be solved by the method of 
orthogonal collocation to obtain the gas-phase composition as a function of 
dimensloniess bed length (zIL). and the solid-phase composition as a 
functIOn of both the dimensionless bed length and the dimensionless particle 
radius (r/R p ) for various values of time. Details of the coliocatlOn form are 
given in Appendix B. Starting from a given initial condition the computations 
are continued as usual until cyclic steady state is reached. 

The air separation data for nitrogen production on a carbon mOlecular 
sieve reported by Hassan et aJ. IN are chosen to illustrate the importance of 
the concentration deoendence of the micropore diffusivity on the perfor
mance of the kinetically controlled PSA separation. The experiments, carried 
out m a two-bed PSA unit usmg the modified cycle with pressure eaualiza
tion and no purge, were conducted over a wide range of high operating 
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Table 5.6. Equations for PSA Simulation Using Pore DiffuSion Model 

Except for the follOWing changes all olher eQuatlom; In Table 5.2 applY. The subSCript i has the 
same meanmg as In Tanle 5.2. 

Mass transfer rule across the extern,t] IiIm: 

iNi,. 3 
Tt - ]/kf ( c. - d-R,} , 

VelOCIIV boundatv condition tor pressunzallon: 

l..'tz~L = 0 

(I) 

(2) 

Equation 2, which replaces EQ. lOa In Table 5.2. 15 a more appropriate VelOCIty boundary 
condition for the preSSUrization step. Moreover. with this boundatv condition It IS no longer 
necessary IO specify pressurizatIOn gas Quantity as an mput 

Particle balance: 

oq, _-"-[I -"-(D' oq, l] 
iJJ r2 or '(Jr 

Boundatv conditions: 

OQ'I - -0 iJr r-O-

Oq'l D;ar r,."R
p 

=k,(Ci-Cilr_Rp ) 

cilr~Rp mEa. 5 is related to qllr-R~ through the equilibnum lsothimn: 

q'I;~R' _ 8, _ b,C,I'_R/( 1+ I:h,c,I'_R"j 

Equation 6, wntten for the two components and then solved simulfaneous]y, YIelds 

c,I,_R, - ~8/( 1- ~.,) 

(3) 

(4 ) 

(5) 

(6 ) 

(7) 

Constant DijfuSIVity. If the mlcropore diffusivity (Dj ) is IOdependem of concc:ntra1ion, Eq, J 
becomes: 

aq, ~ D.( o'q, + 3. aq, \ 
at •. or2 r or } 

The aSSOCiated boundary conditions, EQs. 4 and 5, remam the same. 

(8) 

Concentration-dependent dijfusicity, The expreSSIons tor the ditfusivities In a binary LangmUir 
system with consianl IntnnSIC mobilities (DAO ' D 80 ) have been gIven by Habgood54 and Round 
et a1.55a• 

(9) 

(10) 

( COn Ulwed ) 
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Ta.ble 5.6. (Contlfllled) 

Except 'for the following changes all other eQuations In Table 5.2 appiy. The subscnpt i has 
the same meaning as In Table 5.2. 
The appropr,late forms for the diffusIOn equations are obtamed bv substltutmg EQs. 9 aod 10 in 
the particle balance equations for component A (i = A In Eq. 3 and componem B (i = B In 

EQ.3): 

(11) 

(12) 

Similarly the appropnate boundary conditions for the two components at the particle surface are 
obtamed by subs~ituUng Eqs. 9 and 10 in Eq. 5 written for components A and B and solving 
Simultaneously for (aqA /Jr)!r_R

p 
and (iJqB / iJr)[,_R

p
; 

(13) 

(14) 

EquationI' 9 and 10 lire (rut for qAS "" qlls; if this IS nOI true, the expressions will conwin lldditional 
terms, 

Table 5.7. PSAAir Separation for Nitrogen Production on a Carbon Molecular Sieve: 

Run No. 

2 
3 
4 
5 

" 7 
8 

Summary of Experimental Conditions, Product Purity, 
Recovery, and Productivity" 

Adsorption Moie% % Recovery 

1../1I0H pressure oxygen of 
ratio(s) (atm) in product nitrogenh 

25 3.0 10.5 56.4 

25 4.4 7.5 53.7 
25 5.8 6.0 49.2 
25 6.8 4.4 42.1 
37 3.0 4.0 29.2 
37 4.4 I.S 21.6 

37 5.8 0.7,0.75 11.1 
37 6.8 0.6,0.7 7.7 

ProducIivity 

( om'N, ) 
hr. cm'; adsorbent 

81 
106.2 
137.4 
135.75 
27.4 
30.76 

21.4 
17.3 

Feed composition - 21% oxygen, 79% nitrogen, btowdown/desorpllOn pressure =, aim, 
rres~un:t::Ition/blowdown lime - 2 s, adsorptiOn/desorption lime - 60 s, pressure equaliziltion - 2 s. 

Corrected for pressunzlliion gas Quantity. 
Sour",,: l-Iass,lII et al.11! 

I 
1 
! 

i 

:.k 

DYNAMIC MODELING OF A PSA SYSTEM 

Table 5.8. Kinetic and Equilibnum Data and Other Common 
Parameter values Used in the Simuiations of PSA Air 
Separation for Nitrogen PrOduction" 

Adsorbent 

Bed length (em) 
Bed radius (em) 
Particle size (cm) 
Particle density (g/cm3) 
Bed voidage 
Ambient temperatUTe COC) 
Peclet numbeT 
Equilibrium constam 

for oxygen (KA ) 

EQuilibrlllm constant 
for mtrogen (KB ) 

SatuTatiOn constant for 
oxygen (qAS) (mol/cm") 

SaIUratton constant for 
mtrogen (Q8S) (mol/em]) 

Limiting diffUSional time 
constant for oxygen (DAn/r;) (s- t) 

Limiting diffUSional time 
constant for nitrogen (Dl)o/r;) (s - J) 

Carbon molecular sieve 
(Bergbau- Forscnung) 

35.0 
1.75 
0.3175 (pellet) 
0.9877 
OAO 
25.0 
1000.0 

2.64 X 1O- 3b 

2.64 X IO-]b 

2.7 X 10- 3c 

5.9 X 1o-SC 

n values of 14 and 85 for oxygen and mtrogen, respecnvely. laken from the 
correlation of Nakao and Suzuki have been used 10 computI'ng the LDF model 
predictions. 
b Ruthven el al.-~'" 
~ FarooQ and Ruthven.;!t, 
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pressures (3-7 atm) and therefore provide a suitable database. The- eXperI
mental conditions and the observed product Dunty, recovery, and productiV
Ity are summarized in Table 5.7. The equilibnum and kinetic parameters 
taken from independent, smgle-component measurements and used In slmu
Jating these experimental runs are given In Table 5.8. The diffUSIOn model 
(with constant and vanable diffuSIVlty) and the LDF model predictIOns are 
compared with the expenmental results in Figure 5.8. The predictions of the 
constant-diffusivily pore diffUSIon model and the LDFmodel, with n vaiues 
adjusted for cycle time according to the correlation of Nakao and Suzuki,35 
are very close. (This agreement provides additional confirmatIOn of the 
results shown In Figure 5.3.) It IS clear (from Figure 5:8) that the concentra
tion-dependent diffuSlvlty model predicts the correct QualitatIve trends for 
purity and recovery over· the range of experimental vanables exammed. The 
constant-ditfuslVlty model (and the LDF 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 
punty, the Qualitative disagreement at the higher pressures IS too large. 

I il' 
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Experlm9ntol 
Diffusion model 

constant 0 
variable 0 

LOt model 

L!vOH .. 37 s "V 
oL-~~~~~~-L __ ~ 

o 2 4 6 B JO 

Adsorption pressure (otm) 

(01 

Figure 5.S Effect of adsorPtton pressure on (a) mtrogen product punty and 
(b) nttrogen recovery at two different L / VOH ratios m a kinetically controlled PSA 
atr separatIon process (modified cycle) showmg the companson among the expenmen· 
tal data, the LDF model, and the diffusion model with constant and vanable 
dilfusivtty. Expenmental conditions are given in Table 5.7 and other parameters 10 

Table 5.8. (From Ref. 26.) 

Industrial PSA nitrogen UOlts operate at pressures between 7 and 10 atm 
(with blowdown to atmosphenc pressure) and at a relatively low L/VOH ratlO 
« 25 s). A fairly pure nitrogen prOduct (> 99%) IS produced. This level of 
punty is not predicted by either the LDF model or by tlIe constant-diffuslvity 
pore diffuSIOn model. In fact at L/VOH = 25 s the llltrogen product purity 
profiles from the LDF model as well as the constant-diffuslVlty pore diffuSion 
model become asymptotic at an oxygen concentratlon of about 8%. It IS 
therefore evident that the fonnatlOTI of nitrogen product containing less than 
1. % oxygen, which IS routinely observed in large-scale industrial umts operat
ing at reiatively low, L/vOIl ratIOS, IS correctly predicted oniy When allowance 
is made for the concentration dependence of the diffusivlty. The concentra
hon dependence of mlCTopore diffusivity evidently has a strong effect on the 
steady-state perfonnance of a kinetically controlled PSA separation. The 
vanable-diffusivity mOdel provides a reliable a priori estimate of such perfor-

. I ,. 
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Figure 5.8 (Continued). 
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mance based on independentiy measured smgle-comoonent equilibrium and 
kinetIC data. 

The flexibility of a PSA simulatIOn model for accommodating vanous 
cyclic operations IS determIned mamlv by the versatility of the fluid flow 
model. (The flexibility of the fluid flow model used here has been discussed 
in Section 5.1.) There IS therefore no reason to orevent the application of the 
pore diffusion model to other cycle configurations. 

Effects of Process Variables 

Having established the validity of the concentratIOn-dependent diffuslvlty 
model for air separation over carbon molecular sleve. the modei may now be 
used to investigate the effects of some important operating parameters on the 
performance of the system. Some results are summarized in Figure 5.9. For a 
Skarstrorn cycie operatIOn with no purge, increasing adsorptIOn pressure 
improves product purity at the expense of dimlOJshing recovery. It 15 shown 
that duai-ended pressure equalizatIOn Improves both punty and recovery 
over those obtaIned by Skarstrom cycie operation without purge. Desorption 
without purge does not produce a high-purity product when the feed pres-

II 
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1/ 

Parameters 
F\i 12-8 atm) 

G 10-1) --_. 
lJv 120-35) -,,

OPE [J 

SE (0.5-2) 0,. 
SK (31H38) 1:.,,, 

O~--------~6~--------~'0~------~'6 

Mole % oxygen in product 

Figure 5.9 Effects of some Important operatmg parameters on purity and recovery of 
mtrogen III a kinetically controlled PSA air separation process. Adsorption/desorp
tion hme = 60 S, pressunzallon/blowdown time = 15 s, kinetac and eQuilibrium pa
rameters are given U1 Table 5.8. The solid line shows the effect of increasmg the 
adsorption pressure (in the direction of the arrow) for a Skarstrom cycie with no 
purge. For two different operatmg pressures the effect of introducing a double-ended 
pressure equalization step, as in the modified cycle 15 shown by dotted lines leading to 
the pomts (0). The effect of increasmg purge/feed is shown by cham dotted Hne 
leading to pomt (0) at purge/feed = 1.0, and the effect of changing the L/ UOH ratio 
from 20 s at pomt (X) to 35 s at pomt ( + ) is mdicated by dot-dash line. The effects 
of increasmg and decreasmg the kinetic and eQuiJibnum parameters for oxygen and 
mtrogen (by factors of 1.5 and 2.0, respectively, relative to the expenmental values) 
are also shown. The open symbols show the effect of changing the vaiues for oxygen, 
and the closed symbols show the effect of Changing the values for nltrogen. The 
direCtions of the mcreasmg vanables (L / uOH ' PH' and G) and the kinetic and 
equilibnum selectivities (SK and SE) are indicated by arrows. 

sure is low. The product punty may be Significantly Improved In a low-feed 
pressur~ operation by regeneratlOg the adsorbent bed with product purge. 
However, the recovery IS reduced by mtroducing purge. Another way of 
mcreasing the product purity when the feed pressure IS low is to increase the 
L/vOH 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 conseQuentiy, at compa
rable purity, the recovery is much higher than that from a Skarstrom cycle. 
The effects of varying the kinetic selectiVity (SK ~ Do,lDN,) and the equilib
rium selectiVity (SI! = K01/KN) about their experimentai values are also 
illustrated. It is evident that varying the oxygen diffuSIVlty or equilibnum 
malniy affects the Dunty. Varying the nitrogen diffuslvity affects mainly the 

I 
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recovery, and changmg the mtrogen equilibrium affects both pUrity and 
recovery. An Improved moiecular SIeve for nitrogen from air' by pressure 
swmg adsorption would therefore reqUIre stronger oxygen equilibrium and/or 
slower nitrogen diffusion. It should be recalled here that there are limits up 

to whiCh such Improvements may be effectIVely exploited in this type of cycle 
(see Section 3.4). 

5_3 Continuous Countercurrent Models 

In order to understand the contmuous countercurrent ;ftow model for a PSA 
separation process, it IS necessary to recall once agam that the steps inVOlved 

Pr'odllct 

zo!. I" m I~ 1 I . 

o 0 I I 
) > .g yJ zoo l)J 
I I I 

Praoeurlzction Adeorption Blowdown I'uo'!J" 
(0) 

Product 

h 
z·L 

~-

~-

--
z-o 

""""rytton I'uo'!J" 

(b) 

Figure 5.10 (a) Skarstrom PSA cVcle. (h) Contmuous countercurrenl flow model 
reoresentatlon of a Skarstrom PSA (.:yclc. 

i ,;1: 
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in a basIc Skarstrom PSA L'j'cle are pressurizatIOn, high-pressure adsorption, 
countercurrent blowdown, and countercurrent purge. as represented in Fig
ure 5.10(a). If mass transfer between solid and gas phases during the 
pressunzallon and blowdown steps IS assumed to be negligible, then at cyclic 
steady state the amount adsorbed during the adsorption step should be equai 
to the amount desorbed during the purge step. Transient PSA slmuiatlOll 
with a frozen solid approximation duting pressunzatlOll and blowdown has 
been validated for both purification orocesses4 - 7• lO,25 and kinetICally COD

trolled bulk seoar~ti0I1.13, 57 Therefore, for these processes, the operation of a 
Skarstrom cycle at steady state can be viewed as a continuous countercurrent 
flow (CCF) system m 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 m Figure 
5.!O(b). 

The idea of representmg the PSA system as a contmuous countercurrent 
flow operatIOn was first proposed by Suzuki.58 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 usmg the frozen solid apprOXimatIon during pressurization and blowdown 
for the transient simulatIOn, Suzuki also adopted rapid cycling to attain a 

lO~CL~-'----r!-.--'---~--~r---~---r---'~ 

~~ 
~~ 
~~ 

-PSA FOR ORYING
SOLI D. Q 

CO(- ) 
KFAV,H 
PH·S.O 
UH=lO.1 

0.0039 
i.51S 
Pl= I. 00 
Ul=4.02 

~~ 
"'-~ 

10~ )~~ 
~; 

Q 
10~~--~~-L~~--L-~~~--~ 

0.0 0.25 0.5 0.75 
LEN(:.TH (mi 

la) 

Figure S.11 (a) Solid-phase and (b) gas*phase concentration profiles from the CCF 
model (--- adsorption, --- desorption) and the transient simulation model (0 end 
of adsorption, _ end of desorption) are compared for air drying on activated aiumina. 
(From Ref. 58; repnnted with perrmsslon.) 
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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 desorptlbn steps. Under these 
conditions, the steady-state profiles from the CCF mociel were found to be In 

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, in a bulk separatIOn process there will generally be 
Significant excursions of the concentration orofiles during the adsorptIon and 
the desorption steps. FaraoQ and RuthvenS9 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 recoveIY 
data for a PSA nitrogen umt using carbon molecular sieve. The results, 
lOcluding transient model oredictIOns, are shown m Figure 5.12. This study 
also showed that mass transfer during pressurization and blowdown steps will 
not Impair the predictIOns of the CCF model. Although the transient model 
is quantitatively superior, the SImpliCity and computatIOnal effiCIency make 
the CCF mOdei useful at least for mitial 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 ,solutIOn IS 
invaTiant to Changes in cycle time as iong as the' durations of the adsorptIOn 
arid descnpllon steDS are kept equal. The CCF model IS 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. 
C'ompoflcnt mass balance: 

d(lIjCiJ 1-8 dljjj 
m ----az + -e- -iii = 0 

Continuity condition: 

LCj=C; (con.stant) 

Overall mass balance: 

• dl'j 1_£" dqij 
me/iii + -e- ~ dt'" 0 

Mass transfer rates: 

dijj; _ *_ 
Tt-kilqii- qi ) 

Adsorption equilibrium: 

(1 ) 

(2) 

(3) 

(4) 

(5) 

In Ihese equations I = A for component A and 8 for component B, J = H or L, and m = + I or 
- L The vaiues .' = H fllld m = + 1 represent high-pressure flow, } = Land m = - 1 represent 
purge flow. 
BoundatY conditions: high-pressure flow 

c,.wlz=o = CAO; 

purge flow 

( 

P , 

CALI.l-L= _ P~ )CAIfI~-L' 

(6) 

(7) 

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. VOL and Vml are relatecl 
hy the purge to feed veioclty ratio, G. 

The assumption of zero net accumulation in the solid phase leads to: 

a diii!!. + (1- a)' dq._ IL = 0 
dt dl 

(8) 

In this equation a - il'l /(/ u + 11.)' The (actors a and (t - a) with the solid phase accumulation 
terms for the high- and low-pressure steps. respectively, have been IOtroduced to malntam 
conslsh,':ncy 10 mass transfer rnies between the CCF apprOlumatlOn and the transient simulation. 

(Contmued) 
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Table 5.9. (Contmued) 

From Eqs. 4 and 8 we get: 

_ aklHqJi.,+(I-a)kiLq;tj 
qj= ak

lll 
+(1 cr)k

iL 
. 

Substituting Eo. 9 into 4 and rearrangl1lg Yields: 

where n = 1 for high-pressure flow and 2 for purge flow; and 

k .= 1 
el l/ak l1_1 + 1/(1 a)kn . 

Combining Eqs. i, 3, and J() gIVes: 

(n 
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('I) 

(10) 

(11 ) 

( 12) 

03} 

EquatIOn 12 for i = A and Eq. t3 are simultaneously lO!egrated foT' high- and low-pressure flow 
usmg the fourth-order Runge-Kutta method 10 obtatn CAl and trj at different aXial locations In 

the bed. The boundary conditions for high-pressure flow are known at z = 0 and those for purge 
are gIVen at z = L; therefore, the solution procedure requires Iterahon. Values of the dependent 
variables for purge flow are guessed at z = O. The mtegration IS then perfotmed from z = 0 to 
L, which IS repeated until known boundarY conditions for purge :f1ow at z = L are satisfied. 
Jacobian analysts IS performed to update the trial vaiues, which accelerates the speed of 
convergence. Values of CHi at different locations are obtamed by difference from total concen

tration. Steady-state adsorbed-phase concentrations are then calculated from Eq. 9. 

" The material batance Eqs. I and 3 should acmallv be written In terms of eqUivalent velocities In 
order to ensure that the total volume of feed and purge used in actual operation are the same In the 
steady-stare represent-allon. However, such a restrlcllon on the mass balance leads to an eqUIValent 
purge to reed velOCity ratio gIVen by Gro - a)/ a). For a = 0.5 Gro ,all £It I'" G, but when a ..... I, 
G ....... 0, and when (It .... 0, G .... W, and tilerefore the eel" model faUs for eyc1cs in which the adsorpllon 
and desorption steps are unequal (i.e., a ... 'O.S). The present rorm ot material balance equations, 
although iess accurate from the pOint of mass balance between the actl,lal operatIon and steadv-st3le 
approxtmatlOn (exceDt when (It,.. O.S), extends the usefulness of the CCF model to the cvcles 10 which 
VI oF 0.5. 

ill 
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Figure 5.12 Effects of (a) L/ VOH ratio (G = 1.0) and (b) purge to feed velocity ratio 
(L/vou=25 s) on the purity and recovery of mtrogen product In a PSA air 
separation process (Skarstrom cycle) showmg comparison among the expenmental 
results, the CCF madei, and the transient model predictions. Adsorption pressure = 3 
atm. blowdown/purge pressure"", 1.0 atm, adsorption/desorption time = 60 s. pres
surlzati'on/blowdown time"'" 15 S, diffusional time constants used for oXygen and 
nitrogen were 3.73xlO- 3 5- 1 and 1.17xlO- 4 s-', respectively. The CCF model 
results were computed with n = 15 for both oxygen and nitrogen; cycle-time-depen
dent n values according to the correlation of Nakao and Suzuki were used in the 
transient model simulation. (From Ref. 59.) 

prinCIPle to both kinetJc and equilibrium-based separations. lts applicability 
to the latter class IS restncted to trace systems with significant mass transfer 
resistance. The fact that one solid,:,phase concentration pfoftle cannot be in 
equilibnum with two different gas-ohase profiles precludes the use of this 
modei for eQuilibrium-controlled separations with negligible mass transfer 
resistance. Similar reasoning also precludes the extension of the CCF model 
to account for heat effects. 
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Figure 5.12 (Contmued). 
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One factor that has been Ignored in our discussion on the dvnamlc mOdeling 
of PSA cycles IS the heat effect (see SeclIon 4.8) and, so far, the basIc 
assumption of isothermal behavior has been retained._ As a result of the heat 
of sorption, there IS always some temperature excurSion in a PSA cycle, and 
depending on the magnitude, this may slgnificantiy reduce the effiCIency of 
separatIOn. The amplitude of the temperature SWing depends pnmarily on 
the heat of adsorption, the throughput, and the heat. transfer charactenstlcs 
of the packed adsorbed column. In laboratorY scale units, small-diameter 
thick-walled metal columns are generally used, and ..the high heat cat1<lClty 

and thermal conductiVity of the column wnlls serve to minimiZe the tcmrera~ 
ture variation. Even then It IS found that the Isothermal assumptIOn usually 
predicts a better separation than 15 actually achieved. I n order to approach 
true isothennal operation, one has to go to a very small column diameter and 

,j 
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a small throughout ratIO, as In the air drying experiments (on silica gel) 
reported by Chihara and Suzuki.' These authors were the first to investIgate 
the effect of nomsothermality in a trace component PSA system' Later, 
Yang and co-workers9

, 12.15 showed that heat effects are even more detnmen
tal to the performance of equilibrium-controlled bulk seoaratlOn processes. 
Nomsothermal studies have further revealed, as may be Intuitively deduced, 
that the adiabatic condition, whicn is approached In a large commercIal 
operation, generally results in the worst separatIOn. Whereas for many 
equilibrium-controlled separations, the isothermal approxImation may mean 
a major departure from physical reality, this IS usually a good approximation 
for separations based on kinetlc selectivity smce mass transfer rates are 
generally much slower III such systems. 

The LDF model discussed In Section 5.2 IS extended here to allow for 
nomsothermaJ PSA operation. The additional assumptions are summanzed 
and the heat balance equations are gIven in Table 5.10. 

1. The equilibnum constants are the most sensitive temperature-dependent 
terms, and It IS assumed that the LangmUIr constants show the normal 
exponential temperature d.ependence (b = boe-AHIRT). 

2. The temperature dependence of the gas and solid properlIes and the 
transport parameters IS assumed negligible. 

3. EffectIve thennal conductivitIes of the commercIal adsorbent particles are 
relatively high, and therefore mtraparticle temperature gradients can be 
neglected. Thermal equilibrIUm IS assumed between the fluid and the 
adsorbent particles, which is also a very common assumptlOn 10 adsorber 
calculatIons~ 60 

4: Bulk flow of heat and conduction In the axial direction are considered in 
the heat. balance eQuation. For heat conduction we consider the contribu
tion from axial dispersion only. The contribution from the solid phase 
becomes important at low Reynolds number, which IS, 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 
coiumn wall is taken to be equal to that of the feed. Farooo and 
Ruthven,6I·62 in their studies on heat effects 10 adsorptIon column dynam
ics. have shown that the major resistance to heat transfer In an adsorption 
column is at the column wall, and a sImple one-dimensional model with all 
heat transfer reSIstance concentrated at the column wall orovides a good 
representatIOn of the experImentally obseIVed behavIor. The advantage of 
using the one-dimensIOnal modeJ is that the system behavior at the 
isothennal and adiabatic limits may be very easily mvestigated by assigmng 
a large value and zero, respectjvely, to the beat transfer coeffiCIent. The 
isothermal condition IS also approached if the simulation is carried out 
with AH = O. 

5. The boundary conditions for the heat balance eQuation arc wntten assum-
109 the heat-mass transfer anaiogy for a dispersed plug ftow system. The 
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Table 5.10. Additional Equations for Nonisothermal PSA-SimulaUon Usmg LDF 
ApproXimation 

The set of equatIons In Table 5.2 together with the followmg equations constitute the model 
equations for nOOlsothermal PSA simulation. The subscnpts have the same meaOlngs as Jfl Table 
5.2. 

Fluid phase heat balancea. 

Temperature dependency of langmUIr constant: 

b, AH, (. , ') 
IOb

iO 
=-If; r- To 

Boundary conditions: pressuTlzation, high·pressure adsorPtIon, and:purge 

aT! KL ilz z -0 = - vl~ .. oPgCp8(TI~_o- - Tir_o): QaT! ~O 
ilz z .. to 

(1 ) 

(2) 

(3) 

(4) 

Equation 4 defines Inlet gas temperature of the bed undergOing :purge ill tenns of raffinate 
product temperature from the high-pressure bed. This IS not applicable when the beds are not 
coupled through a purge stream. Blowdown: 

aTI ~O, 
ilz Iz_o . 

aT! - -0 ilz z - L -

Initial condition (same for both dean and saturated bed conditions) 

T(z.O)~To 

(5 ) 

(6) 

When the small laboratory columns are insulated from oUlside the fluid phliSC heal balance EQ. I i.~ 
modified as follows to accounl for the heat capacIty of and conductIon through the column waH; 

(
KACO+KstcdA')il2T (aT Tau) - I-A -0--:4 azl + lIJZ+_;; 

"( i - e ilq, 2h .. 
- L. -AII,)-.--+-.-(T-f, • .)''"''O 

. " al "r""l 

effective axIal thermal ConductIvity of the ftuid also follows from the 
assumed similanty between mechamsms 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 multicomponent system. 

The numerical SOlution of the set of coupied nonlinear eQuatIOns 1-1 I 10 

Table 5.2 and 1-6 in Table 5.10 gIves gas- and solid-phase concentratIOn and 
the bed temnerature at several locatIons 10 the column for vanolls values of 

I :,U i 
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Table 5.11. Parameters Used in ComDuting the Theoretical Curves In 

Figures 5.14 - 5.16 ShoWlng the Existence of Two 
Different Cyclic Steady States 

5A zeolite;! Activated alumma" 

Feed gas composition 1 % Ethviene In 0.39% MOisture III 
helium ." Particle diameter (mm) 0.7 4-5 

Bed length (em) 35.0 100.0 
Bed radius. Ld. (em) 1.75 10.0 

o.d. (em) 2.1 
B_ed voidage 0.4 004 
Feed temperature (K) 298.0 (ambient) 303.0 (ambient) 
(illS denSity (g/em·1) 1.5 X 10- 4 (1 aIm) 1.2 x 10-··' (1 arm) 
Adsorbt:nt denSIty (g/cm.l) 1.14' 1.2 
Heal of adsorption (cui/mol) -SOOO.OJ - 12404.0 
Gas heat capacity (caljg Ge) 1.2376 0.238 
Adsorbent heat 

capacllv (caljg "C) 0.206" 0.3 
Heat transfer coefficient 

(cal/cm 2 s Ge) 0.0 0.0 
Effective ·axlal thermal Deduced from 

conductivity of fluid analogy of mass 
(clIl/ent s "el and heal transfer 0.0018 

AdsorptiOn pressure (atm) 3.0 5.0 
Blowdown/purge 

pressure (aIm) 1.36 1.0 
Peclet number 110" lOt. (plug flow) 
L/VOH ratio (s) 5.91 4.0 
Purge to f!!ed velocllv ratio 1.54 2.0 
flu/Co R37.0'" 8993.16 
qu/q, 0.92" 0.0 (linear) 
LDP mass transfer 

coefficient (5- 1) 

high pressure 0.19" 2.7M X 10- 4 

low pressure O.IW 1.3Q X 10"-' 
Adsorption/purge lime (s) 80.0 540.0 
Pressunzallon/blowdown 

time (s) 20.0 140.0 

Heal capucuv und Ihermnl ccmducrivity of steel were used to account for th.e wall elfec!. 
" ChihanL and Suzuki." . 

Ruthven ct (11.',4 
J Farooq and RUlhvcn."~ 

HasS(ln et al. ln 

time. Convergence to cyclic steady state may be very slow under adiabatic 
conditions, reqUlrmg lD some cases up to 100 cycles. A more detailed account 
of nomsothermal PSA SImulation is gIven In Ref. 19. 

Yang and co-workers used Similar nonisothermai models to study several 
equilibrium-controlled seoarahon orocesses (see Table 5.!). They neglected 
the aXIal thermal conduction but considered the temperature dependence of 

·-1 
] . 

,I 
1 
t 
t 
I 
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the gas concentration according to tIle ideal gas; law. The temperature 
vanatton in the bed at any given point was 20-40"C. The exPeriments were 
carried out in small-diameter columns (4.1 em i.d.) and therefore suffered 
from heat loss by wall conduction and exchange with the surroundings. 
(Under true adiabatlc conditions the temperature variation could reach 
100·C.) In some studies they reolaced the LDF rate equallOn with more 
detailed diffuSIon models. In the Introductory sectIOn of this chapter it was 
pomted out that III an equilibrium-controlled separation the detailed form of 
the kinetic model IS of only secondary importance. This IS also true in the 

:~~'" i I I 
I -- --+--I -, , 10~ I 

• 
•• l 

~, , i ~ 

-' I 

( aJ 

Figure 5.13 (a) Steady-state temperature-tnne histones measured at three IDeationS 
(feed end A, middle B, and product end C) for the equilibJ:ium controlled PSA bulk 
separation of an eaUlmoiar H 2-CO mixture on activated' carbon m a smgle bed, 
five-step cyCle (I-V indicate pressuratJOn, adsorpatJon, cocurrent blowdown, counter
current blowdown and purge). --, experimental, ---, numencallv sOlved equilibrium 
model (eqUIvalent to LDF model with large mass transfer coeffiCients. (From Ceo and 
Yang", with permISSloo.) 

II 
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Figure 5.13 (b) Steady-State temperature histoTles for an eQuilibrulm PSA bulk 
separtion (eQuimOlar mixture of H rCH 4 on actIvated carbon, ---, expenmental; --. 
macropore diffusion model). Other details as 10 part (a). (From Doong and Yang l2 , 

with permission.) 

prediction of nomsothennai 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 IS not easy, the tempera
ture VS. time profiles measured at various positions in the column provide a 
practically useful way of Iocatmg the advancing mass transfer zone in the 
COlumn. Espltr.lier-Noel31 observed a sharp nse III the bed temperature at 
the product end prior to breakthrough of mtrogen dunng the high pressure 
production step of a PSA air separation cycle for oxygen production on 5A 
zeolite. The temperature vanation at vanous pomts along the bed is shown In 

Figure 5.14. The temoerature profiles are also useful for understanding the 
Improved performance of a PSA separatIon that may be achieved by allowmg 

-Ii 
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Figure 5.14 Variation of temperature with time at variOUS pomts along the bed for 
an oxygen PSA system, at cyclic steady state, operating on a modified Skarstrom cycle. 
I-IV mdicate, respectively depreSsurIzation, purge, repressurization, and high-pres~ 
sure production. (From Ref. 31; repnnted with permission.) 

heat exchange between adsorbers or by mtroduclng high heat capacity inert 
additives, as proposed by Yang and Cen.63 

5.4.1 Two Different Cyclic Steady States m PSA Systems 

A detailed study of a PSA purification system under both Isothennal and 
nODisothennal conditions was conducted by Farooq, lilassan, and Ruthven.'· 
The simulation results reveal that if the system 1s adhibatIc there are at least 
two different solutIOns to the model equatIOns so that, depending on the 
imtlal condition of the bedS, two different cyclic steady states are obtamed. 
The deSirable steady state, glvmg a pure high-oressure product, IS achieved 
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Figure 5.15 Computed profiles for PSA air drymg on activated aiumma showmg 
approach to cyclic steady state from clean bed initial conditions. Steady~state profiles 
with both beds mitiaUy equilibrated with feed at high pressure are also shown. The 
profiles represent the ~nd of the high-pressure adsorption step and, starting for a 
clean bed, arc shown after 19, 39, 49, 59, 69, 79, 89, 99, and 109 half-cycles. 
(a) Gas-phase concentration profile, (b) adsorbed-phase concentration profile, 
(e) temperature' profile. Parameters used III the numericai simulation are given 10 
Table 5.11. (From Ref. 19.) 
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when the beds are mitially clean. Startmg the sYstem from a saturated 
condition leads to a different steady state with Significantly different profiles 
of both concentration and temperature and a less pure finai product. Steady
state bed profiles for clean and saturated bed mitlal conditions arc shown In 

Figure 5.15. This IS equally true for both linear and nonlinear eQuilibnum 
Isotherms. Different cyclic steady states corresponding to clean and saturated 
bed mitial conditions may also be obtamed for an Isothermal system when 
the equilibrium relationship is nonlinear. 11J,25 In their: study Farooq, Hassan. 
and Ruthven further showed that for a linear Isothermal system the steady 
state is unique and the solution of the model equations (using a large value of 
h or AH = 0) converges to the same final cyclic steady state from all mitial 
conditions. It IS clear that multipliCity can aflse only when the eqUatIOns 
contam a slgnificant nonlinearIty. In the Isothermal case the noniineanty 
comes from curvature of the eauilibnum Isotherm. but in a nOnlsothennal 
linear equilibnum system the same type of behaVIOr arises from tile tempera
ture dependence of the adsorption equilibrIum constant. 

Limited experiments, employing a dual-bed system operated on a 
Skarstrom cycle. were conducted with tile ethylene..-helium-5A system to 
confirm the eXIstence of more than one cyclic steady state. The columns were 
insulated as much as possible to attam a near-adiabatlc condition. When 
insulated from outside, the heat capacity of the coiumn wall and conduction 

THEORETICAL 
bQd 2 
bQd i 

EXPERIMENTAL 
CIQOM b",d 

Sat.urated blO!d 

iu~~~~~~~~~~O~O~O=O:OO~O~O=O:O:OO:O:O:O:O~O;O:OO~O:O~O~O~O~O 
o} 10 20 30 40 SO 

No. of Half Cycl",s 

Figure 5.16 Companion of experimental product composition with prediction of 
theoretical model for PSA separation of ethylene-helium on 5A zeolite shOWing the 
difference in behaVior for the clean and saturated bed Initial conditions (bed i 

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 computmg the model predictions are given In Table 5.11. (From 
Ref. 19.) 
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Figure 5.17 Comparison of theoretical and exoenmental temperature profiles for 
PSA seDaratlon of ethylen'e-hdium on SA zeolite at cyclic steady state. (a) Clean bed 
initial condition, (b) saturated bed initial condition (bed 1 equilibrated with feed at 
low pressure and bed 2 equilibrated with feed at high pressure). Parameters used in 
computing the model oredictlons arc given In Table 5.11. (From Ref. 19.) 

of heat through the coiumn wall become Important factors that must be 
accounted for In the heat balance equation. The approach of the product 
concentratIOn to cyclic steaely state from two different initial conditions IS 

shown m Figure 5.16. The temperature profiles at the end of adsorptIOn and 
desorption steps after the cyclic steady state was reached are given In Figure 
5.17. Both the product concentration and the experimental temperature 
profiles agree well with the model predictIons and the existence of two 
distinct steady states, depending on the initial condition of the beds, IS 

confirmed. Clearly, the performance of the system IS marKedly superIor when 
starting from initially clean beds In that a purer high-pressure product is 
obtamed. 

The existence of multipie 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 a 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 

NOle: A novei mathemalical anaylsis that provides for the direct determination and stabilitv 
analysIs of cvcJic steady slates has recentlv been developed: D. T. Croft and M. D. leVan, Chern. 
Eng. Sci. (in press). See also Proceedings of Fourth Imernatlonal Conference on Adsorption, 

Kyolo. Mav 1992. 
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attempt to restart the system after It had been standing In a loaded condition 
for some time could well lead to the saturated bed steady-state operatlOn 
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 m the 
product concentration if the system is operated such that the concentration 
front is mamtamed well inside the column with a large margIn of safety. 
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I. CHAPTER 

6 
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 mathematical models. However, aoart from the discussion 
in Chapter 3 concernmg the factors governmg the chOice of cvcle. the morc 
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 mdustnaJ scale IS 
presented in this chapter together with comments on some of the more 
practIcal deSign aspects and the thennodynamic efficiency. Detailed informa
tion on practical desIgn and system perfonnance IS not widely available In the 
open literature and the comments presented here therefore represent only a 
partiai account. Further mformatlOn can be obtained from the extenSive 
patent literature, although the details are often confusmg. 

6.1 Air Drying 

The "heatless dner" 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 used for small·scale applications such as the 
drying of instrument air operates on the simple two-bed Skarstrom cycle (see 
Section 3.2). Essentially bone-dry product aIr (1 ppm H 20) can be readily 
achieved with either alumIna or zeolite (4A or 5A) as the deSiccant, but 
beaded alumma IS the 'usual choice. 

,_ :i 
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The equilibnum Isotherm for water vapor on alumma IS less strongly 
curved than the corresponding isotherm for zeolite adsorbents (see Figure 
2.5) and as a result, the working capacIty m a PSA system IS higher. However, 
a more important consideratIOn IS that aiumma beads are physIcally more 
robust than most other cleSlccants 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 
alumma beads is very long; continuous operatIOn without changmg the 
adsorbent over a penod of 20 years has been reported. 

6.1.1 Design Considerations 

PrOduct punty is normally the pnmary reqUirement and, SInce the water 
vapor concentration m the feed is generally quite low, a pressure equalization 
step IS not normally included in the cycle. MinimIzatIon of the purge, subject 
to the reqUirement of a pure product, is therefore the major objectIve in 
optimization of the operatmg cycle. The process operates under essentially 
adiabatic conditions, and conservation of the heat of adsorotlon IS therefore 
a major consideration determining the selectIOn of operatl-ng conditions. In 
essence the deSiccant bed must be sufficientiy long that, during the adsorp~ 
tlOn step, the thennal 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 dunng 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 is not 
cant am ed, some of the heat will be iost (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" 

1. Conservation of the heat of adsorption (as discussed). This reQUIres 
relatlveiy 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 (PH/PL)"should be greater 
than the recIprocal of the mole ratio of the oroduct to the feed. 

It is dear that, under cyclic steady-state conditiorts. all water vaoor 
entetlng with the feed must be removed in the purge (~part from the small 
loss m the blowdown). The maxImum water vapor content of the ourge 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 IS normally followed 
m the deSIgn of a PSA dner has been gIven by White.2 
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6.1.2 Bed Diameter 

The bed diameter is chosen In the normal way based on the deSign through
put reqUIrement. The maJomum velOCIty m upftow IS normally limIted to 75% 
of the mInimUm fluidizatton velocity to avoid the Increased attrition resuiting 
from particle vibratIOn, which becomes serious. even m·a well packed bed, as 
the fluidizatIOn velOCity is approached. A somewhat higher veioclty. perhaps 
double the fluidization velOCity. can be toierated In downftow.:: 

6.1.3 Bed Length 

The bed iength IS detennmed pnmarily by the requirement to contam the 
temperature front, whiCh. In an air drier, travels at a higher velocity than the 
concentration front (the mass transfer zone). The SituatIOn IS as sketched In 

Figure 6.1. The concentratlOn front IS confined to the entry reglOn 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. Expenmentai concentratIOn profiles from an operat
ing unit are shown m 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 IS much 
greater than that of the concentratIOn front. The area between the two 
limiting temperature fronts is proportIonal to the latent heat of the water 
adsorbed (and desorbed) during each cyeie, while the area between the two 
concentration fronts IS 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 to this 

C •• q. 
c,q 

T. 
po Distance 

Purge 
-== 

pL 

Figure 6'.1 Sketch showmg Qualitative form of concentration and temperaiUre pro
files In a "heatless drier" at cyclic steady state. The precise fonn of the profiles 
depends on many factors, including the properties of the adsorbent and the duration 
of the cycle. 
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T~5T DAT4 

BED LENG TH 1.36 m 
BED DIAMETER 02/ m 
ADSORBENT 2-';mm ACT. ALUM. 
ADSORBATE H20 (VAPOR) 
IMPR~SScO GAS: AIR 

TE,'1PERATURE 294 0 K. 
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PURGE TIME 2BO Sec • 

ADSORPTION TIME 300 Sec. 
PURGE FLOWRATE OJJ204 kg,'; 
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{; 
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Figure 6.2 Expenmentai concentration profiles fOf a heatless alf drier packed with 
an actIVated alumma adsorbent. (From D. H. White,:'! with permisSIon.) 

regIon by an mert solid with a high heat capacIty. Since the heat capacIty of 
the mert solid can be higher than that of the adsorbent. a reductIon III overall 
bed volume can be achieved. The reQUIred bed length (typIcally 1-2 m) is 
normally determined from a classical heat transfer calcmiatlOn, following the 
method of Anzelius,4 although a full dynamIC simulation of the nomsother
mal PSA cycle, as described in Section 5.4, IS preferable, since such an 
approach provides more detailed and reliable infonnahon concernmg the 
effects of the process vanables. 

6.1.4 Purge Flow Rate 

Under ideal equilibrIUm conditions the partial pressure of moisture III the 
purge stream leavlljg the bed will be the same as that of the enteflng feed. 
Consequently, the stoichiometnc mimmum purge volume (measured at purge 
pressure) IS equal to the actual feed volume (measured at feed pressure). If 
the purge flow IS reduced beiow this level, the steady-state mass balance will 
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Figure 6.3 Performance test data showmg constancy of effluent dew POmt over a 25 
hour penod for a "heatless drier" pac((ed with an activated alumina adsorbent. (From 
D. H: White,:'! with permissIOn,} -

not be satisfied and the mOIsture front will siowly advance through the bed. 
To allow -for the obvious devlatjon from the ideal equilibrium situation, a 
margm of at ieast 15% over the theoretical minImum purge IS normally 
desirable: 

purge rate ~ 1 1S( If)· (PL)' 
feed rate . tp PH 

(6.1 ) 

where the flow rates are expressed on a moiar basJs and if. lp refer to the 
feed and purge tImes. 

I : Ii 
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Figure 6.4 Effect of purge-ta-feed ratio on product purity for a "heatless dner" 
packed with SA zeolite. Feed 26 SCFI-I at 800 F. 4.7 atm,6000 ppm H 20. (From 
Skarstrorn,5 with permissIOn.) 

6.1.5 Product Purity 

The product pu'rity IS determined by the bed length (or the dimenSionless 
ratio L/VI,) and the purge-Io-feed ratio. Experimentai results obtained wilh 
a coiumn of SA Sieve of different lengths at various'purge.to-feed ratios are 
summarIZed In Figure 6.4. The asymotot,c line IS Slmoly calculated from the 
mass balance: 

F - (PL/P,.,)P 
F P 

(6.2) 
Cp 

With adecuate ourge and adequate bed length the oroduct air IS essentially 
bone dry. If the purge is Insuffic,ent or if the bed length IS not long enough to 
contain the temperature wave, the performance deteriorates. 

6.2 Production of Oxygen 

Air separation to produce oxygen was onc of the processes described in the 

early PSA patents of Skarstrom.' It has been commercialized at scales 
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rangmg from a few liters per minute, for medical oxygelo, to tens of tons per 
day for industrial systems. A zeolite adsorbent, generallv SA or 13X. IS 

normally used. When thoroughly dehydrated, such adsorbents show a selec
tlVJty towards mtrogen with a separatIOn factor of about 3.0-3.5.6 Oxygen 
and argon are adsorbed with almost the same affinity; so the separatlOn is In 

effect between oxygen plus argon <ind 01 trogen. The maximum attaioflhle 
oxygen PUrtty is therefore about 95-96%. The presence of argon as an 
lInpunty IS of little consequence for medical purposes, :but It IS a significant 
disadvantage for welding and cuttmg, smce the flame temperature, and 
therefore the cuttmg soeed, arc significantly reduced., Substantially higher 
separatIOn factors (a Nd0

2 
....... 8-10, with correspondingly higher 'nttrogenca

Dacity) have been reported for thoroughly dehydrated caX and, vanous IOniC 

forms of chabazite.7
.!l The Henry constant for nitrogen on these "second 

generation" adsorbents IS too high to permit effective desorption at atmo
spheric pressure, making them unsuitable for use In a conventIOnal PSA cycle 
ooeratmg at pressures above atmospheric. These adso'rbents are, however. 
used In many of the more modern large-scale vacuum swmg or 
pressure/vacuum swmg processes. The development of these processes pro
vides an excellent example of the need to tailor the process cycle to the 
properties of the adsorbent. 

6.2.1 Small-Scale Medical Oxygen Umts 

At the scale of domestic medical oxygen Units the cost of power is a less 
significant consideratIOn than process sImolicity and reliability. Most smaJl~ 
scale units use a two-bed system, ooerated 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 IS attaInable, the recovery is relatIvely low so that 
the power consumption IS high. A significant IOmrovement In recovery can be 
achieved by the mciusion of a pressure equalization step (see Figure 3.8). but 
in small-scale units the additional comolexIty may not be Justified. 

6.2.2 .Industrial-Scale Units 

At larger scales of ooeratlOn oroper optimization of a PSA system IS essential 
in order to. comoete with alternative orocesses SUCh as cryogenic distillatIOn. 
Recent trends have been reviewed by Smolarek and CampbelL9 Caoltal and 
operating costs contribute almost equally to the overall cost of a PSA 
process, and the cost of Dower 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 
introducmg additional oressure eaualization steps, but the increased process 
complexity, reqUIring an increased number of beds and with the associated 
valves and oioing, mcreases the camtal cost. 
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Figure 6.5 Expenmental performance data for a simple two-bed PSA oxygen genera
tor operated on a Skarstrom cycle. Note that for high product punty the recovery IS 

less than 10%. (Previously unpublished expenmental aata.) 

The" Undox" process,1O shown scllematlcally m Figures 3.1 ° and 3.11, IS 
typIcal of the first generatIon of large-scale PSA oxygen systems. The process 
operates On a modified Skarstrom cycle with two or three pressure eaualiza-
11011 Slcps (depending on the number of beds). Both three- and four-bed 
versions were deveioped at scales of up to 40 tons/day of oxygen product. 
The process IS normally operated between three and one atmosphere pres
sure and produces a 90% oxygen product gas (dry and free of CO2 ) with an 
oxygen recovery of about 38% and a power requirement of about 1.7 kWh 
per 100 SCF oxygen product (eouivaient to 48,000 J /mole product gas). 
ProductiVity IS about 0.018 moles of oxygen product gas per kg of zeolite per 
cvcie. The overall mass balance IS shown in Figure 6.6, and a more detailed 
uescrlption of the cycie is given In Section 3.2. 

Sinc'c the original commercialization of the Lindox process In the early 
1970s n ,good deaL of further development has occurred. leading to major 
improvements tn process economICS. To take full advantage of the higher 
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Figure 6.6 Compnnson of LINDOX PSA oxygen nroce~~ with a modern two-bed 
VSA process. Figures are approximate estlm<ltcs based on mformatlon from a vanc[y 
of sources. 

selectIVity and caoaclty of the "second generation" adsorbents requires 
desorption at subatmospherIc pressure, necessltatmg :the use of a vacuum 
swmg or pressure/vacuum swmg cycle. This leads to a substantial reduction 
in the adsorbent Inventory relative to the traditional p"ressure sWing process 
but at the cost of a somewhat more comolex cycle with both a feed 
compressor and a vacuum pump. Since the valves and 'pipmg must be larger 
for vacuum operatIOn, there IS some penalty In cam tal cost, but this IS more 
than offset by the reductIon In adsorbenl Inventory and power cost. 

Modern VSA oxygen systems generally operate between about 1.5-2.5 
atmospheres on the high-pressure side with desorpl1on at 0.25-0.35 atmo
spheres so the pressure ratio IS substantially greater than for the earlier 
supra-atmosphenc pressure processes. The cycle IS b<ilsicallv Similar to the 
ong111ai Air LiQuide cycle (Figure 3.12) but with the addiu'l11 of a pressure 
eqUalizatIOn step. The adsorbent (CaX") is pOIsoned by traces of water or 
carbon dioxide so pre-beds are often Included to remoVe these components. 
The use of vacuum desorptIOn elimmates the reqUirement for multiple-bed 
systems to recover the energy of compreSSion. As a result the more modern 
VPSA oxygen processes generally use only two beds rather than the three or 
four beds of the earlier large,;.scale pressure swmg processes, with conseauent 
reduction of CaPItal costs. An approximate' performance comparIson between 
a modern VSA oxygen process and the anginal LINDOX process IS given In 

Figure 6.6. Power reauirements are Similar, but the adsorbent Inventory has 
been reduced to about 20% of that required in the first generation processes 
as a result of improved adsorbent capacity, reduced, cycle time, and the 
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Figure 6.7 Comparative costs of oxygen produced bv VSA and cryogemc proceSses 
as function of product rate. (From Smolarek and Campbell,9 with permission.) 

eliminatIOn of the need for multlpie beds. Such processes can also produce 
tile mtrogen product in relatively pure fonn, which IS of course an advantage 
where' both oxygen and mtrogen are required. The VSA process IS claimed 
to be competitive with cryogenic distillation for product rates of UP to 
3000 N m3/m or about 100 to~s/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~ 
t!ally adsorbed component, even though there IS very little equilibrium 
selectivity (see Figure 2.11). The choice of contact time IS critical smce if the 
contact time IS too short there will be no significant adsorption, while, if the 
time IS too long, equilibnum will be approached and there will be no 
selectivity. In this type of process the argon goes with the nitrogen product 
Since the diffuslVities are similar. 

Most modern mtrogen PSA processes use a two-bed configuration oper
ated on the cycle shown m Figure 3.16. 11 DeSCriptions of the process have 
been given by SChroter and Jtmtgen,12 Pilarczyk and Knoblauch,l3 and by 
NitrotcC. 14 This system can produce 98-99% pure nitrogen (+ Ar) which IS 

adeqllate for most purglOg and merting operations. Although a higher~puntv 
nitrogen product can be obtamed directly from this process. It IS generally 
more economic to use a final ("DEOXO") polishing step. The stoichiometric 
quantIty, of hydrogen reQU1red to oxidize the residual oxygen is introduced, 
and the gas stream is then passed over a catalyst bed in which essentmlly all 
the oxygen IS oxidized to water, which is then removed by adsorption on a 
zeolite deSiccant. 
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Figure 6.8 Small-scale skid-mounted PSA mtrogen generator. (Courtesy of Nltrotcc, 
Inc. 14 ) 

A schematic diagram of the Bergbau Forschung process IS shown in Figure 
3.15, and a typical small-scale umt, produced and marketed by Nitrotec, IS 

shown m Figure 6.8. The process operates between 6-8 and 1 atmospheres 
pressure. Standard umts are produced in varying sizes with mtrogen product 
rates from 60 to 60,000 SCFH. A typical overall mass balance IS shown m 
Figure 6.9, and representative performance data are summanzed In Table 
6.1. The reductIOn in throughput and the corresponding reduction In recov~ 
ery and the increase in the specific energy requirement with Illcreasmg punty 
of the nitrogen product are cleariy apparent. The economics of this type of 
process 3re at their best III the 9&-99% punty range at product rates of 
200-800 Nm'/h, although much larger unlls (up to 480() Nm'/hr or ahout 
150 tons/day) have been built. '5 Typical operating costs (assummg electnc 
power at $0.05 per kwh) are about $0.30-0,40 per 1000 SCF (28 Nm") for 
98% and 99.5% punty respectIVely 0992' figufes)*. At this levei costs arc 
comparable with a cryogenic Untt over a faJriy wide range and only at the 

* These cost estimates were kindly provided by Mr. Herbert ReInhold of Nitrotec. 
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Figure 6.9 Overall mass balance for PSA mtrogen production process. See Table 6.1. 

Table 6.1. Perfonnance Characteristics of Nitrotec Nitrogen Generator" 

Specific energy 
Product rale °2lmpuntv N2 recovery Power (kWh IN m) 

(N nri/h) (%) ('0/0) (kW) product) 

96 3 84 26 0.27 
57 1.0 51 23 0.40 
39 0.5 35 20 0.51 
21 0.1 15 16 0.76 

Feed rate: 140 N m) /h. half-cycle time 2 mms; adsorbent beds (2): 76 cm diam x 150 cm height 
(approx); working pressure: 8 atm/1 atm, Data are from Nitrmec brochure, J4 courtesy Nitrotec 
CorporatIOn, Glen Burnie, MD, and other sources, 

highest purity ieveis (> 99.5%) and production rates (> 200 tons/day) does 
the cryogemc system gam a clear economic advantage (see figure 8.10). 

6.4 PSA Process for Simultaneous Production of Oz 
and Nz 

Most PSA processes produce one pure product and an impure byproduct, but 
by proper design of the operatmg cycle It IS in 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 IS the Air Products 
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Figure 6.10 Schematic diagrams shOWing (a) the ·f1owsheet for the Air Products 
vacuum swing process' for simultaneous productIOn of O2 and Nt and (b) the 
seQuence of the ooeratmg cycle. J7. 
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Figure 6.11 Performance of Air Products Vacuum swing air separation process. 
Adsorbent, Na mordenite; feed pressure. LOS atmj desorption pressure (mam bed), 
50-55 Torr; prebed; 25-30 Torr. (a) Nitrogen product purity; (b) oxygen product 
punty as a fUnctlOn of product rate; and (c) recovery-purity profile for both products. 
(From Sircar 17 with permission.) 
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vacuum swing adsorotion process (VSA),I!),17 which :IS described here. An~ 

other similar eyrie 's discussed m Sections 4.4.5 'and 4.5. The process 
operates with what is basIcally a two-bed system, but each "bed" actually 
consists of a Drebed for Impunty removal In senes with the mam adsorption 
bed. The sequence of operatIOns, which involves five distmct steps, IS shown 
schematically m Figure 6.1O(b). The followmg descnptlOn IS taken from 
Sircar. 17 

Feed I O2 Product. Air at near-ambient pressure is oassed through the orebed 
and main bed. which have been orevlOusly raised to ambient pressure in 
steps (d) and (e) of the cycle. H 20 and CO2 are removed III the prebed, 
and the dry CO2 free air then oasses to the mam bed. where N z IS 

selectively desorbed to vield the oxygen-rich product stream. some of 
whiCh IS stored m a gas tank for use as the pressurization gas In step (c). 
This step IS term mated at or before the breakthrough of Nz. 

Nz Rinse. A stream of the N2-nch oroduct is passed through both the prcbed 
and the main bed in the cocurrent directIon. The effluent is a dry CO 2 
free gas with a composition close to that of air. A part of'this gas IS 

therefore recycled as feed aIr to reduce the load on the orebed. This step 
IS continued until both the prebed and main bed are essentially saturated 
with nitrogen. 

Vacuum DesoTf)twn. Both adsorbers are now evacuated from the O 2 product 
end (countercurrent direction). producing the nitrogen-enrIched oroduct 
stream. This stream, however, contams essentially' all the COz and H 20 
desorbed from the prebed. A fraction of this gas IS stored for use as the 
nitrogen rinse (step b) m the other pair of beds, while the remamder is 
withdrawn as the N2-rich product. EvacuatIon IS continued in this manner 
until the pressure reaches a preset value at whiCh' the valve between the 
prebed and the mam bed IS closed. 

Evacuation I 02 PreSSUflzatwfl. Evacuation of the prebed IS contInued with 
the desorbate bemg added to the mtrogen-rIch product. Meanwhile the 
main bed is pressurized with part of the oxygen.,.rich product from the 
storage tank. 

Air PressurizatiofJ. Finally the mterconnecting valve between the pre and 
main beds IS opened, and the prebed is brought up to feed pressure with 
oxygen from the storage tank through the mam bed, thus completing the 
eycle. The performance IS shown m Figure 6.11. (See also Figures 4.14 and 
4.15.) 

6.5 Hydrogen Recovery 

The Increasing demand for hydrogen, particuiarly in 'petroieum refining and 
petrochemical processing, has provided a strong· economic motivation to 
develop processes to recover hydrogen from refinery fuel gases, coke oven 
gases, 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 variation jn a four-bed hydro
gen PSA process. (From Suzuki,29 with permission.) 
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as refonner off gas. For most applications a high-pUBty hydrogen product is 
reqUIred (at least 99.99% and often 99.999%). Since hydrogen IS adsorbed 
much less strongly than almost any other speCIes, a well-desIgned pressure 
swmg system can meet this challenge. Indeed this IS one application for 
which PSA has a clear advantage over almost all other possible approaches, 
for many of which these punty levels are unattamable. 

Commercial Impiementation of PSA processes for hydrogen recovery 
dates from the late 19605, but the earlier processes were small-scaie three- or 
four-bed Units with relatively modest perfonnance (.- 70% recovery) de-

Tahle 6.2. Details or Test Conditions and Performance Data for a "Four-Bed Hydrogen 
PSA Purification System 

Adsorbem SA zeolite 
Size 1~4 mm (4~18 mesh) 
Form spherical beads 

Bulk densIty 0.74ko/l 
Feed cone, 

H, 69.2 vol % 

N, 26.8 

CO 2.2 
CH, 1.8 

Pressure 
Adsorption Pa 8.6 kg/cm2 

Purge Pp 1.5 kg/em:? 

First equilibratIon PI 5.2 kg/cm2 

Second equilibration p" 1.9 kg/cm2 

Run no. 2 3 4 5 6 7 8 9 10 II 

Feed rate (Nljmin)a 14.9 14.6 14.6 21.0 20.9 20.9 8.3 8.3 14.6 14.6 14.5 
Cycle Time (min) 12.0 24.0 48.0 8.4 16.8 33.6 21.0 42.0 47 6.0 8.0 
Column Size 4.3 em I.d. x 200 em L. 4.3 em I.d. X 100 em L. 
Adsorbent (kg) 2.06 X 4 bed 1.0 x 4 bed 
Product conc. 

H2 (vol %) 99.73 85.61 76.19 99.38 84.22 76.55. 99.93 83.48 99.87 97.93 88.41 
N, 0.27 13.41 21.15 0.62 14.52 20.86 0.07 15.19 0.13 2.06 10.9 
CO 0.0 0.52 1.48 0.0 0.68 1.45 0.0 0.68 0.0 0.0 0.39 
CH, 0.0 0.47 1.18 0.0 0.58 1.14 0.0 0.65 0.0 om 0.30 

Hz Recovery (%) 77.7 88.4 94.9 77.2 90.3 94.6 77.7 90.5 70.0 78.6 83.9 
Adsorbent 

productivity 21.7 42.7 84.9 21.4 42.6 85.2 21.3 42.5 17.0 21.8 29.0 
Q (Nljkg ads., 
cvcle) 

Space veiociLV 
O/mm) 0.66 0,63 0.62 0.90 0.87 0.84 0.37 0.37 1.30 1.29 i.26 

NI = liters at 273 K 1 atm. 
From Tomita et al.,23 with permission. 
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signed to provide local sources of high-ourity hydrogen. 18 - 23 Large-scale 
multiple-bed processes were deveioped mthe late 1970s, the first bemg the 
41 MMSCFD plant at the Wintershall AG Lingen refinery In Gennany.24 
These processes, which employ UP to twelve beds with several pressure 
equalization steps, can achieve hydrogen recovenes in the 85-90% range at 
99.99% nurity from a typical feed contalOing 75% l-I2.25-2f1 

6.5.1 The Four-Bed Process 

The system for the 'four-bed process IS essentially sImilar to the four-bed 
oxygen process (Lindox) shown In Figures 3.9 and 3.10. A mIxed adsorbent of 
activated carbon and SA zeolite is commonly used, although, smce the 
selectivity for most lmpurities relatIVe to hydrogen is high, almost any 
adsorbent can be employed. Production of a hydrogen vroduct with 99.99% 
purity at 15% recovery from a feed contaming 70-80% hydrogen is claImed 
for the four-bed process with two pressure equalizatIOn steps. The process 
~JPerates between 20-30 atmospheres and 1-2 'atmOSPheres. The cycle is 
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Figure 6.13 ExperImental recoverv-Dunty profile for four-bed H2 PSA system. 
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shown In Figure 6.12. Details concernmg the optimization have been given by 
Doshi et al. 22 Results of an expenmental pilot scale study of the four-bed 
hydrogen PSA process have been reported by Tomita et al. 23 Some of their 
results are presented m Table 6.2 and Figure 6.13. 

A d.etailed theoretIcal optimization of the design of a zeolite-based hydro
gen PSA unit~ for feed and oroduct specifications typical of mdustrial 
practice, has been earned out by Smith and Westerberg. 30 Their results 
illustrate clearly the economy obtained from an optimal choice of operating 
pressures and the number of equalization steps. For smaller-scale plants a 
smgie equalization step IS preferable, but as the throughput mcreases the 
optimum shifts towards two or three equalization steos as a result of the 
proportionately greater importance of operating versus caoital costs (see 
Figure 1.3). The ootlmal operatmg pressure, for a system with two equaliza
tions, is about 18 atm. These conclusIOns are in line with current mdustnal 
practice. 

6.5.2 Po\ybed Process 

The pOlybed process operates on a similar prmciple but with seven to ten 
beds and at least three pressure equalization steps. This mcreases the 
hydrogen recovery to the 85-90% range, but the improvement m perfor

'manee must be welghed against the increase in capItal cost. The process 
ftowsheet IS shown in Figure 6.14. Both four-bed and polybed processes 
operate typically with a pressure ratio 20-30 atmll atm. The overall mass 
balance IS shown m Figure 6.15. Purities as high as 99.9999% are achievable 
with thepolybed system, although 99.999% IS more common. 

Feed 
Reformer Off-Gas 
20 atlllospheres 
.i Hole 
H 77% 
CO, 22.5% 
CO+CH4 0.5% 

I 
Waste Produce 
1 atmosphere 
0.34 moles 

H2 32% 
CO 61% 

CO+b!, I. 

Hydrogen Product 
19 atmospheres 
0.66 mole 

H2 99.99~ 

Figure 6.15 Mass balance for polybed PSA hydrogen purification orocess . 
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Table 6.3. Composition of Typlcai Coi{e Oven Gas 

Components 

H, 
CIi, 
N, 
CO 
CzH,j 
0, 
CO, 
C 2 H{, 
C,H(, 
C 2H 2 
C.~HII 
C4 Hb 

C(,H(i 
C4 i-l 6 

C 4 H W 
CsHJ2 
Cb HI4 
C7 H U. 

C!,Hs 

Source:' Ref. 30. 

6.5;3 Bergbau - Forschung Process 

Concentration 
(% by vol.) 

59.99 

22.76 
6.68 
5.45 
1.66 
1.40 
1.26 
0.53 
0.11 
0.09 
0.02 
0.02 
0.02 
0,01 
0.01 
0.01 
0.01 
0.01 
0.01 

As an alternative to the zeolite-based hydrogen recovery processes developed 
by Union Carbide. Bergbau-Forschung has developed eaUlvaient processes 
uSing a wide~oore carbon molecular sieve as the adsorbent. A four-bed 
system is used with five smaller preadsorption beds contaming actlvated 
carbon and oDeratlOg between atm and 1 atm. The process seQuence, which 
is basically similar to that used m the four-bed Union Carbide system. is 
shown In Figure 6.16. This system has been used orimarily to recover 
hydrogen from coke oVen gas containing about 60% hydrogen (see Table 6.3). 
Hydrogen oroduct puritIes as high as 99.999% at a recovery of 85% are 
claimed, and the largest umts have a product rate of 104 N m3/h. The 
performance thus appears to be broadly SImilar to that of the Umon Carbide 
poiybed system, but Since only four beds are used, there should be a capltai 
cost advantage. 

6.6 Recovery of CO2 

Carbon dioxide IS present at relatively high concentrations (15-35%) in the 
flue gases from many mdustrles such as steel and lime production. Since CO2 

IS strongly adsorbed on many adsorbents, mcluding both zeolites and carbon 

I. 

PSA PROCESSES 

CO2 

.vas Ie g05 

adsorption pressure 

i.l - 1.J bar 

feed 

-"ga:.;s'--<(J;-. __ -'! CO2 /N 2 

blower 

n 
final desorption 
pressure: 
oppro)(. 50 mbor 

product gas 

CO2 
(>997.. by vol.) 
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Figure 6.17 Schematic of vacuum swmg process for CO
2 

recovery from the effluent 
gas from a steel WOrks. (From Schr5ter and Jiimgen, \2 with permissIOn.) 

.= o 

CDIC02-generation] 0~ 
flue gas 

VSA- C02-01 :J1".: 

~ __ -L ____ ~ ____ Lj ___ ~ 

'0p~~W' 
PI 

Figure 6.18 Schematic diagram of a four~hed vacuum I;wmg system for recoverY of 
CO2 from flue gas. (From PilarcZYk and Schr6ter. i] with permission.) -
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Table 6.4. Performance of 8ergbau VSA Process for Recovery of.C02 from Flue Gas 

Run I Run 2 Run 3 

Compressor PI (m-'/h) 65 65 65 
Compressor P2 (m' /h) 350 160 100 
CO, punty (%) 9~.8 98.6 98.7 

Product rate (kg/h) 5.9 4.8 4.1 
Recoverv (%) 72 62 53 
Total energy of PI + P2 3.0 1.0 0.8 
kW/hkg CO 2 

Feed: flue gas containing -II vol % CO2 at 36 m-' /h (STP); adsorber: four beds, each 96 liters packed 
with wide-pore eMS_ 
SQllrn-: Ref. 30_ 

molecular sieves, a vacuum desorption system IS necessary. A high selectiVity 
for CO2 is achieved by the use of a narrow-pore carbon molecular sieve 

. adsorbent, similar to that used for mtrogen production. However, the process 
differs from the mtrogen process In that the product (C0 2 ) is the more 
strongly adsorbed component. A slmoie two-bed vacuum swing system oper
atmg between about 1.2 and 0.05 atm has been developed and built at a 
Japanese steel works. 31 The process schematic IS shown In Figure 6.17. 99% 
Droduct Dunty and a recovery of 80% at a product rate of 3000 N m3/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 m 
Figure 6.18 and performance data are gIven in Table 6.4. As a result of 
envIronmental pressures the possibility of extracting CO2 from the stack 
gases of coal-fired power stattons is under acttve study at the pilot plant 
stage,31 although, with current technoiogy, the power costs afe too high to 
make such a process economically attractive. 

6.7 Recovery of Methane from Landfill Gases 

A somewhat similar process has been developed for recovery of methane 
from' landfill gases.12, 13- These gases contam mamly methane (50-65%) and 
carbon dioxide (35-50%) as well as small amounts of nitrogen, with many 
different hydrocarbons and sulfur compounds 10 trace concentratJons. A 
two-stage mitial purificatton process ts employed. In the first stage hydrogen 
sulfide is removed at a temperature of 40-50° C usmg a bed of iodine-im~ 
pregnated actlvated carbon. This acts as an efficient catalyst for conversIOn to 
elemental sulfur, and residual H 2S levels as low as 1 ppm can be achieved. In 
the second stage halocarbons and heavier hydrocarbons are removed in a 
conventiOnal activated carbon adsorber. The 'final stage of the process utilizes 
a four-bed vaCUUm swmg system to recover methane from the purified landfill 
gas using a narrow-pore carbon molecular steve. The remainmg Impurities 
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Figure 6.19 (a) SimDJified flow diagram and (b) cycle sequence for the IsoslV paraffin 
separation process. (From Cassidy and Holmes,27 with permIssIOn.) 
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(CO'2' N 2- 02) diffuse mto the adsorbent much faster than methane. which IS 

therefore produced as the rallinate product. A high recovery (over 90%) IS 

reported, with the product contammg 87-89% methane with the balance 
CO, + N,. 

6.8 Hydrocarbon Separations 

The separatlOn of linear from branched and cyclic hydrocarbons using 5A 
zeolite as the adsorbent is one of the earliest examples of a moiecular sieve 
separation process. In the low~molecular-welght range (up to C IO) a pressure 
swing version of the "ISOSIV" process IS commonly used. The system. which IS 
III essence a standard pressure/vacuum swing system, IS shown schematically 
In Figure 6.19. High-purity linear paraffins are produced as the desorbate 
dunng the evacuation step, while durmg the adsorotion step a raffinate 
stream deoieted of normals is produced. The operating temperature and 
pressures depend on the molecular weight range, but for the C6 feedstock, 
350· C with a pressure swmg from 20 to 0.2 aim IS typlcal.27 A somewhat 
slmilar process has been developed by B.p.32 

6.9 Process for Simultaneous Production of H2 and CO2 from 
Reformer Off-Gas 

The crude hydrogen stream 'from a steam reformer contains Significant 
<1uantities of carbon dioxide, whiCh, by approprjatedeslgn of the separatIOn 

CRUDE II, 
FEED 

(FUEL GAS) 

PRODUCT H, 
la) 

Figqr~ 6.20 (a) Simplified process How sheet. (b) How schedule for the Gernini-9 
prcfcess for simultaneous production of H2 and CO2 from reformer gases. (From 
Sircar 11 and Kumar et a1.,34 with pernusslOn,) 
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Figure 6.20(c) Variation in CO2 loading during the cycle for the Gemmi~9 Process. 
(From Kumar ei al.,34 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 efficlency and duai product recovery. Two variants of this process 
have been developed. The ongmal versi,on (Gemini~9)t7·33 used nine adsor
bent beds in a senes-parallel arrangement but In tile later version improved 
performance was obtained, at a somewhat lower caPItal cost, by using a 
modified cycle with only eight beds (Gemini-S)." 

The ftowsheetfor Gemmi-9 IS shown schematIcally m Figure 6.20. There 
are siX parallel beds contaming a zeolite adsorbent (NaX) that selectively 
removes H ,0 and CO, from the feed gas (the A beds) and three parallel 
beds pacKed with a second zeolite adsorbent (a mixture of NaX and SA) that 
selectively removes C021 CO~ CH 4t and Nl lmpurities from the hydrogen 
product (the B beds). During the adsorption steps one A and one B bed are 
connected in series. but the desorption stcps for the A and B bedS are 
different, as will be described. 

6.9.1 Cycle for the A Bed. 

At. Adsorption. Followmg pressunzation with the hydrogen-rich product gas 
the feed gas is passed through the bed at the highest pressure of the 
cycle (PH). CO

2 
and water vapor are removed, and the effluent passes to 

a B bed for removal of the trace Impurities (CO. CH 4 • and N,) together 
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with any CO 2 that has passed through A bed. This step is terminated 
Jllst prior to breakthrough of the C2 mass transfer front. 

A2. CO2 Rinse. At the termmatlOn of the adsorptIOn .step high-purIty CO, 
at the feed gas pressure IS passed through the bed m the cocurrent 
direction. The effluent has a composition similar to that of the feed. and 
It IS recycled as feed to another of the A beds. This step IS contInued 
until the bed IS essentially saturated with high-purity CO~. 

A3. Countercurrent Depressunzation. The A bed is blown down countercur
renUy to atmospheric pressure. and the effluent from this step, whiCh 
consists of high-purity CO 2 , IS collected as byprOduct. Part of this gas IS 

recompressed to P f1 for use In the CO2 rmse step A2. 
A4. Countercurrent Evacuation. The bed IS evacuated from the feed end to 

the lowest pressure of the cyeie (P L)' The residual CO z from this step IS 
added to the byproduct stream. 

AS. Countercurrent Pressurization 1. The evacuated A bed is connected with 
a B bed undergomg 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 
ralsmg the pressure m the A bed to an mtermediate level PI" (P L < p[ 
< PH)' 

A6. Countercurrent PressurizatIOn II. To complete the cycle is pressunzed 
to PH using the hydrogen prOduct gas mtroduced at the product end. 
The pressunzmg gas IS In fact the recycled effluent from a B bed 
undergomg step B7. 

The vanation In CO2 loading during the cycle (for the A beds) is shown 
schematically m Figure 20(c). At the end of the feedstep (Al) the beds are at 
pomt (1) on the feed isotherm. At the end of the rinse step (A2) the loading 
corresponds to point (2) on the pure CO 2 isothenn. At the end of the 
blowdown step (A3) the CO2 loading has fallen to pomt (3) and the gas 
released is recompressed for use as the high-pressure cinse gas. During the 
evacuation (step A4) the loading falls to pomt 4 and the CO2 desorbed in this 
step constitutes the product stream. 

6.9.2 Cycle for the B Beds 

Bl. Adsorption. Pnor to this step the 8 bed is preSSUrized to PI! with 
hydrogen product gas. The B bed in series with an A bed during step A 1 
receives the CO 2 depleted gas from the A bed and removes the remam~ 
mg CO2 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 67 and A6). The 
adsorption/product withdrawal step is tenninated Just before the lead-
109 Impurity breaks through. 

B2. Countercurrent Depressunzation 1. The B bed IS connected with an A 
bed, whiCh IS undergomg step AS and a portIon of the desorbed and 



250 

+ + + 

~~~ 
~~g: 

<CIDU 

, 
PRESSliRE SWING ADSORPTION 

I 
PSA PROCESSES 251 

mterstitial gas IS transferred through the feed end to the A bed (counter
current), thus reducmg the pressure from PH to PI" 

B3. Countercurrent DepressurIzation II. The bed is connected to another B 
bed, which IS undergoing step 86 and more of the desorb ate and 
mterstitial gas IS removed (countercurrenUy) through the feed end, 
reducing the oressure to p 2' 

B4. Countercurrent DepressurizatIOn III. The bed is blown down from Pz to 
atmospheric pressure, and the effluent gas, which contains a proportIOn 
of the feed imourities together with some hydrogen, IS rejected. 

B5. Countercurrent Purge. The bed is purged at atmospheric pressure with 
high-purity hydrogen product to desorb any Impurities further. The 
effluent is rejected. 

B6. Cocurrent PreSSUriZatIon. The pressure In the bed is raised to P2 by 
connecting with another B bed undergoing step B5. 

B7. Countercurrent PressurizatIOn. Final pressurization of the B bed to PH 
is accomplished with hydrogen product, mtroduced from the product 
end. During the later part of this step the B bed is connected with 
another A bed undergoing step A6 and both beds are then pressurized 
to PH' 

The B beds pass through two complete cycies (steps B1 to B7) while the A 
beds go through one cycle so that each B bed handles the gas from two A 
beds during the complete cycle. This approach reduces sIgnificantly the size 
of the B bedS. A key feature of this cycle IS that :the A and B beds are 
connected In senes dunng the adsorption step but they are regenerated by 
two entirely different sequences. The overall performance IS sumrnanzed In 

Table 6.5. It IS evident that the hydrogen product has a PUrity greater than 
99.999% and the fractional recovery IS about 86-87%, while the CO, prod
uct is produced at a purity of about 99.4% with about 90% recovery. The 
Gemini-8 process gives slightly lower PUrity and recovery of CO2 , but there is 
a significant reduction in the size of the compressors and the power con~ 
sumption. 

6.10 PSA Process for Concentrating a Trace Component 

In the processes described so far in this Chapter the objective has generally 
been to produce a oure raffinate product, although in some cases the more 
strongly adsorbed specIes (the extract product) IS also recovered In concen
trated form. However, particularly In environmental applicatIOns. It is often 
necessary to concentrate a trace component for disposal or further process
InK·, Provided that a suffiCiently selective adsorbent IS available, PSA appears 
to be well SUIted to such applicatIOns, although to date few, if any. processes 
of this kind have been commercIalized. Examples of :two such processes that 
have been developed to the pilot plant scale are described III this sectIOn. 
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The basIc principle of a PSA "concentratIOn process" may be understood 
from eQuilibnum theory (see Section 4.2 and Figure 4.25). Consider an 
adsorbent bed equilibrated at pressure Po and mole fraction (of the more 
strongly adsorbed species) Yo. If the eQuilibna are linear: 

. P P 
q~ ~ KAcA ~ KAY RT' q~ ~ K8eB ~ K 8(1 - y) RT (6.3) 

By combimng the differential mass balance expressions for both components 
(Eo. 4.4). we obtam: 

~ ,J? + (.~ _ ~)a(Py) + a(Pu) ~ 0 (6.4) 
138 al \f3A f3 B al . az 

and by elimmatmg the tenn a v /a z between Eqs. 4.4 and 6.3: 

(
OY) f3A" (ay) (13 -I)(I-y)y dlnP 
iiI ,+ I + (13 1) y iiz, I + (13 - I) y dt 

( 6.5) 

In which {3 = BA/f3n and the total pressure differential anses from the 
assumption of negligible pressure drop across the coiumn [P = PCt )], Since 
y ~ y(z. I). the left-hand side of Eo. 6.5 is simply the total time derivallve of 
y, and the variation· of composition during pressurization or blowdown steps 
IS given by Eo, 4_8. It follows by direct mtegration that the vanatlOn In 

composition during pressurizatIOn or blowdown will be given by: 

L - (~)P(.!!.-)P-' (6.6) 
Yo - J - Yo _ Po 

Eouations 4.4 and 6.4 Yield: 

_i ap + (13 _ 1) a(vPy) + a(vP) ~ 0 
13. al az az (6.7) 

Neglecting the aXial variatIOn of pressure leaves only the tIme dependence; so 
the velocity durmg a pressurization or blowdown step can be found simply 
mtegratmg from the closed end: 

-z din P 
"~ f3 R[1 + (13 - 1)y1 dt 

(6.8) 

The fraction of A desorbed durjng blowdown from pressure Po to P is 
given by: 

F ~ f"B UYPOI 
A A zy P 

Pu 0 0 
(6.9) 

and substltutmg for v and y from Eqs. 6.8 and 6.6: 

13 (·I- Yo\P/(P-O P yl/(P-O 

FA ~ 1 - B y;;-) fp, (I _ y)12' 0/<8 
( 6.10) 

Similarly, for the fraction of B desorbed: 

1 ( Yo )!/U-tJ1fPo y(2- tJ )/(p-n 
F ~-.- -- oy 

B I - 13 1 - Yo p (1 _ Y )Pi<' - 0 
(6.11) 
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In the limIt of Yo -> 0 andf3 -> 0 (high se!cctlVltv) these exPreSSIOns reduce 
to: 

I / \ 
F ~Bln\~J A. 1 - y 

(6.12) 

Figure 6.21 shows FA and FB plotted agamst the pressure ratio for 
different values of Yo' The CUIVes are nonlinear, but, when the selectiVity IS 
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Figure 6.22 ' Expenmental data showing concentration of hydrogen from a ,~2-He 
mixture dunng blowdown of a small experimental column of 5A zeolite, eqUilibrated 
initiaflv at 77 K with a stream containmg 0.16% H2 in He at 21.4 atm. Column 
15.6 ern X 0.77 em I.d. paCked with 20-40 mesh SA mol sieve particles. (From Ruthven 
and FarooCl.36) -

Table 6.6. Recovery of H2 from the He by Cryogemc PSA36
<1 

Adsorbent 
Feed 
Hydrogen uptake 
Exhaust gas 

Puntv 
Recoverv 

5.6 g SA zeolite (pelleted) 
O.18%H 2 mHeat21.4alm 
240cm J STP 
220 cm J STP 
93%H 2 

85% 

Bed was equilibrated with feed. blown down [0 atmosphenc pressure, and 
t:vacualed to 0.01 atm. Exhaust gas was collected from vacuum pump. 

, 
y 
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modest (f3 = 0.5) and the mitial moie fraction IS ,large (Yo = 0.5), the 
deviations from lirtearity, for both PA and f~J' arc small. However, when the 
selectivity is high and the initial mole fractIOn of A is small. the curve for FII 
becomes essentially linear. but the curve for FA assumes a highlv nonlinear 
form. It is clear that, in this situation. by a suffiCiently large reduction In total 
pressure almost all of component B can be desorbed with very little desorp
tion of A. A further deep blowdown or evacuatIOn step then allows A to be 
removed in concentrated form. 

This analysis is for a linear equilibrium system, but'the effect of isothenn 
nonlinearity IS actually to enhance the degree of seoaration and Concentra~ 
tlOn that can be achieved In this type of process. Since the lsoth'erm for the 
more strongly adsorbed species will generally have the higher cUIVature, even 
jess of this component is desorbed dunng the imtial blowdown compared 
with the eaUIvalent linear eQuilihrium sYstem. 

A process of this kind has recently been developed as a means of 
concentrating and removmg the traces of tntium from the helium purge 
stream of a lithium breeder rcactor.-~~ To achieve a high concentration ralio 
('"" 10 3 ) requires a high selectiVity ratlO (as well as a high pressure ratIO). and 
for H2 (or tritium) this can be achieved only by Qperating at cryogenic 
temperatures with vacuum desorption at a very low pressure. LabOratory data 
showmg the feasibility of recovenng hydrogen at greater than 90% punty and 
with a SImilarity high fractIOnal recovery from a stream containing traces of 
H 2 In He are summarized In Figure 6.22 and Table 6.6. The process 
schematiC is shown III Figure 6.23. 

The same principle was used by Yang and co_workers37. 3fl in recent studies 
of the possibility of removmg and concentratmg trace organics from air and 
SOz from flue gas. It IS also utilized in the Air' Prodocts fractIonal vacuum 
swing adsorption process CFYSA), whicil produces 90% oxygen together with 
98-99% njtrogen.39 The cycle, which IS essentIally Similar to that used In the 
hydrogen recovery. process, Involves four steps: 

• Adsorption with feed air at 1.1 atm abs. with simullaneous withdrawai of 
oxygen product. 
Reverse flow blowdown with discharge of the blowdown gas (impure 
mtrogen) to waste. 
EvacuatIOn to 0.1 atm with collection and recompression of the nitrogen 
product. 
PressurIzation with product oxygen. 

With CaX zeolite as the adsorbent the seiectIvlty (a - 10) IS high enough 
that most of the oxygen IS elimmated m the blowdown step. About half the 
adsorbed nitrogen can be recovered at 98-99% punty. dunng 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 seoaratlOn process (the First Law 
efficiency) can be defined simply as the ratio of the mmimum work of 
separation (the negative free energy of mixing) to the actual work required to 
dnve the separation process. Such 'efficiencies are generally less than 15% 
and even lower than this for most PSA systems, The vaiues for two represen
tative aIr separatIOn processes are given In Table 6.7. The nitrogen produc
tiOn process is markedly less efficient than oxygen productIOn, reflectmg the 
Irreversibility inherent m a kinetically based separation. Although thermody
namic efficiency provides a ratIOnal basis for comparing the efficiency of 
different PSA processes based on the same type of cycle, It IS much less 
useful for comparing different types of separatIOn process Or even radically 
different PSA cycles. Furthermore, the thermodynamic eft1clency gives only 
an overall measure of oerformance and provides no mformation as to the 
sources of efficiency. An exergy anaiysls provides far greater InSight. 

The excrgy of a suhstance is the maximum useful work that can be 
obtained by interaction with the environment. It is JO essence the free energy 
relative to the normal enVironment as standard state. For a nonreactlOg 
system in which potential and kinetiC energies are IOslgnificant: 

Ex ~ (h - hill - Til(s - sill (6.13) 

The exergettc efficiency IS then defined as: 

moles product 
moles feed 

x EXPflldliCI 

Ex feed 
(6.14) 

The feed exergy (Ex, •• d) Includes the work of comoresSlon while the 
oroduct exergy (EXproducl) includes the energy of compression (or expanSIOn) 
to reduce the product to atmosphenc pressure. For companng different PSA 
processes, operated over different pressure ranges, a more useful definition is 
the overall effiCiency (1)) defined by: 

1) ~ 
moiar exergy of product, corrected to 1 atm 

net energy input ( 6.15) 

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 

PrinCipal Proces" EnerilY Sepilrllilve work EtficHmcy 
Proces:; product (J (8 mole product) (JIg mole product) (%) 

"Lindox" 90% 02 4.8 X 104 3055 6.3 
(Figure 6.8) 

"NitrOlec" 3.2 x 104 660 2.1 
(Figure 6.11 and 99% N2 
Table 6.1) 
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~Igllre 6.ZS Varjut~on of (8) compressor work and (b) c"crgellc efficiency with 
t;>eratmg pressure lor, a two-bed Skarstrom cycle for oxygen producIJon with and 

without pressure equalizatIOn. (From BanerJee ct al.,4U with oernllsslon.) 

II 
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of expanSIOn of the product to atmospheric pressure. For a vacuum SWi?g 
process' in which the product IS produced at subatmospheric pr~ssure, the 
latter Quantity will be negative. EQualion 6.15 differs from the normal 
definition of the First Law efficiency in that the separattve work assocmted 
with the waste product IS excluded and the energy of compressIOn (or 
expansion) of the product to atmosphenc pressure is allowed for. 

~A detailed exergy analysIs of PSA air separation processes has been 
reported by B'anerjee et a1.40,41 For oxygen production tw? process ~onfigu
rations were considered: the two-bed Skarstrom cycle with and without _3 

pressure equalization step. The variation of compressor work and exerget!c 
effiCiency with operating pressure IS shown in Figure 6.25. For the cycle 
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Figure 6.26. Grassman diagrams shOWing losses of exergy for S~arstrom ~de (bl0:-V
down to atmosphenc pressure) for oxygen productIOn (a) without .and ~b) with 
pressure eQualization. Qperatmg pressures are, respectlvely. 15.0 and 3.9. b~r, t,he 
values for which the compressor work IS minimIzed. (From Banenee et al., With 

permiSSion.) 
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without pressure equalization there IS a shallow rnlOIITIUm 10 the comoressor 
work curve at about 15 atm, while for the process with pressure equalization 
the compressor work IS greatly reduced and there is a sharper mmimum at 
about 4 atm. The exergetlc effiCiency reaches a maximum at aDout 5 atm for 
the process with pressure eQualization but increases monotonIcally for the 
process without pressure eqUalizatIOn. The correspdnding Grassman dia
grams for operatIOn at their optimal pressures (in terms of compressor work) 
are shown in Figure 6.26. The exergetlc effiCiency is about 17% for the 
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Figure 6.27 Grassman diagrams showing exergy losses for nitrogen production with 
three different cycles. (a) Skarstrom cycle and (b) Skarstrom cycle with pressure 
equalization (PH) = 8 atm, P L = 1 atm); (c) vacuum Swing cycle (PH = 1 atm, PI. = 

0.2 atm). (From Banerjee et ai.,41 with permiSSion.) 
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Table 6.B. Exergy Analvsis of Three PSA Air Separation Processes" 

(1) PSA O 2 process (2) PSA N2 process (3) VSA N2 process 

Adsorbent SA zeolite CMS CMS 
Cycle Skarstrom +, P.E. Self-purgmg + P.E. Vae. swmg 

PH/P, (aim) 3.9/1.0 8.0/1.0 1.010.2 
Recovery (%) 60 33 63 
Energy inpui 

(a) Compressor Ivac. 41,120 31.500 12.800 
(b) Product compressIOn -2,800 -4,800 +5,700 

/ expression (%) (%) (%) 

Total inpUl 38,320 100 26,700 100 18,500 100 

Product exergy 7,270 5,600 360 

Product exergy at I amt 4,470 11.7 800 3.0 4,360 23.5 

Wnslc product 6,230 16.3 1,730 6.5 720 3.9 

Bed loss 13,430 35.0 12,450 46.5 5,100 27.6 

Compressor/cooler iosses 14,200 37 9,470 35.5 8,050 43.43 

Other losses le.g .. valves. 2,270 8.5 320 1.7 
etc.) 

Process efficiency (%) 11.7 3.0 23.5 

Energy and exergy expressed as J/mole product. Product exergy IS corrected to I atm. In all cases, 
by aHowlIlg for work of expansIon Or compression. PrOCess efficiency IS defined bv Eq. 6.15. 

process with pressure equalization when operated under optimal conditions 
in terms of the power requlfement. 

A Similar analYSIS has also been made for the two-bed mtrogen production 
process mcluding both the self-ourglOg cycle and the vacuum swtng cycle 
(Figures 3.12 and 3.17). The corresponding Grassman diagrams are shown in 
Figure 6.27. The exergctlc effiCiency of the self-purging process IS 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 swmg 
cycle the exergetic effiCiency is much lower ( ..... 2.8%) since the product is 
dclivcn::d at subatmosphenc pressure. However, the energy requirement is 
aiso iower (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 substanttally lower than for the 
pressure sWIDg process. 

A detailed thermodynamiC coIDp,arfson of the three air separation pro
cesses, hased on Banerjee's figures, is given In Table 6.8. For all three 
process(:,:s the major sources of ineffiCiency afe the losses in the feed compres~ 
sor or the vacuum' pump and In the adsorbent bed. Companng the two 
supra-atmospheric pressure processes (1 and 2), tile efficiency of the kineti
cally controlled mtrogen process IS sUbstanltally lower than that of the 
equilihnum-based oxygen process, reflecting the inherent Irreversibility of the 
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kinetic process. More significantly, however, the companson between the 
vacuum swing process (3) and the supra-atmospheric processes (1 and 2) 
shows clearly the thermodvnamlc advantage of vacuum sWing. This advantage 
stems from the large reductIOn in the energy input so that, eyen when the 
energy reqUIred to compress the product IS alJowed for, the net energy 
reqU1r~ment IS substantially reduced. However, lhis advantage, which trans
lates dtrectly IOta a reduction of the process ooeraung cost, must be offset 
agamst the increased caPital costs associated with vacuum swing ooeration 
which requires both a compressor and a vacuum pump as well as much iarge; 
ducts and valves. 
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CHAPTER 

7 
Extensions of the PSA Concept 

The basic pressure and vacuum swing processes have been developed In a 
vanety of ways by making use of ingenious multiDle~bed cycles to conserve 
energy and separative work. The processes described in Chapter 6 gIve some 
mdicatIOn of the range of such solutIOns. In all these 'Processes the reiatJOn~ 
ship with the anginal PSA concept IS CluIte clear. However, the PSA concept 
has also been developed III other ways, leading to processes -In which the 
relationship to the parent process IS less obvIOUS. Three such developments, 
none of whiCh has so far been developed on an mdustnal scale, are described 
in this chapter. 

7.1 The Pressure Swing Parametric Pump 

The term parametric pumpmg was coined by Wilhelm in the 19605 to 
describe a novel class of liquid-phase separation processes in which separa
tion IS achieved in an oscillating flow system subjected to a periodic change In 

temperature and other intenSive thermodynamiC variable. t He and his co
workers focused on temperature swmgs, but they contemplated also the 
synchronous cycle of pressure, pH, and electrical and magnetic fields. In fact, 
he cited the earliest patent of Skarstrom (PSA air dryer) as an example of a 
pressure parametnc pump. 

The essential features of a thermally driven system are shown In Figure 
7.1. Dunng the heatIng half-CYCle liquid flows upwards. while the flow IS 
reversed dunng the cooling half-cycle. The baSIS of the separatIon can be 

I I j 
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Figure 7.1 Thermal- parametric pump showing (a) the principle of operation 
(b) the zigzag progressi'on of the concentration profile m successIVe cycles. 

and 

easily understood from equilibrium theory. The wave velocity IS given by 

(Ea. 2.50): 

v (7.1 ) 
.1 + «1 - <lie) dq* Ide 

If adsorption IS exothermic: 

(
dO» (dq*) 
dc hot < -Tc cold 

(7.2) 

., 
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so: 

(7.3) 

Each cycle therefore leads to a net upward movement of the solute. as 
illustrated in Figure 7.J(b). Over a large.number of cycles 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 expenmental attempts Indicate that perhaps 50 or more cycles 
are necessary to ::.tppro::.tch cyclic steady state. Pigfc)rd and co-worker~2 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 senes, rather than to 
dnve it back and forth through a Single fixed bed, as in parametrIc Dumping. 
They were able to relate the number of zones for continuOUs operation to the 
corresponding number of batchwise cycles. Nevertheiess, to achieve a good 
separatlOn in a contmuous system requiring several fixed beds has since been 
shown to be Just as Impractical as a batchwise system that reqUired enormous 
time (j.e., several days). 

It IS often said that PSA separations arc Similar to parametric pumping 
with preSsure rathcr than temperature as thc controlling thermodynamic 
variable. However, thc relationship between parametric pumoing and a 

,I 

Figure 7.2 A pressure swing parametnc pump (the "molecular gate"). 1-6, motor 
and drive; 7-11, adiustable stroke pistons; 13, adsorbent bed; 12,12', prOduct drawoff 
pomts; 15,16, feed and ore-drier. (From Keller and Kuo,:: with permISSIon.) 

,I I 
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conventIOnal. PSA system IS somewhat remote, SInce Independent control of 
pressure and flow. which is a key feature of the parametTlc 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 molecular gale. The 
essenhai components of such a system afe shown schematically in Figure 7.2. 
The pistons. which are of unequal displacement, are coupled so that a 
constant phase angle IS mamtamed. The synchronized movement of the 
Plstons is adjusted so that the gas flows upwards through the bed at high 
pressure and downwards through the bed at low pressure but, since the 
displacments are unequal, there is a net flow towards the smaller· piston. 
Fe~d 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 IS 

discharged as product from each cylinder at each stroke. The velocity of the 
concentration wavefront 10 the adsorbent bed 1S governed by Eo. 7.1. The 
lsotherm siope dq* Ide may be expressed in terms of the mole fraction 10 the 
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Figure 7.3 Performance of the molecuiar gate to aIr separation shOWing (a) the effect 
of piston stoke and (b) the effect of phase angle on productivity. Both products at 
..... 90% purity; In (a) the phase cycle IS 45" , and in (b) the stroke ratio IS 4: 1. (From 
Keller and Kuo 3 with permission.) 
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gas phase (y ). 

dq* RT da* 
de ~ p dy 
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(7.4 ) 

Thus at high pressure da* Ide is relativeiy smaller and we IS correspondingly 
larger. The anaiogy between the thermal parametnc ipump driven by temper
ature variation and the gas-phase system driven by a pressure variatIon IS 

therefore clear. 
The maxImum vanation In the volume between the Plstons occurs when 

the difference In 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 (aN /oz) IS about 3.5. AssumlOg linear isotherms, this means that the 

capacity of the bed IS about three and oncwhalf. times as great for nitrogen as 
for oxygen. For any gIVen pressure change the ratio of the nitrogen and 
oxygen volumes reqUIred to oressuTize the bed must lie to this ratiO. The 
expenmental data. shown In Figure 7.3, are In apprOXImate accordance with 
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these simple arguments; optirnai performance is obtamed when the phase 
angle difference is about 45° and the ratio of the piston strokes IS about 3.5:1. 

As a separation process the pressure swmg parametnc pump has two 
major advantages: 

I. It can produce two pure products; so complete resolution of a hinary 
mixture mlly 11C achieved without the complexity of the purge and nnse 
steps that are reauired to accomplish this in the normai PSA mode (sec 
SectIOn 6.3). 

2. The system can be easily deSigned to provide efficient energy recovery, 
since, on the ,expanSion stroke, the PIstons are dnven by the pressure of 
the gas. ConsclVation of this energy for use in the next compression stroke 
can be easily accomplished either usmg a flywheel or by couoling together 
two umts operatmg'out of phase. 

There IS. 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 cycle. For a bench-scale umt this IS not a 
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 oressure-driven 
oarametrIC pump. This system is 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 elements 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 tn essence 
to that shOwn in Figure 7.2. The working gas IS transferred bacKwards and 
forward between the ~~hot space" and the "cold space" by the displacer 
PIston. There IS very littie difference in pressure between the hot and cold 
~paces: so the disoiacer does very little mechaOlcal work. However, the 
pressure througho\.~ the system varies Sinusoidally as a result Of the move
ment of the pressure piston. When 'the system operates as an engme, gas 
expands m the hot space and flows mto the cold space, dnvmg down the 
pressure PIston. The displacer then moves down, transfernng 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. causmg a further nse m pressure, and the cycle is repeated. In this 
mode of operatlOn the net effect is that heat IS 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 he operated in reverse as a heat puffin 
or refrigeratOJ,'. In that mode, work IS done by the pressure pIston on the 
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working gas, and the eqUIvalent amount of heat is transferred from the cold 
region to the hot region. 

In order to reduce unnecessary heat losses, a regenerative heat exchanger 
IS mcluded between the hot and cold regions. This is essentially a space 
packed with high-heat-capaclty matenal that PIcks up heat from the hot gas 
as It flows to the cold space, stores It. and transfers it to the cold gas 
returnmg from the cold space on the next stroke of the displacer. 

A thermally coupted PSA (TCPSA) system4 can be thoughl of as a Stirling 
engme in which the regenerator IS packed with a selective adsorbent and the 
gas to be separated IS the working fluid. Two possible arrangements are 
shown m Figure 7.5. The arrangement shown In Figure 7.5(a) is directly 
analogous to the displacer-type Stiding engme (Figure 7.4). The displacer 
transfers the cold gas, at high pressure, from the cold space, through the 
adsorbent bed, where the preferentially adsorbed component IS retamed. The 
heat of adsorption raises the temperature of the gas flowing through to the 
hot spa·ce. where It IS heated further from an external heat source. The 
pressure in the system IS then decreased and the hot gHS IS passed back 
through the adsorbent bed. The preferentially adsorbed speCies is dcsoroed 
and carned down with the gas flow, which IS COOled by the heat of desorp-

" 
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Hgure 7.5 Thermally coupled PSA process. (From Keefer4, with permission,) 

tion. The more strongly adsorbed product IS removed from the cold end of 
the system,- while the less adsorbed species IS removed as product at the hot 
end. The TCPSA system 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 Ute energy recovery that can be achieved through mechani
cal 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 energy required to drive the seoaration can be supplied as 
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heat rather than as m hI' 
energy-effi - t ec antca energy. This provides- the potential for an 

Clen and cost-effective system powered by relatlvely low- rade 
wast~d heat. The applIcation of a process of this kind to a reactmg syst;m to 
~::VIO; thCOenTtlcnUpoSuAs separation of the reactIOn products is an obVious exten

concept. 

7 .2.1 Test Results 

Experimental data obta - d f h d . 
produce oxygen) in a me II 0: y rogen punficatlOn and aIr separation (to 

sma laboratory TCPSA unit are SUmmarized in 

ill. 
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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 recoveries greater than 95% from a 
feeo contammg 74% Hz together with CO and COz (Figure 7.6). Similariy, 
for air separation (Figure 7.7), essentially complete eliminatIOn of mtrogen to 
produce a product containing about 95% 02 + 4.5% AT can be easilv 
accomplished, with a mOderate pressure. ralio, at a fractIOnal recovery of 
about 67%. Even at comparatively low cycle speeds the productiVity (Figure 
7.8) IS seen to be far supenor to that of conventIOnal PSAsystems. 
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Figure 7.6 Performance of a TCPSA unit 10 the separation of svnthesls ga~ (74% 
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PRESSURE 

Figure 7.9 TCPSA system showing piston movements and associated nows and 
pressure changes. 

7.2.2 Comparison with Conventional PSA 

It is mstructive to explore, In greater detail, the relationship between a 
TCPSA system and a conventIOnal PSA process. Figure 7.9 shows the 
sequence of the piston movements and the associated ;pressure changes and 
gas flows. The corresDonding sequence of discrete steps for an equivalent 
PSA cycle IS also mdicated: 

Partial pressurizatIOn with light product end. 
Pressunzation with feed (eontamlOg heavy oroduct) from the feed end. 
High-pressure flow from the feed end with removal of a proportion of the 
light product. 
Coeurrent blowoown (to lighl product end). 
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 distmct, whereas, in a TCPSA cycie, they are 
merged. but this does not represent an essenlIal difference. 

One may also choose to regard a TCPSA process as analogous to a 
distillatIOn or countercurrent extractIOn process m which the light and heavy 
products are refluxed at each end of the column. The reflux ratio reqUIred to 
produce pure products depends on the separatIon factor (or relative volatil
ity). Just as m a distillation process It IS possible to obtam pure products even 
when the relative volatility is small, by using a high reflux ratio; so, m a 
TCPSA process increased reflux may be used to compensate for a low 
pressure ratio. Whereas conventIOnal PSA processes generally operate at 
reiativeiy high pressure ratioS but with low -reflux (in the fonn of countercur
rent purge), TCPSA systems generally operate at much iower 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 fot scaleup remam to 
be resoived. The mam difficulty is the size of the pistons (and cylinders) (see 
SectIon 7.1). In a typIcal laboratory unit the ratiO of cylinder voiume to 
adsorbent volume IS about 10, although this figure varies widely depending on 
the adsorbent and the gas composition. Direct scaleup to a production UnIt, 
maintammg this ratiO, IS obviously unattractive, Since the pistons and cylin
ders become too large and expensive. The most obvIOUS way to avoid this 
difficulty IS to decrease the cycle tIme. This would give a proportionate 
ll1crease m throughput for a given Size of system. However, mass transfer 
resistance and pressure drop consideratIOns impose severe restrictions on the 
cycle 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 
beiow about 2-3 sec (20-30 rpm). This limitation mIght, however, be over
come by an improved adsorbent configuration. A monolithic adsorbent or a 
parallei plate contactor with sufficiently small plate spacing and sufficiently 
unifonn gas channels offers the potential for a much faster cycle-up to 
perhaps 200-300 rpm. At such speeds the cylinder volume per unit through
put becomes mUCil more reasonable; so that tntennediate- and large-scale 
applications appear cost effective relative to conventional PSA systems., 

7.3 Single-Column Rapid PSA System 

A-third PSA variant that may also be regarded as a variant of the parametriC 
pump was suggested by Kadlec and co-workers III the early 1970s.'·' This 
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system utilizes a single adSoTPtlOTl column packed with smaller adsorbent 
particles 000-500 /Lm). As a consequence of-the small particle s'jze, pressure 
drop through the bed IS high 0-2 atm). and the cycle time (typlcallv 3-10 
sec) 1S much shorter than m conventionai PSA system; hence the name 
"rapid pressure swmg." 

The cycle (Figure 7.10) IS very sImple, mvolvmg 10 ItS ongmal concePtIOn 
only two steps of equal duration: a combined pressurIzatIOn-product with
drawal step and the exhaust steD. The RPSA cycle may thus be regarded as a 
PSA cycle in which the preSSUTlZatlOn and feed stCiPs are merged and the 
purge steo 1S elimmated. Regeneration of the adsorbent occurs oniy dunng 
the countercurrent depressunzatIOn step (normally to atmosphenc pressure). 
A large pressure droo III the direction of flow, durmg the combined pressur
izatIOn-product withdrawal step. IS needed to mamtam the required purity of 
the raffinate product. The pressure gradient between the feed and -the 
oroduct end also allows continuous withdrawal of the raffinate product even 
during the pcnod m which the bed IS bemg regenerated by depressunzatlon 
from the feed end. 

Dunng the pressuflzation-product step the more strongly adsorbed soecles 
travels less rapidly through the column; so, provided that the duration of the 
feed step is not too long, 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 outlet while the flow 
In the inlet region IS reversed. The morc strongly adsorbed species IS thus 
desorbed and removed as a waste product from the feed end of the column. 
The result of this pattern of pressure and flow vanation IS that. In the inlet 
regIOn of the bed, the concentration front moves alternatively forwards and 
backwards, but with a net forward bias, as In a parametric pump. Since the 
wave veJocIty 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 mechalllsm by whiCh the progressive 
enrIchment occurs has been likened to a ratchet. 7 

As a resuit of the short cycle tIme the Productlvlty;m the type of system IS 
generally much greater than for a conventIOnal PSA orocess, operatmg at 
comparable prOduct Durlty and recovery. This advantage IS, however, offset 
by the much higher energy requirement. A detailed summary of the earlier 
expenmental studies has been given by Yang.H 

7.3.1 Modeling and Simulation 

The modeling of an RPSA process is Similar in princIPle to that of a 
conventional PSA system (as discussed in Chapters 4 and 5) except that the 
assumption of negligible preSSure drop, which IS generally a valid approxima
tiO~ dUTIng the feed an~ purge steps of a _ conventio:nai cycle, IS no longer 
vahd. The pressure gradJent plays a key role m an RPSA process and must 
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Figure 7.10 The rapid pressure swmg process showing (a) pressure variation and 
(b) the analogy with a ratchet. (From Kenney,' with permIssIon.) 
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therefore be accounted for explicitly In any model. In general Darcy's Law IS 

used to relate the flow to the pressure drop through the bed: 

K JP 
v= ---

&/..L az' 
6

3 R~ 
(1_e)238 (7-5) K~ 

Both eQuilibnum and kinetic models (LDF apprOXimation) have been 
developed. 

7.3.2 Expenmental Studies 

Turnock and Kadlec s studied the separation of a nitrogen-methane mixture 
by RPSA over 5A zeolite. RepresentatIVe pUrity-recovery data and equilibM 
rium theory predictIOns from their study are shown 10 Figure 7.11. It IS clear 
that the mtrogen recovery was unacceptably low « 5% at 90% product 
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Figure 7.11 Punty of mtrogen product versus product-to-feed ratio for a RPSA 
process. (From Turnock and Kadlec,:'i with permission.) 
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Figure 7.12 Effect of cvcie freQuency on product punty for separation of 
methane-nitrogen mixture by RPSA. (From Kowler and Kadlec,6 with permissIOn.) 

Durity). In a later study with the same experimental system Kowler and 
Kadlec 6 identified cycle freauency. duration of the feed step, and product 
flow rate as the 'maJor varIables affecting the system performance. The effect 
of cycling frequency on product Durity is shown in Figure 7.12. The optimal 
frequency of operation appears to be indeoendent of prOduct flow rate. A 
Durity-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 reduces the exhaust flow rate, thereby increasing the overall 
recovery of the raffinate product. 
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Figure 7.13 Purity-recovery profile for N2 -CH4 separation by RPSA. (From Kowler 
and Kadlec,6 with permIssion.) 

7.3.3 Air Separation by RPSA 

A significant improvement 10 the performance of the RPSA process was 
achieved by Keller and Jones,9,11 who Introduced a delay step (inlet and 
outlet valves Ciosed) pnor to blowdown together with a shortened pressunza~ 
tion step. The practical feasibility of usmg such a cyCle for air separation (to 
produce oxygen) was demonstrated. At small scales of operation where 
power costs are not important, such a process IS competitive with the 
conventional, two-column system. Doong and, VangH suc~essfully mOdeied 
the air separation data of Keller and Jones usmg a LDF model and showed 
that mass transfer reSistance may become fmportant under rapid cycling 
conditions. The effects of feed time, delay, and exhaust time on the punty 
and recovery of oxygen are shown in Figure 7.14. 

Very short feed tIme means inadequate contact time for preferential 
adsorption of mtrogen and therefore mtrogen appears as contaminant In the 
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FigUl'e 7.15 Effect of particic size on purity of the oxygen product from a RPSA 
process showing companson of experimental results with the profiles calculated from 
vaflOUS theoretical modeis. (From Alpay et aL,I} with permission.) 

product. However. shorter feed time leads to Increased oxygen recovery. 
Energy consumotion will therefore depend on the deSIred product PUrity. 
Recovery Increases with both increaSing delay and exhaust time. The product 
oxygen concentration shows a broad optimum with increasing delay but 
decreases monotonIcally with decreasmg exhaust time. 

In a more recent study Alpay, Kenney, and Scott 13 investigated the effect 
of partIcle Size on a RPSA aIr separation umt uSIng 5A zeolite. The results 
shown in Figure 7.15 show Clearly the existence of an optimum particle size 
for product:ennchment. A simulatiOn including both pressure drop and mass 
tra~sfer liImtations shows that the product enrichment is limited for small 
partIcle sizes by aXial dispersion and the pressure dynamics of the system, 
and for larger particles by intraparUcle diffusIonal resistance. 

7.4 Future Prospects 

None of the systems described in this chapter has yet been developed beyond 
the laboratory scale; so the Question anses as to the prospects for commer-
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clalization. The "molecular gate" can operate Isothermally only at relatively 
small scales, at which heat diSSIPatIOn IS rapid relative to the rate of heat 
generatIOn by adsorption. In order to operate a large-scale verSIon of this 
process, it would be necessary to mtroduce heat exchanged at both ends of 
the adsorbent bed, thus effectively converting the moiecular gate to a TCPSA 
unit. 

The prospects for commercIalization of the TCPSA process are difficuit to 
assess. The IndicatiOns are that In terms of energy effiCiency and adsorbent 
productivity the TCPSA process is, for many applications. Significantly more 
economic than a traditional PSA process. The prospects for developing an 
Improved adsorbent contactor appear promlsmg, and this would further 
enhance the competitive position of TCPSA. The issue of caPItal cost IS more 
difficult to assess, Since no large TCPSA umt has yet been built. However. It 
seems Iikely that the remainmg economic barflers to the commercIalization 
of TCPSA system will be overcome eventually, and' a rapid spread of this 
technology to a range of commercially important ~separatiOns may occur 
within a few years. 

The single column RPSA system is, In prmcipie, operable at large scale. 
However. as the scale of the process Increases, the issue of pressure drop 
(and therefore power consumotlOn) becomes Increasmgly Important. As a 
result of the high-pressure drop, the power consumption In a RPSA system 
will always be higher than that of a well-deSigned two-column process 
operated under comparable conditions. The economIC Viability of this type of 
proceSs IS therefore limited to small-scale applications. 

Of the three systems described in this chapter only the TCPSA process 
appears to offer reasonable prospects for large-scale operations. However, 
the economIC operation of such a process at high throughputs depends on the 
development of a new and more effiCIent mass transfer deVIce to avoid the 
inherent limitatIOns of a packed bed contactor. 
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CHAPTER 

8 
Membrane Processes: 
Comparison with PSA 

Although pressure swmg adsorption and membrane' permeation processes 
operate on qUIte different Pflnclpies, they offer economically competitive 
alternatives for many smaIl- and medium-scale gas separations. The focus of 
this book IS on pressure swing systems, but It seems appropriate to Include a 
brief mtroduction to membrane processes IO provide the reader with the 
background needed to assess the comparative merits of the memhrane 
alternatIve. From an overall standpOint pressure SWIng and membrane pro
cesses are sImilar in that they are both best suited to produCing a pure 
raffinate (retentate) product. Although either process can be adapted to YIeld 
a pure extract (permeate) product this cannot be accomplished without a 
Significant loss of efficiency. In both classes of process- the main operating 
cost is the power reqUIred to compress the feed stream: so a first estimate of 
comparative perfonnance can be obtained Simply by considenng the power 
requirements. 

8.1 Permeability and Separation Factor 

The concept of a membrane process IS straightforward (Figure 8.1). The 
separation depends on the difference In penneahon rates through a perm
selectIve membrane, and the process efficiency IS largely dependent on the 
selectIVIty and permeability of the membrane matenal. The permeability (11';), 

which provides a QuantitatIve measure of the ease with which a particular 

II 
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Figure 8.1 Membrane separation process. 

component can penetrate the membrane, IS defined by: 

A 
Ni = 'TI"'5(Pm - Pil) 

(8.1 ) 

wiH~r(' (!Jill - Pit) represents the difference in the partial pressure of compo

nent ! across the membrane and [j IS the thickness. 
One may usefully define a local separatIOn factor (a') by reference to the 

situation sketChed in Figure 8.2.: 

a,=y/(I-Y) 
x/(l-x) 

The flux ratio IS gIven by: 

NA = 'TI"A ( &J x A - Y A \ YA YA 
N. 11'0 &JXB-YB) = YB = l-YA 

(8.2) 

(8.3) 

where tJ = Pili P L IS the oressure ratio across the membrane. If the back 
pressure IS negligible. P ~ 00, and the separation factor approaches the 
permeability ratIo (a): 

, }'A/Yn 7TA a:;;;:---4--:sa 
XA/XII 11"11 

(8.4) 

This IS the most favorable situation. Any back pressure will reduce the 
separation factor to a iower value. and the permeability ratio IS therefore 
sometimes referred to as the "intrmslC seoaration factor,:" or the "selectivity." 

For an mer! (nonadsorbing) mlcroporous solid the permeability ratio IS 
essentially the ratio of Knudsen diffuSivities. which is simply the inverse ratio 
of the SQuare of the molecular weights. Such selectivities are therefore 
modest' and too small to be of much practical interest. If. however, the pores 
are small enough to offer Significant sterie hindrance to diffusion or jf one or 
b()th of' the components utc ndsorbcd on the pore wall or dissolved within the 
solid ' matrix, much larger separation factors are possible. Par such a system 
the permeability depends on the product of the solubility (or the adsorption 
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Figure 8.2 Definition of "local" separatlon factor, 
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eQuilibrium constant) and the diffwavlty of the adsorbed or dissolved species; 
so, to a first approxnnation we may write: 

_ TTA K.4DA 
a=-=--···· 

7Tn KBDn ( 8.5) 

This,e~?reSSlOn IS notexact, slOce It assumes system lineanty and ignore& the 
pOSSibility of parallel contributions from other nonselective transparent 
mechamsm such as POlseuille flow. Nevertheless it serves to delineate the 
mam fa,ctors controlling membrane seleCtiVIty. Clearly a high selectivitv may 
be achieved from a large difference In either diffuSIVlty or eQuilibflum 
constant or from a combination of hoth these factors. Unfortunately there is 

Table S.l. Compensation of DiffuslVity and SOlubility for H'lS 
In Polymer Membranes 

". D 
Membrane T ("e) P (Torr) (cm) STPcm -I S-I atm- I) Icm 2 ·s- l l 

Nylon 30 110 2.4 X 1O-<J 3XlO- 1U 

30 621 2.0 x 10-<) 4.9 X 10- II) 

PolwHlyi 30 244 2.2 X iO'·<} 5.5xlfl-<) 

trUluoro 453 2.0 x Ill·" 4.9 x Ie)" <} 

acetate 751 2.0 x 10-') 0.8 X ]{),_<J 

K 
lem;· em-"l 

7,9 

5.3 
04 
0,4 
0.3 

,I. 
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often compensatIOn between the kinetic and eQuilibnum parameters so that 
the resulting separation factor IS smaller than would be predicted by consid· 
enng either the diffuslVlty ratIO or the eQuilibnum TatIO alone. This IS 
illustrated in Table 8.1. 

8.1.1 Nonlinear Equilibrium 

Whether the equilibrium is linear or nonlinear, the expressiOn for the ft.ux 
may be written m the form: 

dl-'A 
NA ~ -LAqA liZ (8.6) 

where ILA = J.I..~ + RT In VA' with snuilar expressions for component B. The 
flux ratio is glVen by: 

NA LA qA dP-A DOA qA PB dPA 
N" ~ La q. dP.B ~ Don q. PA dpR (8.7) 

where DOA = RTLA is the limitmg diffusivity within the Henry's Law region. 
lithe eauilibnum Isotherm IS of binary LangmUIr form (Ea. 2.13): 

qAPn bA 
qBPA = bB 

so that Ea. 8.7 reduces to: 

NA DOA bA dPA dPA 
NB ~ DOB bB dPB =" dPB 

(8.8) 

(8.9) 

where a IS defined by Ea. 8.5. Integrating across the membrane YIelds Ea. 
8.3, which is thus seen to be applicable even outside the Henry's Law region. 
It should be noted that this sImplificatIOn ames only m the spec,"\ case of an 
ideal Langmuir system. For other forms of isothenu Eq. 8.5 is not necessarily 
valid outside the linear regLOn. 

8.1.2 Effect of Back Pressure 

To Quantify the effect of baCK pressure on the separation factor we may 
elimmate y between Eas. 8.2 and 8.3. With 71"A/71"B = " (EQ. 8.4) this yields 
the Naylor-Backer expresslon l

. 

a' ~ (1 ~ ") - 2
1
x - "2~; (8.10) 

+ [(a - 1)' + rea - 1) - (,,' - 1) 
2 2[fJx 

. 211/2 

+1"-l+r)1 
. \ 2[fJx . J 

In the high-pressure limit (P -4> (0) this reduces simply to a' = a. EquatIon 
8.10 provides the most convenient way to account for the effect of bacK 
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pressure m a system In which the total bressure, on each side of the 
membrane, IS essentially constant but the cOmposition vanes with POSltlon. 

8.1.3 Temperature Dependence 

Both eauilibnum constants and diffuslvities generally vary exponentlallv WIth 
the recIDfocal temperature; so a simiiar form of temperature depende~ce IS 
to be expected for the permeability ratio. 

_ ([IlE+Il(AHll)· 
a - ,,~exp - RT (8.11) 

where IlE ~ E - E and Il(AH) - AH AH D .. A B - U A - U fl' 'ependmg on the rela-
tIve m~gmtudes of the difference in adsorptIOn energIes and in diffUSIonal 
actIvatIon energies, the selectivity may either increase or decrease' with 
temperature. Representative examples are shown 10 Figure 8.3. Z 
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Figure 8.3(b) , Variation of seleCltVlty with temperature for a pOlyamide asymmetnc 
hollow fiber membrane as in Figure 8.3(a). 
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*1 Barrer=10- 10 ~ H 0.335 m's'TPa 
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Table 8.2. Potential of Zeolite Membranes'" 

CO 2/CH 4 separation 

4A zeoliteb 

SA zeolite!> 

Rubber 
L.D. 

co, (A) 

K D 

35 X 104 8.6 X to-IO 

4500 2 x 10-6 

KD = 1T 

3 X 10- 5 

9 X 10- 3 

10-/:1 
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K 

30 S'x lO- H 1.5 X to- 9 2 X 104 

50 1.4 X 10-1> 7 X 10- 5 130 
2.3 x 10- 7 4.3 

Polvthene 0.96 X 10- 7 - 2.2 X 10- 11 4.4 

4A zeolite" 
5A zeolite 
Rubber 
L.D. 

K 

20 
24 

N,(A) 

D 

W- 9 

9 x 10-7 

KD = 1T 

2 X to-8 

2.2 x lOs 
6.2 x 10- 11 

CH, (s) 

K D KD = r. "',' a=-
"'8 

30 5x ]0-11 1.5: x 10-:9 13 
50 1.4 X 10-6 7:x 10- 5 0.31 

2.3" X 10- 7 0.27 

Poiythene 7.4 X 10- 9 2.2 X 10- 11 0.34 

K is m ccSTP/cm3atm; D ism cm2s- i ;"IT IS In cm~STP/cmatmsec. 
b .Zeolite has higher permeability and selectjvity. 

4A zeolite membrane would allow removal of Nz (mmor component) as permeate with permeability 
comparable with polymeric membrane. 

8.1.4 Permeability versus Selectivity 

The ideal membrane would have both high seJectNity and high abSOlute 
permeability (to allow a high throughput per unit area). Unfortunately there 
IS often a high degree of Gompensation between penneability and selectivity; 
materials with a high selectIvity generally have low permeability and Vice 
versa. Some examples are shown m Figure 8.4 and Table 8.2. The selection of 
the best material therefore gene"rally involVes finding the optimal compromIse 
based on an economic evaluation. 

8.2 Membrane Modules 

Since the flux varies inverseJy with the membrane thickness, It IS deSirable 
that the active membrane should be as thin as possible. The' limitation IS of 
course the phYSIcal strength, since the membrane must be strong enough not 
to rupture under the applied pressure. which IS often ~qulte Jarge. For a gwen 
pressure difference the throughput is directly proportionaJ to the 'membrane 
area. The challenge for the designer IS therefore to minimize the membrane 
thickness and 'maxImize the membrane area per unit of moduie volume. 

The active membrane IS generally a thin polymer film supported on a 
macroporous support that provides phYSical strength but makes no contribu-
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1000A 
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Figure 8.5 Schemallc diagram sOlving constructJon of an asymmetric membrane. 
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(b) 

Feed Permeate 

1:;;: Feed channel 

2=Membrane 

Permeate channel 
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thin-walled 
porous tubes 

Retentate 

Figure 8.6 Membrane mOdules: (a) sOlfal wound, (b) hollow 
.. (c)-~Yp""'al "'11/,U-sr"le "nit" (Cqurj~sy,l}f now~Generon In.e.) 
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(e) 

Figure 8.6 (Continued). 

tlOn to the separation (Figure 8.5). The two most common types of mem~ 
brane module are shown In Figure 8.6. J n the hollow tiber modUle the fihers 
are connected between '<tube plates", as In i:I shell and tuhe heal exchanger, 
but the fiber bundle IS often tWisted to promote radial mixing on the shell 
side. There IS some disagreement as to the best flow direction, and commer
cIal systems are available with both inward and outward flow. From the 
process standpoint outward flow IS oreferable, SInce It IS eaSier to mamtam a 
good approxImatIOn to plug flow on the high-pressure side if the high-pres
sure flow goes through the tubes rather than through the shell. This. 

d I 
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however, reOUlres that the actIve membrane be on the mtenor of the hollow 
fiber tubes. It IS much easier to apply a uniform membrane film to the 
extenor surface of the tubes, but to take advantage of such an arrangement 
the feed must be applied to the shell side, on which some deVIatIOn from 
ideal plug flow IS mevltable. SUCh deviations can) howc:;;ver, be minImized ?y 
good design; so this arrangement IS in fact widely used in commercial 
systems. 

8.2.1 Effect of Flow Pattern 

Since the effectlve separatlOo factor IS reduced by baCk pressure (Eq. 8.10), 
the flow pattern has a pronounced effect on the performance of a membrane 
system. This may be clearly shown by caiculating the purity-recovery profiles 
for different flow schemes. As in any mass transfer process, countercurrent 
flow maximizes the average driving force and therefore provides the most 
effiCient arrangement. It is relatively easy to achieve a reasonable a~proxlma
tlOn to plug flow on the high:'pressure side, but this is much more drfficult on 
the low-oressure side because of the wide variation m the gas velocIty (from 
close to zero at the closed end to a Significant value at the permeate eXit), If 
the pressure ratio is large, deviations from plug flow on the low-pressure side 
have a relatively minor effect on performance. provided that plug flow IS 

mamtamed on the high-pressure side. The operatIOn of many membrane 
modules, particularly those of the hollow fiber type, is therefore w~ll repre
sented by the "cross-flow" model, which assumes plug flow on the high-pres
sure side with perfect mlxmg on the low-pressure side [Figure 8.7(h)]. 

The worst cuse from the point of view of process effiCiency IS oerfect 
mixmg on both sides of the membrane. This provides a useful limitmg case 

(01 

4 LowP 1 ' Permeate 

Rattlnote . ·:.::----H~;---~ ~·~--Feed 

(bj Permeate (L,-L,l. y 
I 

Figure 8.7 (a) Countercurrent and (b) cross-flow membrane elements showing defi
nition of vanables used in EQs. 8.14-8.27. 
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for asseSSing the effect of flow pattern On performance. but In generai one 
would try to avoid this condition In an operatmg sYstem. 

8.3 Calculation of Recovery - Purity Profiles 

8.3.1 Mixed Flow 

The fractIOnal recovery (R) IS defined Simply as the fraction of the less 
oermeable species that emerges In tile raffinate product stream: 

R ~ L,(I-x,) 
L,(I - x,) (8.12) 

For a well-ouxed system the mole fractions x 2 and Yz In the raffinate and 
permeate streams are related through Eq. 8.2. The separation factor 0/ is 
constant throughout the system and IS gIVen by Eq. 8.10 with x = x

2
• 

CalcUlation of the recovery-Dunty profile IS therefore straightforward, re
QUlflng only the combinatIOn of an overall mass balance for the less perme
able species: 

L,(I - x,) ~ L,(I - x,) + (L, - L,)(l - }',) 

with Eas. 8.2, 8.10. and 8.12. 

8.3.2 Cross-Flow 

(8.13) 

The calculation IS Slightly more complex for the cross-flow case, SITlCC It IS 

necessary to account for the vanatlon of partial pressure with pOsitron on the 
high-pressure side. For the ideal cross-flow system sketched m Figure R,Mh), 
a differential mass balance for the morc rapidly diffusmg speCies gives: 

ydL ~ d(Lx) ~ Ldt + xdL (8.14) 

where L is the (Ioca!) molar flow rate on the high,.pressure side. The locai 
concentratIOns x and y on the high- and low-oressure sides of the membrane 
arc related by EQ. 8.2. Substitution In Eo. 8.14 and :rearranging Yields: 

dL dx dx 

T ~ (a' - 1)(1 -x)x + (I -x) (8.15) 

which may be mtegrated from the mlet (x = X I) to: any arbitrary eXist mole 
fraction (x,): 

In(' ~z) = In(~) + Jr"' dx 
L,I-X, ",(a'-I)(I-x)x (8.16) 

Combining Eas. 8.12 and 8.16, we obtain: 

R f"' ",c--c-"':dx~_", In = x, [a'(x) lj(l-x)x (8.17) 
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where a'(x) IS given by Eq. 8.10. For any specified feed compositi~n (Xl) and 
pressure ratIO (.9') the mtegratlon Yields directly the relationship between 
the fractional recovery and punty of the raffinate product. 

8.3.3 Counter Current Flow 
For the countercurrent flow case4 -the integratIOn is slightly les~ .straightfor. 
ward. Since It lS necessary to allOW for the vanation In compOSition on both 
sides of the membrane. A differential balance for each component acroSS the 
membrane [Figure 8.6(a)] yields: 

-dLA ~ d( Lx) ~"lTA dA (P II - PLY) 

-dLB= -d[L(I-x)] ="lTBdA[PH(I-xj -PcC 1 -y)] 

d(Lx) =d(1:y); dL =d1: 

Dividing Eas. 8.18 and 8.19: 

-Ldx - xdL 
Ldx - (1 x) elL (1 

L + xelLlelx 
x) dLldx L 

1 dL 
-Lax= x + a/[(1 - a) + (1 - &:I)/(x&:l - y)] 

(8.18) 

(8.19) 

(8.20) 

(8.21) 

(8.22) 

In order to mtegrate this expression, we must express Y in ter~s of x. This IS 

accomolished by a mass balance over the dotted section in Figure 8.7a. 

Lx - L 1x 2 
Y = I.: 

(8.23) 

To avoid the need for a trial and error sOlution, It is easier to change the 
variable and integrate from the raffinate end: 

"L Lx-x, 
!=-,-, y= /-1' L, 

! = 1.0, 1 - x = X2 

P 1 elL _ 1 
- I ax - x + a![(1- a) + (1 - P)/(x&:l- y)] 

At the raffinate end Y2 IS given by: 

(8.24) 

(8.25) 

NA y, l" &:Ix, - y, \ (8.26) 
NH = l-y, =a P(I -x,) - (I-Y,») 

which is a simpie quadratic equatIOn: 

yi(1- i/a) - y,[(l - lla)(1 + &:Ix,) + &:Ila] + fPx, = 0 (8.27) 
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Figure 8.8 Rccovcry--puritv proillc for productulfl of nitrogen from air hy membrane 
and PSA processes.;i 

With, a, P, and x 2 specified, the recovery may now be calcuiated by 
integration startmg from the raffinate product end at which ! = 1.0, x 2 IS 

fixed, and y, IS known from Eq. 8.27. 

8.3.4 Comparison of Recovery - Punty Profiles 

The results of such calculation:; for a pressure ratio 5.0 and permeability 
ratIos of 5 and 10 are shown In Figure 8.8. These vaiues arc typical of the 
current membrane processes for recovery of nitrogen from air In which the 
nitrogen is the Jess permeable species. The strong effects of both permeabil w 

Ity ratio and flow patrern on oerformance are Immediately apparent. These 
effects become most oronounced in the high-punty regIOn, which IS generally 
the regIOn of practical interest. 

8.4 Cascades for Membrane Processes 

Where a pure product is reqUired It IS often advantageous to use more than 
one membrane element connected 10 senes as a "cascade." The best ar
rangement depends on several factors, the most important bemg whether the 
primary requirement IS for a pure raffinate (rctentate) product or for a pure 
permeate. If the reqUirement IS for a pure raffinate product a countercurrent 
flow system is the hest arrangement. If idcai Countercurrent flow could be 
achieved within a membrane eiement, there would be nO advantage to be 

,i.l. 
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Figure 8.9 Cascades for membrane separatIon processes: (a) to pr~duce a pure 
ram nate product with discharge of permeate; (b) to produce a pure rafhnate pr~.duct 
with recoverv of permeate~' (c) to produce a pure oermeate product. (From Karger 
and Ruthven,6 with permission.) 

g<llflCd from usmg more than one stage. However, the deietcflous ~ffect, of 
backmlxing on the low-pressure side can be largely offset by ustng elements 
connected in series ras in Figure 8.9(a)1. A cascade of three or four cross-flow 
elements connected in this way can achieve a performance approaching that 
of the ideal countercurrent system; so such schemes are widely used 10 
practice where a pure raffinate IS reqUIred. 

The scheme shown 10 Figure 8.9(a) IS SUItable for processes such as aIr 
separation (to produce pure nitrogen as the raffinate product), SInce the 
permeate (oxygenwenriched air) has little value and can be discharged directly 
to the atmosphere. Where the permeate IS a valuable byproduct or where 
direct discharge IS not allowed, the scheme shown In Figure 8.9(b) IS used. In 
this arrangement the permeat~ streams from the later stages are reCYCled.; s_o 
that there IS only a Single pcrffieate product stream (from stage 1), and thiS IS 

at a relatively high concentratlOn. In a weIlwdeslgned cascade the composItIon 
of the recycled streams is matched to the feed composition of the preceding 
stage so that there IS no loss of efficiency by backmlxmg. The recycle 
arrangement [Figure 8.9(dl IS of course more expensive than the arrangcw 

ment of Figure 8.9(a), smce recycle compressors are needed. 
The arrangement shown in Figure 8.9(c) IS used when a pure permeate 

product is reqUIred. Since the permeate is produced at low pressure, mler· 
~tage compre~sors are needed, but, by proper chOIce of the operating 
pressures for each stage, the same compressors can aiso handle the raffinate 
recycle streams. Nevertheless the requirement for addjtional compressors 
renders this scheme more expensive In both capital and operating costs than 
tile SImple scheme of Figure 8.9(a). For this reason membrane processes are 
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at their most economic for production of a pure raffinate product. Although 
a cascade of several stages can produce a permeate product' of high pUrity, 
such processes are seldom economical except when !the value of the products 
IS unusually high. 

8.5 Comparison of PSA and Membrane Processes 
for Air Separation 

8.5.1 Nitrogen Production 

The puritY-TCcovery profile for H PSA nitrogen process operating hetween 
5.0 and 1.0 atm on the cycle of Figure 3.17 With the Bcrgbau-Forschung 
carbon molecular sieve adsorbent is compared with the corresponding mem
brane process m Figure 8.7. Bnef details of the operating conditions which 
are typical of such processes, are given In Table 6;1. The profile for a real 
membrane system will lie between the theoretical curves calcUlated for the 
ideal countercurrent and cross-flow cases. For a 'permeability ratio of 5, 
which IS tYPical of the preseni generation of membrane processes, the 
performance of t.he membrane system, In the moderate- to highwpurity 
regime, 15 similar to that of the PSA process. The profiles for the membrane 
and PSA processes are, however, of different form so that 'the PSA system 
gains a margmal advantage Ifi the high-pUrity regIOn while the membrane 
system becomes clearly advantageous when product purity reOUIrements are 
less severe. In both processes the power reqUIred to compress the feed air IS 
the main component of the operatmg cost; so comparing recoverv-punty 
profiles at the same pressure ratio provides a direct companson of the 
operating cost component. The overall process economics are, however, 
modified by differences in caOitai cost and operational life; so the simple 
companson based on recovery-punty orofiles provides only a rot)gh guide. 

The carbon molecular Sieve process has been operatIonal for about 10 
years, and the process has therefore been fairly well OPtImized. The present 
generatIOn of the eMS adsorbents offers a diffuSlvlty ratio of about 100 but 
the recovery-purIty profile is relatively msensitive to '3 further Increase in this 
ratIO. In contrast, the present generation of membranes have 'permeabilitv 
ratios of 5-6, and, although higher selectivity membranes are availahle, the 
permeability IS generally too low (sec' Figure HA). However, It IS clear that a 
relativeiy modest increase in membrane selectiVity would give the membrane 
process a dear economic advantage over the competing PSA process for 
nitrogen production. 

Results of a more detaiied economiC evaluation taking account of both 
caPItal and operating costs are shown In Figure 8.]0. At sufficiently large 
scales of operation the cryogemc process IS the best chOice. PSA and 
membrane processes are oreferred for smallerwscale processes. ancl when 
combined with a DEOXO unli (sec SectIon 6.3) both these processes can 
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Figure 8.10 Cost effectiveness comparison for ~Itrogen productIOn by membrane, 
PSA, and crvogemc processes. (From Thorogood, with permIssIon.) 

produce a high~purity prOduct. The overall economiC balance between the 
PSA and membrane systems depends mamly on the scale of operatIon. 
Membrane processes offer the best chOice at very small scales, PSA processes 
are most economic at reiatively large scales, and there IS a significant range of 
mtermediate scales in which there IS very littie difference in costs between 
these processes. Although the breakeven POInts between these different 
regions are continually changing as the technology evolves, this Qualitative 
pattern IS unlikely to change substantially. 

8.5.2 Oxygen Production 

A sImilar economic comparison between the PSA and membrane oxygen 
production processes is shown in Figure 8.11. The membrane process de
pends on recovering the penneate product, and to recover the permeate m 
pure form would require two or three stages with mtermediate compressors 
[Figure 8.9(c)1. Such a process is not economIcally competitive with the 
corresponding PSA oxygen process with a zeolite adsorbent In WhlCll the 
o},.'ygen is recovered as the raffinate product. The membrane oxygen process 
IS therefore limited by economiCS to a single stage, and this limits the product 
punty to about 50% oxygen. Within this restncted range the PSA and 
membrane processes are competitive, but at higher purities and higher 

i; , 
1 
-~ 

MEMBRANE PROCESSES 

Mole Percent Oxygen 
100 -.. . 

CYLINDERS 
90 ,. r---l-F=:;--;--, 

PSA 

80 

70· VSA I 
60 . 

00 

40 . 

.0 

I I 
MEMBRANE I 

I I I I 

OR 

PIPELINE 

20 ...LIJIIJIL-Ll.LU1!IL......J....LLlUIll~-kLL1111lJ.----L...LlLl11l~Ll.ulJU_-L.LH . .u1l 

0.01 0.1 10 100 1,000 10,000 100,000 

Flow - Pure Oxygen EqUivalent, CSCFH 

30S 

Figure 8.11 Cost effectiveness diagram for oxygen productIon by membrane, PSA, 
VSA. and cryogenic pf()CCS~CS. (From Spillman,!) with pcrmJ."sJon.) 

throughputs the balance of economic advantage shifts first to PSA systems. 
then to vacuum swing systems, and finally to cryogenic distillation. 

8.6 Future Prospects 

IntenSive research programs aimed at developing irrj.proved membranes for 
gas separation are in progress at many academIC and industnal laboratories. 
The development of inorgamc membranes fanned from a coheren'tly grown 
layer of zeolite crystais\) is a partlcuiarly promising approach, Since such 
membranes offer substantially higher selectIvities and permeabilities com
pared with polymenc matenals (see Table 8.2). They also offer a wide range 
of thermal stability, making them potentIally attractIve for membrane reactor 
applications. The techmcal challenge IS to mamtain coherence and physical 
strength In the scaleup to commercial operatIOns. Nevertheless, the consider
atIOns mentioned in Section 8.5 concerning the scaling of the capItal costs of 
membrane processes will probably remam true, regardless of improvements 
In the s~lectivlty-permeability characteristIcs. Since the capital cOsts of both 
~SA and membrane processes Increase aimost linearly with throughput while 
the capital costs for processes such as cryogeOiC distillation Increase iess 
rapidly with Increasing throughput (Figure L 1), one may expect that most 
future commerCIal applications of PSA and membrane Droc~sses will con
tinue to be at smaller and medium throughputs, rather than at the very 
largest scales of operatIOn. 
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APPENDIX 

A 
The Method of Characteristics 

The method of charactenstics IS a mathematical tooi for Salving nonlinear, 
IlYperbolic, partial differential equations. The range of potential applica
tions IS large and !DelUdes such diverse topics as acoustics, catalytic reactors, 
fluid mechanics, sedimentation, traffic flow, and, of course, adsorptIOn. 
Further details may be found in the text by Rhee et aLI and papers by 

ACflVQS,' Bustos and Concha,' Dabholkar et ai.,' KhJWICk; and Hennan and 
Prigogine6 

The analysis begms with a general Quasilinear partial different181 equation 

];' ow ow 
• (t,z,w)a;- + G(t,z,w) oz ~H(t,z,w) (A.] ) 

The restnctIons On this equation are that F, G, and H are specific, contmu
Dusty differentiable functlOns, such that F2 + G 2 "* O. A mathematical defi
nition also governs the relation of w to ItS partial derivatives, viz., the total 
derIvative: 

aw lhv 
dw = 7it dl + jlz dz (A.2) 

These are two independent equations that can be solved for the partial 
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denvatrves, as follows. 

IH ~I oW Idw 
iit IF GI dl dz. 

(A.3) 

iF !,j ow Idl 
;fZ 

I~ ~I 
(A.4) 

Numerical values could be found from Eqs. A.3 and A.4 for these partial 
derivatives, but they are not especially useful In this context. Ironically, theIr 
soiutlOn becomes meanmgless when the denominator vanishes, though the 
numerator must also vanish for the Quotient to remam finite. That property 
yields expressions among the coefficients that must be valid even though 
values of the partIal denvatives cannot be detenmned. The following must all 
be true: 

Fdz ~ Gdl 

Fdw ~ Hdl 
Hdz ~ Gdw 

(A.5) 

Most useful applications of pressure sWlOg adsorption have ouasilinear 
matenal balance equations, due to the dependence of both velocity and the 
adsorption Isotherm on partial pressure. In fact, Eq. A.l IS eaulvalent to a 
continUity eauatlOn of component t for a binary mixture In a fixed bed. 
Furthermore, the appropriate form can be denved from Ea. 4.4, by applying 
the chain rule for differentiatIOn with some algebraic mamouiatio--1. Soecifi
cally I that equation is obtained from two independent equations: the first 
being for component 1 (or 2), and the second representmg the sum of 
comoonents 1 and 2. 

In the resultmg eqUatIOn, W IS taken to be the mole fractIOn of comoonent 
I, and F is adjusted to unity. In so domg, G describes the conveyance due to 
bulk motion through the fixed bed and the distributIOn between the fluid and 
solid phases, while H relates the nature of a composition shift that corre
sponds to a pressure shift and includes the distribution between the fluid and 
solid phases. The symbolic definitions are: 

G ~ {3A u 

1 + ({3 l)y, 

Ii~ 
({3 - 1)(1 - y,)y, din P 

1 + ({3 - I)y, dt 

Even for linear isotherms {where {3, = (1 + [(1 - e)/e]k,)-', and {3 = 
{3 AI (3 B), the mterstitial fluid velOCIty depends on the amount 'of component, 
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Dresent, which Imoiies that It may be a malor constituent and that the 
adsorbent may have substantial capaCIty. In these equations. pressure drop In 

the adsorbent bed IS assumed to be negligihle. The resultmg equalities. 
COrresponding to the first two of EQ. A.S arc: 

dz ~ _,-;{3-;;A,-"_' -,-;-_ dl 
1 + ({3 I)y, 

(A.6) 

dy. ~ ({3 - 1)(1 - Y')Yi din P 
, 1+({3-I)y, dl 

These are eqUivalent to Eus. 4.7 and 4.8, and they are called charactenstlc 
equatIOns. The former defines characteriStiC traJectones aiong the hed axiS 
with respect to time. The latter. which must be soived Simultaneously with 
the former, defines the compOSition vanation along each trajectory (e.g .• as 
pressure varies). Although charactenstics may appear to be arbitrary lines or 
curves. they are not. At each position and time there IS only one correspond
ing charactenstic, PhYSically, this IS reasonable, 'because that means that 
there can only be a smgle compOSition at any POlOt and time. 

By their nature, however, charactenstics that represent different composi
tIOns have different Slopes. Generally, those havmg greater amounts of the 
more strongly adsorbed component have larger slopes, as shown III Eo. A.6. 
Thus when the influent contains more of the more strongly adsorbed compo
nent than the mitial column contents, the charactenstlcs of the Influent 
would tend to ovcriap those of the ITIllial contcnts. That, as 'mentioned, 
would be Impossiblc. The conflict cannot be resolved by merely averaging the 
compositions or blending the eouatlOns. Rather, an overall matenal balance 
IS performed, looking at the sliver of adsorbent mto which passes the 
high-concentration materiai, and aut of whiCh flows the low-concentration 
matenaL In fact, It may be helpful to VIsualize the composition shift that 
a.ccllrs both III terms of position and time. The first illustratIOn, Figure A.l(a) 
shows compOSItion profiles at three mstants of tlme,_ one of which catches the 
front In the region of mterest. The second, Figure A.J(b), shows identical 
data. but in the form of internal breakthrough curves (Le., histories at three 
aXial positions). The shapes of the curves do not matter (as iong as they are 
not spreading); all that matters IS the compOSItion shifl. The fronts Hi the 
illustratIOn are sketched as rounded, though'the cquilibnum theory considers 
them to be step changes. 

The key concept explaining the movement of the front is that there is no 
accumulation at the front itself. This IS eqUivalent to saymg that the adsorb
ent In the bed is uniform, or that the isotherms are independent ofaxiai 
pOSition. Following the SketChes, It is most useful ito consider elements of 
soace and time (e.g., a sliver of adsorbent and a moment of time). For that 



I 
Ii 
I 

I 
I 
/ 

310 PHESSURE SWING ADSORPTION 

y, 

t, t, 

z 

(aJ 

y, 

z z, z, 

YU<lIT 

"'-"'-At- t 

(bl 

Figure A.I (a) Composition front for an adsorption step. shown as three instanta
neous profiles, as It passes through an eiement of adsorbent. (b) Composition front 
for an adsorption step. shown as histories recorded at three axial positions within the 
adsorbent. 

case, a materIal balance "around the front" IS written In the same form as 
EQ.4.1 

e(O IJ.PyA I + IJ.,IIPyA I) + RT(1 _ e) IJ.nA I ~ 0 
IJ.t, IJ.z I, M I, (A.7) 

where AI, represents the shift in a sliver observed at a specific time, and al z 
represents the shift over a moment at a given position, and that d,yAit = 

-6.Y)z. as shown In the figure. When that subStitution is made and the 
definition of 0A IS applied at constant pressure, the following equation for the 
shock velOCity, lJ SH ' is obtained: 

!!.Z I AVYA 
{ISH = /It 8)' = °A AYA (A.8) 

where the shift IS taken with respect to position or time, but must be 
consistent. 
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By writing tile same equatIOn for component fl, an eOUivaicnt [)ut not 
identical expression IS obtained, which can be solved fo'r the Interstitial 
velocity ahead of the shock wave In terms of the vei'oclty behind It. The result 
IS Ea. 4.8. 
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APPENDIX 

B 
Collocation Form of the 
PSA Model Equations 

8.1 Dimensionless Fonn of the LDF Model Equations 

The discussion here IS restrIcted to a two-component system (subscrIpts A 
and B denote the components). The sum of the mole fractions ot the two 
components In the gas phase at every paint in the bed is eQual to one. 

o Therefore. soivmg for only one component in the gas phase IS sufficient; the 
concentration of the other component in the gas phase is obtaIned by 
difference. The eouatlOns are deveJoped in general terms for a variable 
pressure step with flow at the coiumn inlet. 

Applying ideal gas law [cA ~ CYAfYA/(R,To)] to the component and 
overall mass balance cCtuations (Eqs. 1 and 4 In Table 5.2), we obtain; 

aYA _ D a'YA _ {au ~ ap 1- . 0YA 
at - L az' YA\ az + p at, v az (B. 1) 

;1 - e RgTo 8qA 
--e----p dt 

au + ~ ap ~ _ ~ R,To (OqA + QqB ') 
az p at e p. at at , 

Substituting Eq. B.2 into B.l YIelds: 

oYA a'YA 0YA 1 - e RgTO ( 
iii ~ DL OZ2 - U az + -e-f" (YA-

313 

(B.2) 

oqA QqB \ 
1) iii + YAiiI I 

(B.3) 

,II 
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Equations 5 and 6 In Table 5.2 combined and Written in dimensIOnless form 
become: 

(BA) 

EqUatIOn B.3 written in dimensiOnless form and then combined with Eo, BA 
YIelds: 

(B.5) 

The relevant fluid flow boundary conditions (Eq. 7 III Table 5.2) in dimen
sIOnless form lead to: 

(B.6) 

Equation B.2 wntten in dimensionless form and then combined with Ea, SA 
takes the fann: 

The dimensIOnless velocity boundary conditions are: 

_[ v[z_o 
v z=o = --, 

vOl .. 
ov I - ~O az Z_1 

(B.7) 

(B.8) 
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The clean bed Initial conditions given by Eq. 12 III Table 5.2 assume the 
following dimensIOnless form: 

YA(Z,O) ~ 0; 

xA(z,O) ~ 0; 
YB(Z,O) ~ 0; 

XB(Z,O) ~ 0 

B.2 Collocation Form of the DimensIOnless LDF 
Model Equations 

(B.9) 

When Eo. B.5 with the boundary conditions gIven by Eo. B.6 are written In 

the coIIocation form based on a Legendre-type polynomial to represent the 
trial function, the follOWing set of ordinary differential equatIOns is obtamed: 

d M+l ::(j) ~ L [Pm Bx(j,i) - V(j)Ax(j,i)]YA(i) 
!..,.2 

(B.lO) 

-A,[Pm Bx(" 1) - v(j)Ax(j, 1)] 

M+, 

X L [AJAx(M + 2,i) - Ax(I,i)[YA(i) 
'_2 

+A,[PmBx{;,M+ 2) - v(j)Ax(,,'M+ 2)] 

M+J 

X L lA,Ax(M+ 2,i) - Ax(I.i)'[YA(i) 
!=2 

M+, 
-A,[Pm Bx(j, I) - V(j)Ax(j, 1)] L Ax( M + 2, i)YA(i) 

1=2 

+A,[Pm Bx(j, I) - D(j)Ax(;, 1)]PeV(I)YA lz_o-

-A,[Pm Bx(j, M + 2) - v(j)Ax(j, M + 2)]Pe V(I)yAlz- o-

j = 2, ... , M + 1 

I, 
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Equation S.4 now becomes: 

dX B ( .) [ 138[1 - YAU)] ( .)] 
dT J = an I + f3AYAU) + 13B[1 _ YAU)] - Xs J • 

} = 2 •...• M + 1 

(B.II) 

The following set of linear algebraic equations is obtained when the dimen· 
sionless overall material balance equatIOn (Ea. B.?) and the velocity bound
ary conditions (Eq. B.8) are combined and wntten III collocatIOn form: 

(B.12) 

J = 2 •...• M + 1 

The followmg 'eouatIOns, which are denved from the boundary conditions, 
give the values at ) = 1 and M + 2: 

M+I 

YA(l) = -A, I: [A,Ax(M + 2.i) - Ax(l.i)]YA(i) (B.13) 
1=2 

M+I 

-A. I: Ax(M+2.i)YA(i) +A,Pev(l)yAiz-o-
!-2 

M+i 

YA(M+2) =A, I: [A,Ax(M+2.i) -Ax(l.i)]YA(i) (B.14) 
!""'2 

-AI Pev(l)yAiz.n-

u(M + 2) = Ax(M + 2,1) (1) 
Ax( M + 2. M + 2) v 

(B.15) 

( 

M+ I \ / 

- '~2 Ax( M + 2. i) v(i) ) / Ax( M + 2. M + 2) 

Note: Here J refers to the axiai \ocatlon m the bed and is different from tile 

, 

1 
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subscriPt J mentioned m Table B.l. In the preceding enuatIOns: M IS the 
number of internal collocatIOn pomts. In Eq. B.1O: Pm = l/Pe. In EQs. B.lO. 
B.!3, and B.l4: 

A, = 1/(Ax( I, M + 2) - [A, Ax( M + 2, M + 2)]) 

A, = Ax( M + 2. M + 2)/{Ax( 1, M + 2) - [A, Ax( M + 2. M 4- 2)]) 

A, = [Ax(l, 1) - Pe ii(I)JI Ax( M + 2,1) 

A4 = l/Ax(M + 2,1) 

As = A,A, 

EQuatrons B.IO-B.15 are the collocatIon forms of the LDF model equa
tions describing a variable pressure step with flow at the column mlet. The 
appropriate changes to these general eQuations necessary for describing the 
mdividual steps in a two-bed process operated on a Skarstrom cycle arc 
summanzed in Table B.l. In a Skarstrom cycle (see Figure 3.4) steps 1 and 2 
differ from steps 3 and 4 only m the directIOn of flow. Followmg the same 
procedure discussed here, a similar set of collocation cQuations was dcnved 
for steps 3 and 4. The set of coupled algebraIc and ordinary differential 
equations thus obtained describing steps 1-4 m the two beds waS solved by 
Gaussian cJimmation and numerical mtegration. resoectively. For nUmerical 
integratIOn the Adam'S variable-step integration algorithm as provided in the 
FORSIM package (Ref. 49 10 Chaoter 5) was used. 

B.3 Dimensionless Fonn of the Pore Diffusion 
Model Equations (Table 5.6) 

The diSCUSSion here IS also restricted to a two-component system. but the 
eauations are developed In general terms for a constant-pressure step with 
flow at the column mlet. Tbe variable diffuSIvlty case IS considered. The 
folloWIng equatIons are taken from Table 5.2. Fluid phase mass balance: 

(B.16) 

ContinUIty condition: 

CA + c B = C (constant) (B.17) 

Overall mass balance: 

C 
au 1 - e (OQA aii.) _ 0 -+-- -+- -Dz E at at (B.18) 
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Boundary conditions for fluid flow: 

oCA I . DL -az = -vl.~o(cAI'_IJ-- cAlpo); 
z={) 

(B.19) 

The velOCity boundary conditions for the steps other than preSSUrIzatIOn; 
For vl,.o see Eos. lOb-d m Table 5.2; 

(au/az)I'.L = () (B.20) 

In the dimenSIOnless form Eo. 1 10 Table 5.6 becomes: 

aYA [ 
aT = r YA - YAPllJ=d; 

ay. f 
aT = YS[l-YA -Yspl,-d 

(B.21) 

SubstItutmg En. 8.21 In the dimenSIOnless form of Eo. B.l8. we obtam: 

aD I/Jf 
az = -W[(YA -YAPI,-d + (I-YA -Y8pln-d] 

Equation B.16 wnttcn In dimenSionless form and combined with 
YIelds: 

aYA I a'YA _ aYA [ , 
aT = Pe W az' - vW oz + I/Jf (1 - YA)(YA -YAP,,-d 

+YA(l - YA - Yspl,-,)] 

(B.22) 

EQ. 13.22 

(B.23) 

The fluid flow boundary conditions (Eq. B.19) assunle the follOWIng dimen
sionless form: 

OYA I -0 
az Z""i-

(B.24) 

The velOCIty boundary conditIons gIven by EQ. B.20 take the follOWIng 
dirnensioniess fonn: 

au I - 0 az Z=I -
(B.25) 

The dimensionless form of the velOCIty boundary conditions for pressuriza
tIon (given by Eq. 2 In Table 5.6) IS: 

( 13.26) 

The following dimenSIOnless eqUatIons are obtamed from the oarticle bal
ance equations (EQs. 11 and 12 in Table 5.6) and the related boundary 

J I 
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conditions CEqs. 4, 13, and 14): 

[
(I-X )(J2XCA+lhCA\! 

XCB CB "11 2 11"11. 
(B.27) 

(
"'XCB 2 aXCB)] 1 + XCA -a-n-'- + 1) -a-lI- + -1---=---~' 

., ( - XCA - XCB ) 

(B.28) 

(B.29) 

(B.30) 

I"' 
- 'YKYs xCA(1 - YA - YBPI.-d 

aXCB I f' a:;;- ~ -y y (1 - x cB )(1 - YA - YBPI.-!) 
./ 1/=1 K S 

(B.31 ) 

-r'XCB(YA - YAPI,-I) 

The eouilibnum Isotherms (Ea. 7 in Table 5.6) assume the foliowmg dimen. 
sionless form: 

1 x CB 
YBpl.-, ~ -{3'y J - x - X 

A E CA CB 

(B.32) 

B.4 Collocation Form of the Dimensionless Pore Diffusion 
Model Equations 

When Eo. B.23 with the boundary conditions given by Ea. B.24 IS written in 
the coliocatlOn form, the followmg set of ordinary differential equations IS 

i 

I 
I, 
i 
'I 
'j 
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obtamed: 

d M+I 

;; (j) ~ I: [QmBx(J,i) - Wi'(j)Ax(j,i)]YA(i) (B.33) 
1=2 

-A,[Qm BxU, 1) - Wn j)AxU, 1)] 
M+ J 

X I: I A, Ax( M + 2, i) - Ax( 1, i)] YA( i) 

+AI[QmBx(J,M + 2) - Wii(j)Ax(J,M + 2)] 
M+I 

X I: rA,Ax(M+ 2,i) - Ax(1.i)]YA(i) 
'=2 

M+> 

-A,[QmBx(J, I) - Wf(j)Ax(j, IlJ L Ax(M + 2,i)YA(i) 
'=2 

+A,[QmBx(j,J) - Wi'(j)Ax(j,I)]Per(I)YAlz_n' 

-AI[Qm Bx(J, M + 2) - Wf(j)Ax(j, M+ 2)JPe f(I)Y)z.,,

+ ",r([YAU) - Ij[YA(J) - YApl,'IU)J 

+YAU)[I - YA(j) - YBPI.",U)]}, 
J~2, ... , M + I 

YAPI. - ,(j) and y,,,,I. _ ,eil are obtained from Eo. B.41. yil) and YA( M + 2) 
are gIVen by EQs. B.13 and 8.14, respectIVely. 

B.4.1 Pressurization 

The following set of linear algebraic equatIOns is obtamed when the dimen
sIOnless overali material. balance eouatlons (Eo. B.22) and the velOCity bound· 
ary condition (Eo. B.26) are combined and wntten 10 the collocation form: 

Mil AH(J,i)ii(i) ~ - ";[ ((Y'IU) - YAl'i."I(j)1 (B34) 
!=2 

+ II - YAU) - YSpl."IU)]}, 

J~2, ... , M + i 

The tnal functlon chosen to satIsfy the zero exist velocity boundary condition 
is: 

M M+l 

V ~ (J - z) I: ajPi_l(z) ~ I: tiZ'-' ( B.35) 
/= I 

(B.36) 

Solution of Eo. B.34 gives velocities along the colUmn at the mternal 

ill 
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collocauon pOints Z2. Z~, ... , ZM+" The exit velocity IS known from the 
specified boundary condition. The velocity at the column inlet may be 
obtained by soivlIlg the following mattix constructed from Eq. B.35: 

c(2) 1 
c(3) 

i'( M + 2) J 

B.4.2 Other Steps 

1 z, 
Z, 

(B.37) 

The fotlowlIlg set of linear aigebnllc equations IS obtamed when EQ. 8.22 and 
the velocity boundary conditlOns given by Eq. B.25 are combined and wntten 
in collocatIOn form: 

~I [A (") Ax(M + 2,i)Ax(},M + 2) ]_(')_ 
,:-, X}, I - Ax( M + 2. M + 2) v I - (B.38) 

_ (' (' ) _ Ax(J, M + 2)Ax(M + 2,1) \-(1) _1. JP 
AX},I Ax(M+2.M+2} / p'aT 

} ~ 2 •... , M + I 

V(M + 2) is gIven by Eq. B.15. In Eq. B.33: 

A, - 1/(Ax(I. M + 2} - [A3Ax(M + 2. M + 2)l} 

A,~ Ax(M+ 2.M + 2}/(Ax(I,M+2) - [A,Ax(M +2,M + 2)l} 

A3~[Ax(1,1}-Pev(I)1/Ax(M+2,1) 

A, ~ I/Ax(M + 2.1) 

Qm~W/Pe 

1 
I 
1 
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The collocation form of the particle balance equations IS: 

QXCA , 1 
--(), Iq ~ .,----,-.....,.c'--,-,--;-c-

aT 1-xCAU,k) -xc8 U,k) 

N+l \ 

+xCAU,k) (~, B(k,i)XCBU,i)) 

+ 1 
[I -x,j},k) -xcH(J,k}]' 

r 
N+I 

X [I -xc8(J,k)1 I: A(k,i)xc"U,i} 
\ != I 

N+ I 1 
+XCA(J,k) I: A(k.i)xCBU,i) 

!= I I 

I N+, 

x I I: A(k, i)XCAU, i) 
\ t= I 

X([l-XCA(J'k)l~~,'B(k'i)X,,,,(j'i) 

+xc8 (J,k) ~~: B(k,i}XCAU,i)) 

+ YK 

[l-xcA(J,k) -xcB(j,k)l' 
( N+ 1 

xl[1-XCAU,k)I,~ A(k,i)xCB(J,i) 

N+ I \ 

+xcr,(J,k) ,~, A(k,i)xcA(J,i)j 

X (~~,l A(k, i)XC8(J, i) 

N+ I 1 
+ I: A(k.i)xCA("i) , 

.. , J 
j ~ 2 .... , M + I; k ~ I, ...• N 
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( B.39) 

(BAO) 

xejj, N + 1) and xcn(}, N + 1) arc obtained from Eos. BA2 and B.43. 

, 
,I, 
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The collocatiOn forms of the eauilibnum Isotherms are: 

XCA(J, N + I) 
YAPi.-,(j) = a I (. N I) (N I) t'A -XCA }' + -XCB J, + ' 

(BAI) 

I ') _ I xCBU,N+ I) 
YHI' "~,(J -" 1 (N 1) (N . 1)' . fJAl'E -XCA }' + -XCB }' T 

}=2,,,,,M+I 

xc)}, N + I) and xcH(j,N + I) are obtamed from Eas, BA2 and BA3, 
The boundary conditions at the partIcle surface (EQs, B.30 and B.3 I) 

written m the collocation form and then combined with Ea. B.41 lead to a set 
of COli pled nonlinear aigebralc equations: 

N 

L; A(N + I, i)XCA(j, i) + A(N + I, N + I)XCA(j, N + 1) (BA2) 
,~I 

N 

f' 
- -- [1 - XCA(j, N + 1)] 

YKI'S 

1" 
+ --xCA(j, N + I) 

YK'YS 

1 ( ') I XCB }, - 0 
( 

( , N + I) ) 
X -y} --- -

A J3 AYE 1 - XCAU, N + 1) xCBU, N + 1). 

L;A(N+ 1,i)xCBU,i) +A(N+ I,N+ l)xcBU,N+ I) (BA3) 
1=1 

f' 
---[l-xcBU,N + I)J 

'YK'YS 

I Xcn(J, N + 1) 
X \ 1 - YA(j) (3AYE 1- xCAU, N + 1) - XCBU, N + 
+f'XC8(J, N + 1) 

X(YAU) - ;A I 

J = 2,,,,, M + 1 

The solutIOn of this set of coupled nonlinear algebraic equations gives 
xCA(j,N + I) and XCBU, N + I), 

In these cQuations M IS the number of internal collocation pomts along 
the coiumn aXIs (j refers to axial location). (Note: j used in these cQuations is 
different from the subscflpt ) used in Table B,2,) N is the number of internal 
collocation points along the radius of the adsorbent particle (k refers to 
location Inside a microparticlc). 

j 

I 
I 
I 
,-
; 

1 

i 
I 
I 
:J 

I 
I 
I 
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Table B,2, Summary of the Changes 10 Eqs, 8.33 - BA3 and Eqs. B. J3 - B.15 
Necessary for Describing the Individual Steps of a Modified Skarstrom 
Cvcle with Pressure Equalization and No Purge 

Operanon 

PreSSUriZation orbed 
2 (square wave 
change In 

pressure) 
Blowndown of bed 

I (square wave 
change In 
pressure) 

High.pressure flow 
In bed 2 (cOllS\lInl 

pressure) 
"Self·purgmg" of 

bed 1 

2 

2 

WI 

Given by Eq. B.J7 

() 

() 

Velocity profile 
along the column 

From Eq. B.34 

From Eqs. B.3B and 
B.15 

From Eqs. B.:U~ and 
B.IS 

From Eqs. B.3S ami 
8.15 

"The subscnpt j (= I for bed I and 2 for bed 2), which should properlv appear with all the dependenl 
v,lriubtes and thc parameters !/J. (3.-!. r, lind I". IS omitted from tnc: equatIons for simplicitv. Dunng 
pressunzauon lind high-prcssure :.ldSOrpllon In hed 2, }'Ai: ~n IS Ihe mOle fraction of compcmenl A in 
the Iced gas. For hlowdown and self·purgmg steps JIl bed I. yAL:-u = fAI(]). rb.f3A'r. und {"' have 
diffcn::n1 values for low- anu high·pressure steps. 

EquatIOns 8.33-B.43 are the collocatIOn forms of the (vanable-diffus,v,ty) 
Dore diffusion model equatIOns describing a constant-oressure step with flow 
at the column inlet. The approPriate changes to these general eqUations 
necessary for describing the individual steps In a two-bed process operated 
on a modified Skarstrom cycie with pressure equalizatIOn and no purge arc 
summarized In Table B.2. In a modified Skarsttom cycle with pressure 
equalization and nO purge (see Figure 3.16) steps 3 and 6 are the oressure 
equalization steps. The oressure equalization step IS difficult to handle 10 a 
rigorous manner. The approximate representatIOn of this step IS discussed in 
SectIOn 5.2. Steps 1 and 2 differ from steps 4 and 5 only III the direction of 
fluid flow. Followmg the same procedure discussed here, a SImilar set of 
collocation equations was derived for steps 4 and 5. A set of coupled 
alge;bralc (linear and nonlinear) and ordinary differentIal cQuations describes 
the operations m steps 1, 2, 4, and 5 in the two beds. The nonlinear algebraic 
equations were solved by the IMSL routme NEQNF (Ref. 50 10 Chapter 5). 
The linear algebraiC equations were solVed by GaUSSian elimmatJon. The 
ordinary differential equations were integrated in· the time domain uSing 

Gear's stiff (vanable-step) integratIon algorithm as provided in the FORSIM 
package (Ref. 49 in Chapter 5), 
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APPENDIX 

C 
Synopsis of PSA Patent 

Literature 

C.l Introduction 

I i 

This appendix reviews some PSA developments tilat appeared as patents, a 
few of which were cited In Chapter 1. In addition, It covers the onglns of 
many cycles that are mentioned throughout the bOOk, especiallv In Chapters 
4 and 6. The subject has been set aside here because there was no ideal place 
for it in the body, yet It seemed too Important to omIt. 

Although mdividual oatents are commonly filled with new technology, 
their focus is generally very narrow. Sometrmes, if there are profound new 
ideas in a -oatent, instead of subtle modifications of eXlstmg know-how, the 
ideas are muddled because of the verbose legalistic Jargon and i1affiing 
drawings. Sometimes they are mereiy austere announcements that technical 
milestones have been passed, and not necessarily that commercialization 
efforts are underway. In fact, the earliest known patents, awarded to Hasche 
and Dargan in 1931' and Finlayson and Sharp In 1932,2 seem to have heen 
largely ignored. Perhaps their ideas were made to work on a small scaic hut 
not on a large scale, and consequently, they were viewed hy those few who 
became aware of them as laboratory CUrlositles arid were QUickly forgotten. 
Nevertheless, they explained the basic ideas of PSA. 

Patents awarded SInce the 19305 have also frequently escaped notice, and 
early accomplishments and ideas have been overlooked or forgotten. Perhaps 
this has occurred because keepmg track of patented technology IS extremely 
time consuming, and reading patents IS tedious an'd confusmg. An unfortu
nate outcome has been tllat some of the baSic ideas of PSA have been 
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claimed an II1l1ovatJOI1S over and over again. For example, several patents 
ti1at were Issued In the 1930s, 19405, .and 1950s described the pnnelDles of 
PSA, yet Skarstrom frequently receives credit for mventmg PSA, appare~tly 
because of the thoroughness of his first patent, which was ISsued m 1960:' 

This appendix covers a variety of PSA patents, emphasizmg cycles and key 
concepts and the nch diverstty of ideas that led to success. There are 
hund;eds from which to choose, so the coverage presented here is by no 
means comprehensive; It is regrettable but unavoidable that some semmal 
contributiOns have been Qveriooked. That the material discussed here IS 

predommately drawn from U.S. patents IS not meant to slight the deveiop
ment of PSA technology by inventors In other natlOns. For those who seek 
addiMnal mformatlon, Tondeur and Wankat 4 reviewed the field of PSA 
technology by categonzmg patents and publications according to cycle at
tributes (such as the number of steps and number of columns), separatIOn 
applicatlOns, and corporations to which patent rights had been a~sl~ned. 
They cited well over 100 sources, many of which were patents. Similarly, 
Ball5 reviewed many U.S. patents and compiled an annotated bibliography. 
In addition, rather than restrictIng this review to very recent patents, the 
emphaSIS is on earlier patents because they contain most of the fundamental 
ideas that have proved to be widely applicable to vanouS adsorbents and gas 
mixtures. In fact, orie might obscIVc that most recent patents tend to be 
permutations of the fundamental ideas introduced III the early patents. 
Considering that, one cynical reaction might be that, by now, all the patentable 
ideas in the field of PSA have already been claimed .. There is a strong case 
for that opinlon, but It 15 a complex issue that should be left to patent 

attorneYs to argue. 
Timing IS criticai for patents, not only for legal reasons, but also because 

one of the few rewards an inventor receives IS recognition. An unfortunate 
exPerience for some patents is that they have languished, some for more than 
five years, while being reviewed m the Patent Office. So, from that pomt of 
view the filing date often reveals more about the context of an ITIvenhon (I.e., 
wha~ other ideas were accessible m the public domam) than the date of issue. 
Thus, both dates are often mentioned here. In fact, patents are introduced 
roughly m chronological order, with cross references to more recent patents 
that have used some of the same approaches. 

C.2 Inventors and Patents 

C.2.1 Ha8che and Dargan 

In their patent application, filed jn 1927 and approved in 1931, Hasche and 
Dargani described a pressure swmg process for recovering !;ulfur dioxide 
from smelter gases usmg silica ge\. In that process, the feed was compressed 
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so that the varilal pTessure of sulfur dioxide was above atmosphcnc but 
below its critical pressure. The compressed gas was then cooled and admJtted 
to the adsorbent bed, while purified gas was withdrawn. Unon Immment 
breakthrough, the column was blown down, and the energy of compresSion 
was recovered. They stated that "The process may, therefore. be described as 
substantially isothermal and utilizes the property of the adsorptive materiai 
whereby the amount of gases held therem IS substantially proportional to the 
gaseous pressure." They did not, however, mclude a process fiowshcet, and 
no specific performance was claimed, for example, in terms of punty, recov
ery, or energy consumPtion. 

C,2,2 Finlayson and Sharp 

The patent by Finlayson and Sharp was filed m 1931 and approved In 1932,' 
and It covered more of the baSIC conceots of -PSA. For exampic, they 
explaIned several specific principles that are fundamental to the operatum of 
PSA cycles and gave a detailed examole of a ~angle, PSA system being used to 
alter the ratIO of hydrogen to carbon monoxide 10 water gas. Most notably, 
they described a preSSUrizatIOn step followed by a' productIOn step 10 which 
"the first fraction or fractions belOg ncher in the less easily adsorbed 
component or components ... and the final fractIOn or fractlons bemg ncher 
in the morc easily adsorbed component or components." Furthermore, theY 
noted that the" oressure of the adsorbed gas may be released for instance t~ 
a lirmted extent Or substantially to atmospheric pressure or even a vacuum 
may be applied." This idea was embellished later by Skarstrom and Heilman.' 
Even their simple idea of using subatmosphenc pressure for desorptIon has 
been listed among the claims of several other oatents/- 9 and recentlv It has 
been popular to tout this version of PSA as VSA, as discussed in Sections 3.2 
and 6.2. They did not mclude a schematiC diagram of theIr process or any 
information describing performance or tlmmg. 

C,2,3 Perley 

A patent by Perley \0 happened to overlap. not only with the Intended 
application, but also with the dates of the patent by Finlayson and Sharp' (it 
was submitted m 1928, and awarded In 1933). It described a process for 
adsorbing carbon monoxide and carbon dioxide from a water gas mixture, to 
Yield techTIlcaliy pure hydrogen. A schematiC diagram IS shown in Figure c.1. 
The adsbrbent was regenerated by reducing the pressure and, optionally, 
heatmg the adsorbent Via purge gas'. Interestmgiy, the idea of comhinmg 
pressure swmgs with temperature swings IS still considered novel, and has 
been covered in recent patents."-13 

'i i 
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Figure C.t Flowshccl of the PSA apparatus suggested by Perley 10 192H, which 
appeared In U.S. Patent No. 1,896,916 m 1933. This equipment was apparentlv 
operated manually, and was designed for splittmg hydrogen from water gas. 

C.2.4 Erdmann 

Another early patent" that was essentially Ignored was awarded to Erdmann 
In 1941.',4 His process seemed to be a reduction to practice of some of the 
ideas ~uggestcd by Finlayson and Sharp 2 and Perley; If) Soecifically. he used 
activated carbon 'and a feed of 93% hydrogen and the balance carbon 
monoxide to produce a pure product of 98 to 99% hydrogen. and an 
equlmolar byprodUct. The operatmg temperature was - 50" C (to exploit 
higher adsorption capacities at such a low temperature), and the pressure 
range was apparently 1 to 0.13 atm. 

C.2.S Guerin de Montgareuil and Domme 

A patent that' has received' some recognition w;,u, awarded in 19_'i7 to Guerin 
de Montgareuil 'and Domine. ls It employed pressurization by feed, followed 
by cocurrent blowdown, expioiting a type of kinetic effect, to Yield the light 
prOduct, and finally complete blowdown, Yielding an enriched heavy compo
nent. One advantage' it offered was simplicity, due to the absence of flow 
reversal, but that was met by the disadvantage of obtaining both products at 
reiatlvely low pressures. Despite that, It exploited, to a greater degree than 
prevIOus patents, the coupling of pressure and flow to achieve PSA separa
tIOns. 

C.2.6 Skarstrom 

Skarstrom's first PSA patent} was filed in 1958 and approved In 1960. He 
described PSA systems for gas drymg and carbon dioxide removal, for oxygen 
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enrichment from aIr (up to ahout RS% at nearly nil recovery), and for 
nitrogen enrichment from aJr (up to 99% at nearly nil recovery). The latter 
was the first kinetics-based PSA separation (in fact, the equilibnum selectiv
Ity IS m opposition to the kinetic seiectlvlty). while the other applications he 
cited explOited equilibrium selectivity. The adsorbents he c)'ted were silica gel 
and activated alumina, zeoiite SA, and zeolite 4A, respectively. He showed 
how hydrocarbons, including paraffins, Isoparaffins, olefins, di-oiefins. and 
aromatics could be split via three zeolites. He also explained high-pressure 
feed, blowdown, purge, and pressurIzatIOn steps. A flowsheet of his baSIC 
cycle IS shown In Figure C.2. Finally. Skarstrom suggested linking oxygen
and nitrogen-producmg systems by recycling the secondaI)' products ., to 
provide at least a portion of the feed for the other adsorber concentration 
system." This combined cycle is shown 111 Figure C.3. That idea. (i.e .. using 

f 
Figure C.2 Flowsheet of the baSIC PSA apparatus suggested bv Skarstrom In 1958. 
whiCh appeared in U.S. Patent No. 2.944,627 in 1960. This eqUipment was apparentiy 
deSigned for general purposes, from air drvmg to solittmg Oltrogen or oxygen from 
air. 

-J[ L 
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Figure" C.3 Flowsheet of a second PSA apparatus suggested by Skarstrom '" 1958, 
which appeared in U.S. Patent No. 2.944.627 in 1960. This equIPment was apparently 
deSigned for cxtrncting two nearly pure products from a smgle feed. such as splitting 
nitrogen and oxygen from air. 

two or more adsorbents and coupling PSA systems) has been remvented 
(with subtle twists) or borrowed several tlmcs.!fi-24 

C.2.7 Skarstrom 

Some early PSA patents concerned with hydrogen purification, which fOl
lowed up on much earlier suggestions by Perley 10 and Erdmann,14 were filed 
by Skarstrom 10 1960 and awarded m 1963-64."-27 The first Datent" 
described upgrading reformer recycle gases from various types of processes, 
In the range of 50 to 80% hydrogen, with an ultimate purity of greater than 
95% hydrogen, uSing activated carbon as' the adsorbent. The second de~ 
scribed specific operatmg conditions, but did not specify the resulting perfor
mance. The third revealed more process details, and mentioned a potential 
recovery of 70%, but did not state the corresponding punty. 

C.2.B Hoke, Marsh, et aI. 

Within a year of filing of Skarstrom's PSA Datents related to hydrogen 
purification, his colleagues, Hoke, Marsh, Bernstem, Pramuk, and he filed 
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related disclosures that were approved in 1964.,18.29 Their first process was 
also used for upgrading reformer recycle gas, In the range of 50% hvdrogen. 
with an ultimate purity of greater than 99% hydrbgen, u'sing activated carbon 
and activated alumma as the adsorbents. The oPeratmg conditions included a 
pressure range of from 200 to 650 psig for adsorptIOn, and 8 to 12 pSla for 
deSOrPtIOn and purgmg. The cycle mcluded a monthly thermal regeneratIon 
at about 600°F, VIa an mert gas. The second patented process was apparently 
the first that explicitly mentioned a cocurrent blowdown step that was used 
directly partially to pressurize a paralfel column. That idea, which is often 
referred to as pressure eQualizatwn, has been claImed as a vila I nart of many 
other patents, of which only a few are cIted here as exampies .. lfJ .-

1
<l 

C.2.9 Wilson 

Another early patent application concernmg the actuai (versus hypothetical) 
separatIOn of oxygen and mtrogen from air In a single system was filed by 
Wilson In 1959, although It was not approved until 1965.7 It contained several 
novel ideas that recurred in later patents. For example. a three-step cycle was 
used: pressunzatlOn (with predned air), cocurrent blowdown (producing 
ennched oxygen, at 70 to 90%), and countercurrent blowdown (prodUCing 
enriched mtrogen, at subatmospheric pressure). He suggested an ootion of 
using heat to achieve a higher degree of desorption than by pressure aione. 
He also suggested usmg an oscillating PIston to drive the pressure SWIng, and 
that idea has been borrowed, slightly modified, or remvented several 
times.3S- 39 He suggested that the same ideas could be used to remove carbon 
dioxide from aIr (e.g., In submarines) and to separate helium from natural 
gas. 

C.2.1O Stark 

About 2 years after the flurry of patentapplicahons for PSA hydrogen 
purificatIOn were filed by Skarstrom and his colleagues (see C.2.7), another 
patent that extended the seoaration capability was filed by the same company 
(Stark, filed m 1963 and awarded In 196616). The application was also the 
upgrading of refonner recycle gas, 10 the range of 80% hydrogen, to attain an 
ultimate purity of 99.9% hydrogen at a recovery' of 75%, usmg silica gel as 
the adsorbent. The operating conditions included a pressure range of from 
500 psig for adsorption and 0 OSIg for desorotIOn and Durgmg. 

C.2.11 Basmadjian and Pogorski 

An early PSA cycle that was apparently the first to use a nnse step (see 
Section 4.4.5) was invented by Basmadjian and Pogorski. Their applicatIOn 
was filed in 1963 and the oatent ISsued m 196640 This cycle was Intended to 
recover helium and possibly other light components from nitrogen or natural 
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gas. The basIc cycle consisted of preSSUrization with feed, rinse and prodllc~ 
lion of enrIched light product, blowdown and recovery of the heavy compo
nent. They improved the PUrIty of the light component by condUcting the 
pressunzation and rinse In discrete steps in sequentIal columns. More recent 
patents usually employ a different set of steps. That might make the resem
blance difficult to recognize. Nevertheless, a wide vanety of other patents 
have borrowed, subtly modified, or reinvented the idea of rinse.'),41-4H 

C.2.12 Berlin 

The first high-performance PSA oxygen generator was disclosed by Berlin 111 

two applications filed 111 1963 and approved 111 1966-1967.8•49 He claimed 
oxygen purities up to 93% (for which the balance was claimed to be 7% 
argon), at 53% recovery, but at a pressure ratIo of 50 to lOon, and he 
suggested a strontium-exchanged X zeolite as the adsorbent. 

C.2.13 F eldbauer 

Shortly after the patent application for PSA hydrogen purification was filed 
by Stark (see C.2.10), another was filed from the same comoany that further 
extended the separatIOn capability. In particular, Feldbauer filed in 1964 and 
the patent was awarded in 1967.'° The concepts also applied to upgrading of 
reformer recycle gas, In the range of 40% hydrogen, to attam an ultImate 
punty of 96% hydrogen and a recovery of 94%, USIng 5A zeolite, activated 
carbon, and/or activated aiumina as the adsorbent. The operatmg conditions 
mcluded a pressure range of from 35 bar (500 Dsig) for adsorptIOn and 
1.4 bar (5 pSI g) for desorptIon and purging. 

C.2,14 Wagner 

Shortl,y before the oatent fqr PSA hydrogen purification was awarded to 
Stark in 1967, anoth-er patent was filed by Wagner (awarded in 1969 3J ) that 
significantly extended the separatIOn capability, The concepts also applied to 
upgrading of reformer recycle gas, using a four-bed process, with a feed of 
about 77.1 % hydrogen and 22.5% CO2 with traces of other components. The 
process attamed an ultimate purity of 99.9999 + % hYdrogen and a recovery 
of 76.5%, using activated carbon and SA zeolite as the adsorbents In a 
compound bed. The operating conditions Included a preSSure range of from 
13.4 bar (200 pSla) for adsorption and 15 PSl3 for desorption and purging. 

C.2.1S Batta 

After thc patent applicatIOn was filed by Wagner In 1967 for PSA hydrogen 
purificatIOn, another was filed by Batta (awarded In 1971") that slightly 
nnproved the mherent recovery. Among the patented concepts were: upgrad--
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Illg of reformer recycle gas contalnmg about 75% hydrogen, attainIng an 
ultimate PUrltv of 99.9990/0 hydrogen and a recovery of 80%, and usmg a 
four-bed process with 5A zeolite or activated carbon as the adsorbent. The 
opcratmg conditions Included a pressure range of from 9.7 bar (145 DSia) for 
adsorption and 1 bar (15 psia) for desorptIOn and purging. A patent haVing 

similar chamS was awarded to Shell et a1. in 1974.52 

C.2.16 Batta 

Followmg UP on Berlin's patentS for oxygen separatIOn from air. another 
application was filed by Batta that slightly Improved the oxygen Duntv. It did 
not aUlte match the former patent"s recovery, but it employed a pressure 
ratIO of on Iv about .1 rather than 50 (or greater). It was awarded III J973.

53 

The general concepts claimed had heen discovered earlier for other Hp~lica~ 
tlOns. For examoJe, he suggested a four~bcd process, cocurrent hlowdown. 
and pressure equalization. These ideas allowed an ultimate PUrltv of 95 to 
96% oxygen and a recovery of 40 to 45% to be achieved, usmg SA or 13X 
zeolite as the adsorbent. The operatmg conditions Included pressures of 3.2 
bar (47 psia) for adsorptlOn to 1 bar (15 pSla) for desorption and purging. 

C.2,17 Fuderer and Rudelstorfer 

Until the mid-1970s PSA systems had generally conSisted of four paraliel , . M 
beds or fewer. Fuderer and Rudelstorfer, In a patent awarded In 1976. 
changed all that with a system of as many as ten paraliel beds. For that 
embodiment, the cycle comprised twenty steps, employing 54 timed valves, 
although any mdividual column oniy underwent 11 separate steps. !h.cir 
application was splitting hydrogen from ImpuntIes such as carbon dIOXIde 

and mtrogen, They gave specific pressures, step 'times. pressure ratios, and 
other process details. 

C.2.IS Munzner, Jiintgen, et aL 

One of the most Significant patents In the past 2 decades disclosed a process 
for separatmg nearly pure nitrogen from aif by exploiting a carbon molecuiar 
sieve (eMS) adsorbent III which the diffUSIOn rate differences of oxygen and 
nItrogen wefe dramauc. The ongmal patent was granted In Germany In 

1976.55 Patents were awarded to Munzner et al. III 197756
.
57 and to lu~tgen 

et al. 1981.'" whiCh were aSSigned to Bcrgwerksverband GmhH. The idea' and 
technology were no't radically new, Since eMS had been Introduced sepa~ 
rately in 1971,59 and Skarstrom J had already shown that kinetiC seD~ratlons 
were possible. The patent by Jiintgen et aI., however, showed SIgnIficantly 
better performance than the system of Skarstrom: 99.9% nitrogen at a 
recovery of about 40% versus 99% nItrogen at essentially nil recovery. A 
schematic diagram of the process IS shown 10 Figure CA. It is instructIve to 
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I 2 

Figure C.4 Flowshcct of the kinclIcs-bascd PSA apparatus suggested by Juntgcn 
et al. In 1979, which appeared in U.S. Patent No. 4,264,339 in 1981. This eQUIDment 
was deSIgned for spJiumg mtrogen from fur, usmg a carbon molecular sIeve.' 

notice the mmor differences between this process and the one suggested by 
Perley. 

C.2.19 Collins 

One of the less conventIonal patent applicatIOns was filed by Collins m 1975 
for PSA oxygen separatIon from air. The patent. awarded m 1977 34 sheds 
light on the deViations from Isothermal behaVIOr of relatively large diameter 
beds of zeolite (e.g., 30 cm diameter or larger). It shows that exoected 
recovenes often exceed those achieved tn such large columns due to de
pressed temperatures within the bed. Accordingly. it shows actual tempera
ture profiles alOng the bed aXIS dUring the PSA cycle. The primary contribu
tion was a means for suppressing the temperature deViations by insertmg 
aluminum oiates or rods tn the bed to conduct heat aXially. thus reducing or 
elimmatmg temperature gradients. 
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C.2.20 Sircar and Co-Worl,ers 

Several patents were awarded to Sirear and his colleagues 10 the span of 
1977-1988 that applied to hydrogen Durificatlon,W air separatJOn,9,lJ air 
Durification,61 splittmg reformer off-gas to get hydrogen and carbon dioxide, 
and recovering hydrogen and methane from hydrodesulfunzatlOn piant ef
fiuent.62

•
63 The key unifying feature of these patents was: two or morc sets of 

parallel beds were connected sequentially, and the sets usually contained 
different adsorbents 10 order to lsoiatc different component~ of the feed 
mIxture. They were also orchestrated to ensure that each oroduct was 
obtamect with as little power mput as practical, and that each byproduct was 
fully explOited hefore It was released. 

C.2.21 Jones, Keller, and Well. 

The patent by Jones, Keller, and Wells, which Issued In 1980,"" pushed the 
limits of fast cycling close to the limits allowed by fluid mechanics and valve 
dynamiCS (see Figure C.5). That IS, It employed feed step tImes of about 0.5 
to 2.0 s, and eXhaust times of 0.5 to 20 s. It also systematically exPlored the 
relations between bed length, particle Size, feed pressure, and adsorbent type 
on product Dunty and recovery. It covered several applicatIOns, Including air 
separation, splittmg nitrogen and ethylene, and solitting hydrogen from 
methane, carbon monoxide, and carbon dioxide. 

20) rf' 
19 I 8)---------

13 ~ 
V 

Figure C.S Flowsheet of the rapid PSA process suggested by Jones et aL m 1979, 
whiCh appeared in U.S. Patent No. 4.264,339 In 1981. This eqUIpment was deSigned 
for splittmg oxygen from air. uSing a zeolite molecular sieve. It employed smaller 
particles and exploited pressure waves that propagate along the aXIs by coupling flOW' 
and pressure shifts in a synchronous way. Two relatively pure products are Droduced, 
and the adsorbent oroduclIvlty IS high. 
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C.2.22 Kumar "t al. 

One 'of the more difficult separatIOns among atmosphenc gases IS to split 
argon from oxygen. This is due to nearly identical adsorption isotherms that 
these components exhibit with most zeolites. Kumar et aI., who filed in 1982 
and received a oatent in 1984,19 approached the problem of purifying argon 
containing rnmor amounts (e.g .• less than 10% each) of nitrogen and oxygen 
by first removing the nitrogen Via zeolite, then removing oxygen usmg carbon 
molecular sieve. Essentially, they used iooseiy coupled PSA systems 10 which 
[he product of the first was the feed to the second. Followmg similar 
reasoning, HaYBshi ot al., who filed in 1983 and were awarded a patent in 
1985,21' were able to split alf to obtam both high-purity oxygen and argon. 

C.2.23 Wiessner and Bolkart 

A subtle variatIOn, on the technique for recovenng the most strongly adsorbed 
components from a mixture was suggested by Wiessner and Bolkart in 1988.65 

They allowed blowdown to an intermediate pressure, then purged the resid
ual heavy component. SubseQuently, they compieted blowdown, and as an 
ootIOn purged agam. This allows a valuable component to be recovered at a 
moderate pressure, above the mInImUm pressure In the PSA cycle, allowmg 
higher overall recovery with minimal recompression cost. It could also permit 
a moderately adsorbed component to be removed prior to dropping the 
pressure sufficiently to desorb a more strongly adsorbed comoonent. 

C.2.24 Tagawa et al. 

An exampie of the refinement that IS prevalent In recent PSA patentS was 
given by Tagawa et al. In 1988."' They compared three different methods for 
pr~ssure eqUalizatIOn, In a process to split oxygen from air using SA zeolite. 
Their optIOns inCluded; (1) from the product end of one column to the feed 
end of a parallel column, (2) from the product end of one column to the 
product end of a parallel column, and (3) from the feed end of one column to 
the feed end of a parallel column. They state that the first IS m the pnor art. 
They aiso claim that (2) and (3) can be conducted Simultaneously. 

C.3 Concluding Remarks 

To close this appendix, some comments are appropriate. First, a few overall 
ImpreSSIOns are given about specific patents and ohases that they seem to fall 
into. Then a few comments are made about the relation of this appendix to 
otller parts of this book. 

First, It IS remarkable that the baSIC ftowsheet for PSA has been in tl)e 
public domam for over sixty years (cf. Figure cn, yet some aspects are still 
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not perfectly understood. In additIOn, It has been: pos&ible to secure patents 
with equivalent ftowsheets even m the 1980s (cf Figure C3). Those facts 
speak volumes about the subtleties ,"volved m PSA. 

In one of the very first disclosures of PSA concepts, Finlayson and Sharp2 
made some suggestIOns that now might be thought of as mundane, but were 
truly farsighted at the tIme. For example. they gave a detailed example of a 
smgle PSA system bemg used to alter the ratio of hydrogen and carhon 
monoxide in water gas from about 1 : 1 to 9: 1, 2: 1 and J : 8, respectlVcly, for 
subsequent syntheSIS of ammOnia, methanol, and aliphatiC acids. They also 
recognized actlvatcd carbon and silica gel as promiSIng adsorbents. Finally, 
they suggested that, "nitrogen, hydrogen, oxyge'n. carbon monoxide, and 
methane" were candidates for purification by PSA. Even though these 
applications were suggested over 60 years ago, the :rSA hydrogen purificatIOn 
(the easiest of the group) did not become praCtIcal on a commerCial scale 
until the late 1960s. Similarly, separation' of either relatIVely pure oxygen or 
mtrogen from aIr did not become commercially viable until the (ate 19705, 
and splitting carbon monoxide and methane from contaminants oniy hecame 
mOderately successful in the late 19805. Despite the achievements of modern 
technology, Improvements in all of the applicatlOns are still bemg sought. 
One wonders what, if Finiayson and Sharp were with us today, they would 
expect to be possible VIa PSA 60 years from now. 

In vIew of the incremental nature of Batta's patent in 1971,51 it could be 
though of as a sort of turning POInt, at least for hydrogen production. It 
seemed to mark the passage from dramatic mnovatlOns III which substantial 
improvements over pnor art were claimed, to an onslaught of mmor refine
ments of existmg cycles. A SImilar turnmg pomt :occurred -for PSA oxygen 
productIOn in the eariy 1980s. That IS not to say that mnovatlons ceased. It 
was Just that most of the "obvIOUS" modes of PSA operatIOn had already 
been discovered, if 'not perfected. 

Most of the topics covered in this book are based on mathematical models, 
although In some Instances eXDenmental verificatIOn is mentioned. Con
versely, this appendix: covers the main repository of ongmal id"eas related to 
pressure swing adsorption cycles, and apparentiy none of them depended on 
mathematical models to reach fruition. This is not' to say that some may not 
have achieved more resounding success jf an adequate mathematical model 
had been available. It may be worthwhile to consider, for a moment, the 
remforcing aspects of the patent literature and the conClusions obtamed 
independently, though much later, Via mathematical models. 

For example, there are SIgnificant distinctIons (n the ways m which even 
the Simplest steps can be accomplished. From a theoretical pomt of view, 
Section 4.6 shows that oressUflzatlon with product is Virtually always supenor 
to pressurization with feed. That POint IS made as strongly, if not as 
succinctly, in patents by different methods of pressure equaiiz(JtJOn, as 
illustrated by the references listed," Sections C.2:8 and C2.24. SDecifieally, 
when the purified product from one column IS used partially to pressurize a 

ill 
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parallel column by Interconnecting the product ends, it IS possible to obtain 
more high-Quality product than when the feed ends are mterconnected. 
Another POIOI that was made 10 Section 4.4.4 was that simultaneous depres
surizatIon and production always Improves recovery over isobaric production 

or simultaneous pressurizatIOn and production. Accordingly, In patents the 
concepts of cocurrent blowdown either IOta a parallel bed (in tandem with 
the concept of pressurization with product and pressure equalization topic 
mentIOned previously) or to ohtain the light product has also appeared In 

several forms, as discussed In Sections C.2.5, C.2.9, and .c.2.16, to name a 
few. Finally, the idea of a nnse step was discussed m Section 4.4.5 from a 
theoretical perspective. That section showed the advantages in terms of 
recovery that could be realized by adding that step. Long before that theory 
was conceived, however, the idea of the rmse step had been Invented and 
reduced to practice by Basmadjian and Pogorski'" (cf. Section C.2.!1). They 
and several others have used it as a means for recovering the heavy compo
nent(s) or recycling unadsorbed feed. In view of all that, it 18 clear that the 
results-of mathematical models reinforce.what has already been learned In 

practIce. With that In mind, It is promising that such models could provide 
guidance for lmprovmg performance of eXIsting PSA cycles, --and for movmg 
efficiently towards neariy optimum conditions for new cycles. 
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MacroPorc difTuslOn. 36 .. 45 
Mass transfer modcis, 1 HO 
Mass transfer reslstancc, 55 
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Membrane, 289 
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modules, 295 
process, cascades for, JOL 302 
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Model, 
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Recovery, See also lndividunl ga~cs 
effect of dead composition, 109. 112 
effect of dead volume. 131 
effect of pressure, 109-32, 142 
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Dunty profile, 301 
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surface, 42, 49 
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effect of temperature. 293 
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LDF model, 184-91 
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Spreading pressure, 28 
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Thermal wave, 63 
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