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1. Introduction

Adsorption is considered complicated, compared with distillation, absorption, and extraction.
Just because the subject is perplexing, however, is no reason to avoid it. Hence, thisarticleis an
overview of taking a separation application from basic dataand conditionsto apreliminary design.
Theaimisto give simple, sep-by-step proceduresfor designing ordinary adsorbers, aswell asbasic
pressure swing adsorbers and temperature swing adsorbers. As background information, an
introduction to adsorbents, their characterigtics, and adsorption technology, ingenerd, appeared in
the other article, “ Adsorbent Selection.”

Some of the methods mentioned here are semiempirical, while others rely solely on first
principles (solutions of differential mass balance equations) with no adjustable parameters. All the
modelsfeatured here require only acalculator to solve. Thebiggest constraint, however, isthat the
basic properties required for simulation or design are not widely available, e.g., in handbooksor in
property databases. Unfortunatey, the morefeaturesamodel takesinto account, themore adjustable
parametersarerequired, and themoreexperimental dataare necessary to evaluatethem, asexplained
below. The good news isthat, with arelatively simple model and minimal data (described in the
next section), one can get to an approximate design in the span of afew minutes.

To account for complex phenomena that may be encountered in adsorbers, requires more
rigorous mathematical models than those discussed here. Those models employ more esoteric
parametersand requiresubstantial datato validatethemodel and evaluatethe parameters. Generally,
to cope withthose it would be desirable to have a documented and user-friendly software package,
acomprehensive database, and afast PC or workgtation. Evenwith suchtools, inordinate effort may
be required because to “predict” mass transfer rates, deviations from plug flow, heat effects, and
other aspects, may require days, weeks, or even months of experimental effort. Even when the
situation requires such a staunch effort, it may be prudent to start with a simple model using
bounding assumptions and associated datain order to bracket the solution. The key isto recognize
the characteristics of asituation and to apply amodel that isneither unnecessarily complicated nor
one that is oversimplified. That boils down to applying only assumptions which are known to be
valid so that the results will be reasonably accurate.

Many assumptions can be forced to be valid by proper design, but others require caution.
Order-of-magnitude analysis can often help sort out the effectsin order to make that decision. For
example, most simple models assume isothermal conditions. On the other hand, if an application
involvessignificant heat of adsorption, or if the operating temperatureissignificantly different from
ambient but the vessel is not adequately insulated, then it is prudent to account for heat effects. To
illustrate, temperature shifts of about 20°C are common in pressure swing adsorption (PSA) air-
drying and oxygen-separation (from air) systems. A shift of that magnitude does affect air drying,
but does not affect oxygen separation for small units, though theeffect on largeunitsis significant.
So, it is not enough to assess the effect; one should also assess the impact on performance while
accounting for synergistic effects. In someinstances, those effects may not be so obvious. Perhaps
themost notorious caseisthetendency of ketonesto polymerize uponadsorptionin certain activated
carbons. The heat released has caused bed fires. To minimize risks, deluge systems are installed
with carbon monoxide detectors that indicate smoldering combustion, so that today such accidents
arerare.



2. Necessary Data

Certaingeneral propertiesof adsorbentsareinvolved in all adsorber design calculations. They
can virtually never be predicted, but must be measured. In fact, vendor-supplied charts and tables
are sometimes available, but are seldom guaranteed to be valid for design purposes. Inthose cases,
measurements may be judtified, too. The necessary properties are densities and void fractions,
isotherms (or other equilibrium data), kinetics, and fixed bed dynamics. Thesefactorsareintimately
involved in adsorber models, which are coveredin the next sections. In addition, though not strictly
aproperty, cost isinvolved in every design decision.

Frequently, rough values of density or arange of nominal values areavailablefrom thevendor.
Likewise, cost data are available as afunction of quantity and required pretreatment, if any. Most
vendors provide additional generic properties. If the potential sale is significant, they may even
produce data. Otherwise, data for density, isotherms, and kinetics, might be found in books or
monographs(e.g., Vaenzuelaand Myers, “ Adsorption Equilibrium DataHandbook,” PrenticeHall,
1989; Dobbsand Cohen, “ Carbon I sothermsfor Toxic Organics,” EPA-600/8-80-023, 1980), journal
articles (see, e.q., Adsorption, AIChE Journal, Chemical Engng. Science, Industrial and Engng.
Chem. Fundam., Journal of Colloid and Interface Science, Langmuir), graduate research thesesfrom
university libraries, or the world-wide web. Despite the spectrum of sources, it israreto find the
correct combination of adsorbent-adsorbate-temperature, range of data, lot number, pretreatment
conditions, etc. As aresult, those resources may be considered risky. Alternatively, you might
arrangeto conduct the measurements, either yourself or by someoneelseinyour firm. Finally, since
the tests are sometimes tedious and require special apparatus, you might arrange to have tests
conducted by an independent firm. They frequently offer unbiased evaluations of adsorbents from
various vendors, skill in conducting and analyzing the tests, and since they perform such
measurements routinely, they are likely to be cost effective.

Densities and Void Fractions

Three densities are rdlevant: bulk, particle, and solid, represented by pg, pp, ps, respectively.
Likewise, there are four pertinent void fractions, ez, ¢p, €5, and . The first three have the same
associations as the densities having the same subscript. Thelast one, ¢, isthe overall void fraction
in the bed of adsorbent. They arerdated as. pz=(1- e5) pp=(1-e5)(1-ep) ps= (1- ¢ ) ps.

The bed or bulk density is the mass of adsorbent in a specific volume. This can be measured
simply using a graduated cylinder. Particle density isthe mass of adsorbent per volume occupied
by the particle. Thisisaccurately and easily measured for true cylindrical pellets and beads, but is
more difficult for distorted shapes and granular materials, though proprietary methods exist for
obtaining accurate values even for those. Solid density is the mass of the adsorbent adsorbent per
volumeoccupied by the particle, but with the poresdeducted. 1t ismeasured by immersing aknown
amount of adsorbent inaliquid of known density and known total volume, then measuring thetotal
mass. In this case, the characteristics of the liquid may dramaticadly affect the resulting value,
becausethe liquid molecules may or may not be able to penetrate certain poresin areasonabletime
dueto steric reasons or surfacetension. The gregter the fraction of pores penetrated, the greater the
apparent solid density.

Why be concerned with these for design purposes? There are several reasons. First, most



isotherm data are published asloading per unit mass, which isfine for determining total adsorbent
cost, since prices are quoted per unit mass. Conversely, to determine the vessel dimensions from
the necessary amount of adsorbent, or vice-versa, requiresp,. For pressure drop caculations, the
relevant void fraction ise, since the fluid in the pores of the adsorbent isusually considered to be
immobile. In contrast, for material balance equations, thefluid in the pores of the adsorbent cannot
be ignored, so the relevant void fraction ise.

Isotherms

Adsorption equilibrium data are commonly gathered at a fixed temperature and plotted or
tabulated as capacity or loading versus the fluid-phase concentration (or partial pressure for gases
and vapors). In that format the data comprise an isotherm. AS mentioned earlier, adsorption
capacity governs the capital cost because it dictates the amount of adsorbent required, which also
fixes the volume of the adsorber vessdls. Information about the general nature of isotherms and
about the multitude of equations that are used to fit data can be found in the previous article
(Chemical Engng., Nov. 1995). Some will be repeated here. For example, Figure 1 shows
classifications suggested by Brunauer, Deming, Deming, and Teller, i.e., Types|-VI. Typesl, II,
and IV represent “favorable” equilibrium (concave downwards), while Types I11 and V represent
“unfavorable” equilibrium (concave upwards). Type VI hastwo regionsthat arefavorable and two
that areunfavorable. Furthermore, TypeslV andV exhibit hysteresis, which occurswhen desorption
occursaong adifferent path than adsorption, e.g., asaresult of liquid-filled pores, and impliesthat
uptake and release may be slow. For al that, only Type | adsorbents, over the range of relevant
conditions, are generally suited to cyclic applications.

Standard measurement methods are available, e.g., ASTM D 5919-96, MIL-D-3716B, and
ANSI/AWWA B604-96. The International Adsorption Society is developing a broad range of
standard methods and has selected agroup of sandard adsorbent materials, which will be available
through the National Institute of Standards and Technology.

| sosteres are an aternate form of equilibrium data, and are plotted on axes chosen so that they
appear to be approximately linear to make interpolation and extrapolation easier. For example,
partial pressure, dewpoint, or some other form of concentration is plotted versus temperature or
inverse absolute temperature at specific extents of loading, usually as mass percent. A specific
exampleisshown in Figure 2. The notations on that illustration are used later to explain aspects of
termperature swing adsorption (TSA) gas drying.

A few common equations are preval ent for sizing conventional adsorbersand PSA units. They
can accept any form of concentration, C, for thefluid phase, e.g., having unitsof mol/m?, Ib/ft3, ppm,
etc., or other convenient units, e.g., partial pressure of a vgpor or gas. Likewise they can fit any
adsorbent loading, n*, e.g., having unitsof mol/m?, [b/ft3, Ib/100 Ib, etc. Generally, the parameters
A and B are purely empirical. In addition, we will illustrate how adsorption isosteres (partial
pressure versus temperature, for fixed loading) can be used to size TSA units.

The simplest equilibrium isotherm expresses loading as proportiona to the fluid-phase
concentration, and thisresultsin Henry’s law.

nt=40C (1)



In contrast, the Langmuir isotherm accounts for surface-coverage. That is, when the fluid
concentration is very high, a monolayer forms on the adsorbent surface, having aloading of A/B.
For some systems, the apparent level of saturation may represent multiple adsorbed layers.
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¥ S h 2
r 1+ 5 C (2)
The parameter, 4, isreferred to asthe Henry’ s law coefficient, sinceit isthe slope of the isotherm
at zero coverage. The Freundlich isotherm isthe result of fitting isotherm datato alinear equation

on log-log coordinates. It is probably the most commonly used isotherm equation, despite being
“thermodynamicdly incongstent,” in that it does not have afinite Henry’ s law coefficient.

nt=4 (3)

One should be careful in choosing the form of an isotherm equation to fit agiven set of data
because there can be a substantial impact on calculations of fixed bed adsorption. When column
performanceisanalyzed, someengineersfeel itisacceptabletouseany isotherm that fitsthe general
trend of the data. Conversely, we have found that the precise shape of the isotherm, aswell as heat
effects, can affect the shape of abreakthrough curve. Frequently, such effectsareunfairly attributed
to “mass transfer” or “dispersion.”

Selectivity describes, in the smplest possible form, the nature of multicomponent equilbria.
Some common definitions are:
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Thevariables, x; andy;, aremolefractionsin thefl ufd and adsorbed phases, respectively. Thelatter
areimpractical to measure but can be calculated. The advantage of egs.(5) and (6), which apply to
Henry’slaw and to the low concentration limit of the Langmuir isotherm, is that they are constant
at agiven temperature. Conventionally, component “i” is more srongly adsorbed than component
“j.” Inthat case, « and «’ vary between unity and infinity, as doesrelative volatility, whilep varies
between zero and unity. When discussing selectivities, it is agood idea to specify the definition,

or to speak of “good” or “bad” instead of “large” or “small.”

Kinetics

Masstransfer kinetics is a catch-all term related to intraparticle mass transfer resistance. Itis
important becauseit controlsthe cycletime of afixed bed adsorption process. Fast kineticsimplies
asharp breakthrough curve, while slow kineticsleadsto adistended breakthrough curve. Theeffect
of adistended breakthrough curve can be overcome by adding adsorbent at the product end, or by
increasing the cycletime (which reducesthethroughput per unit of adsorbent). Both of these options



increase the amount of adsorbent required. To compensate for slow diffusion, it is also possible to
use small particles, but there is a corresponding sacrifice due to increased pressure drop.

Intraparticle diffusion is characterized by an effective diffusivity, D, ;=D g ep /= (Where D 4,
=adsorbatediffusivity inthefluid, ¢ , = particlevoid fraction, and « =tortuousity). Itisusedto assess
the diffusional time constant: ¢ */D,,;, where: (=particle radius (for a sphere or cylinder shape) or
half-thicknessfor aslab. That parameter is used with elapsed time, ¢, to define the dimensionless
time: D, /0. For example, theinitia response (D, #0°< 0.4), and final response (D, ¢0°>0.4)
of a spherical particle to a sudden change of composition, respectively, are approximated by
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where the C,, C;, and C, represent the initia, final and instantaneous values of concentration
averaged over the particle. From these approximations we can seethat when D, #/1* exceeds unity,
what was going to happen is largely complete. Thus, when searching for an effective (fast)
adsorbent, it isusually asafe bet to choose one having alarge diffusivity, asmall diameter, or both.
Other concerns may overrule the selection of small particles, as mentioned later.

Fixed Bed Dynamics

Interstitial mass transfer in fixed beds isimportant for designing many adsorbers. According
to Mass Transfer by Sherwood, Pigford and Wilke (McGraw-Hill, 1974), virtually all datafits one
equation, for both gases and liquids. The correlation employs the Colburn-Chilton j-Factor, j,=(k
/v,) 8¢’ (whereSc=y /p D, ) and the Reynolds number, Re=p v, d, / n :

jp = 1.17 Re %% 10 < Re < 2,500 (82)

Alternatively, the Y oshidaet a. (4/ChE J., 8,5 (1962) correlation appliesto even lower flow rates:
jp = 091 gRe' ' Re < 50 (8B)

where the modified Reynolds number isRe’ =p v,/ u v a;, a=interfacial arealvol.=
6(1-¢ )/d,, and y = particle shape factor (=1.0 for beads, 0.91 for pellets, and 0.86 for flakes).

We are primarily interested in the fluid-to-particle mass transfer coefficient, & . It is mostly
governed by the fluid properties (density, p, viscosity, u, and diffusivity, D, ) and superficial
velocity, v, (=0/ A.,, where Q isthe volumetric flow rate and A, isthe cross-sectiona area of the
empty bed). Equation (8A) depends only on one adsorbent property, the particle diameter, d,. As
can be seen, k « d,” "*"°, so for agiven fluid and flow rate, a 10-fold reduction of the particle
diameter would lead to only a3-fold increase of the masstransfer coefficient. Conversely, al0-fold
velocity increase would lead to a 4-fold increase of the mass transfer coefficient. Equation (8B)
dependson vy, ¢, and d,, but the dependence on particle diameter isk « d, %/, which is practicaly
the same asfor eq. (8A).

Generally, alarge value of k isgood, but not at the expense of high velocity, v,, not because of
pumping or compression costs, but because thetime of exposurein eq. (7) isinversely proportional
to velocity. Thus, the faster the fluid is flowing, the less time the adsorbent has to respond.



The other major factor of bed dynamics is pressure drop. Most adsorbers are designed to
operatewith relatively low pressure drop, because large particles are used when ever possible, and
because the velodity is typically low to allow equilibration of the fluid with the adsorbent. In
addition, asmall L/d,,, |leadsto low pressure drop.. Conversely, achieving good flow distribution
and low dead volumeimpliesalarge L/d,,,. The most common equation that relates pressure drop
in afixed bed to the conditions and parameters is the Ergun equation:

1- ,ov2 1-
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where the Reynolds number is as above, and the bed void fraction ise;. Generally, pipes, valves,
and fittings pose as much of aflow redriction as the pressure drop in the bed of adsorbent.

3. Conventional Adsorber Modeling

The primary goal of conventional adsorber modeling is to predict or correlate breakthrough
behavior. Oddly, thephenomenaarewidely different for uptake (i.e., exhaustion, loading, or ssmply
adsorption) versusrelease (i.e., regeneration or desorption). Examples of both are shown in Figure
3. Typicdly, people are more concerned about the uptake step, so most models focus on that.

Local Equilibrium Model

Now that the basic concepts are sorted out, we can examine the effects of conditions and
parameters on adsorber behavior. This section presentsabrief overview of the simplest method for
doing that, called alocal equilibrium model. Thistype of model neglectsall formsof diffusion, and
produces results that are useful with extreme ease (compared with other more sophisticated
methods). Furthermoreit appliesto any isotherm form, and can be used for uptake or regeneration.

Before delving into that, it might be helpful to look at the basic equation, because some of the
termsthat represent adsorbent propertiesappear init. The material balance equation for solute“A”
is:

oC on oC 3t cC
A+(1—8)ps 4+ ev—4-D 4 (10)
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where: e=overd| bedvoidfraction, pg=solid density, C,=solute concentrationinfluid, n ,=adsorbent
loading (averaged), v=interstitia velocity (v,=superficial velocity=e v), and D,=axial dispersion
coefficient. If the column is designed to eliminate flow maldistribution and dead-volume, the last
term can be made negligible. Among these terms, the solid density and void fraction are inherent
propertiesof the adsorbent, asisadsorbent |oading but it a so dependson other operating conditions.

&€

Thelocal equilibrium assumption basically saysthat there should be no concentration gradient
withinaparticle or in the film surrounding a particle. Thus, the solid respondsinstantaneously: n,,
~n* at agiven position and time. Aswe haveseenin egs. (7) and (8), thisimpliesthat the particles
are small or that the diffusivity islarge. Thisleadsto the simplest possible set of equations, and in
virtually every case, the solution shows the best possible performance of an adsorber. The solution
to eq. (10) yields the velocity of constant composition:
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which can be used to evaluate breakthrough curves for regeneration.

A redlistic breakthrough “curve” for uptake requires knowledge of mass transfer resistances.
If theresistances are very small, thebreakthrough front approaches a step change or a“ shock wave’
from the initid concentration to that of thefeed. The speed at which it moves is most important,
because that relates the amount of adsorbent to the amount of material processed. To estimateit
involves the material balance in differenceform, similar to eq. (10):

Ac, An, AC,
& + (1-¢ — +ev——| =0 (12)
At o+ ¢ ) s At : Az !

Letting: v, =az/At (the velocity of the step-change), AC,=C, - C,, an", = n", - n"; (where the
subscripts h and  refer to “high” and “low,” respectively), and rearranging gives the shock wave
velocity:

vS
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Toillustrate, for afeed concentration of C,, = C,,,, and theinitial column contents at C,=C,,;, ~0,
the Langmuir isotherm gives:

AC, AC
An* 1+BC, 1+BC A (14)

AC C,-C (1+BC)
Theided breakthrough timeist;,=A ty,, and it may be evduated as follows:

An,

= = |e+ p = (15)
AC, | v, AC, | 0
where Q isthevolumetric flow rateand V,,,isthe volume of the adsorbent bed (=L A4,,). Thisresult
applies to any favorable isotherm. It isrestricted to isothermal plug flow with a constant fluid
velocity. For uptake of amgor gas component, allowance should be made for velocity variation.

L An, Vs

At = |e+ o
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Equations(7), (8), (9), (11), and (13) or (15) are elementary and each reveal s an aspect of how
properties and conditions affect performance.

Empirical Models
Empirical models require much experimental dataand/or experience, sincetheir resultsrely on



fitted parameters. Asaresult, when conditions or materials change much, the predictions become
proneto error. Anexampleof that type of method isthe Length of Unused Bed (LUB) approach that
was suggested by Collins (4IChE Symp. Ser., 63, (74) 31(1967)). Itinvolvesobservationsabout the
mass transfer zone (MTZ), so experimental data are required. The concept assumes that the
transition of concentration from that of the initial contents to that of the feed is due solely to mass
transfer resistance. That method is unreliable for scale-up and when conditions vary widely.
Therefore, no more will be said about it here.

The Wheeler - Robell equation (J. Catal., 13, 299 (1969)) is an empirically “corrected” local

equilibrium model. Like other smple models it neglects axial dispersion. Unlike most other
equation-based models, however, it applies to any isotherm form.

k, CAFQ
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where k, and n*, ,, are adjustable. Wheeler & Robell recommended judging n*, ,, from
breakthrough data or from an isotherm. Discrepancies can arise due to ignoring fluid in the
interstices. The equation can be modified by determining n*,,, from breakthrough data or by
predicting it via the local equilibrium model using isotherm data, such that¢,, = C,/ C,, = 0.5.
The latter approach leadsto the following relation for the effective capacity of the adsorbent:

CAF Q tpr

*

n, = (17)
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The result of inserting the local equilibrium model is:
k, - 0.693/ 6
— ¢k, 0
_ egB+anA/CAF (18)
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wherethe “empty bed contact time’ ise = A5 L/ Q , inunitsconsistent with k, . Therestrictions
aswritten are: to uptake in aclean bed of adsorbent, and only to C, / C, .= 0.5. It could be extended
to an arbitrary (but uniform) initial condition.

Analytic Models

There are several analytic models, and they are generally quite restricted, e.g., to isothermal
uptake with clean adsorbent obeying asimple (Henry or Langmuir) isotherm, but they can account
for awide variety of mass transfer resistances.

TheHougen - Marshall model (CEP, 43, 197 (1947)) employsaHenry'slaw isotherm, assumes
that film diffusion resistance predominates, and neglects axial dispersion. Inthelast case, the rate



equation needed for eg. (10) is:

on .
(l—s)psa—:=keffai(CA—CA) (19)

where k,; is the effective mass transfer coefficient and a; isthe interfacial areaper unit volume of
the adsorbent. Theresult isarelatively involved equation to predict the breakthrough curve:
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A - J(n,0) =1- ;e 0L (i) ag (20)
CAF 0

where the isotherm slope, 4, and other parameters are combined as:

k. .a
T = eff (t -2z/v) (21)
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= iIscommonly called the “dimensionless time” and ¢ is commonly called the “ number of transfer
units.” The effective masstransfer coefficient, k,;, can be estimated using the Chilton - Colburn j-
factor to account for the dependence of flow rate, diffusivity, etc., asin eqg. (8A) or (8B). Thevalue
can be further adjusted to reflect restricted diffusion in the pores, asand k= k / T, where T is an
apparent tortousity factor that lumpsthe fluid phase resistance (film diffusion) with theintraparticle
mass transfer resistance.

Theintegrationisinvolved, so J(z,¢) isnormally evaluated using approximations suggested by
Thomas and Klinkenberg, first for < ¢ > 36:

- 1 e (VI-VaY
J(L,t)==[1-erf(JT- )]+ (23)
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and for < ¢ > 3600:
J'(c,ne%merf(ﬁ—ﬁ)] (24)

Note that erf(-x) = -erf(x), and that erfc(x) = 1 - erf(x). An approximation for erf(x) is:
erf(x) = 1-(Ag+ A, 02+ At%) e (25)
wheret=(1+A4, x)', and the parameters are: A, = 0.34802, A, = -0.09588, A; = 0.7478556, and
A,=0.47047. For example, erf(1)=0.842701, while the equation above predicts 0.842718.

The Thomas model (JACS, 66, 1664 (1944)) issimilar to the Hougen - Marshal model, except
that it incorporatesthe Langmuir isotherm. It ispresented hereintermsof film diffusion resistance,



but it can employ intraparticle diffusion or kinetic resistance. Its parameters are:

A = ko a; Cp

(1-¢) pn'(Cp Q

wherek, isthe effective masstransfer coefficient, adjusted to account for restricted diffusioninthe
pores using an apparent tortousity, ¥, and

(26)
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wheren, / n*(Cy) =~ 05 if r* <1, or 1/( r*+1) if r*>1, according to Hiester and Vermeulen, and
wherer*=(1+B C, ).
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Thefind result is
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Under the asymptotic conditions cited previoudly, the Klinkenberg approximations are valid.

4. Temperature Swing Adsorption Design

It ispossibleto design temperature swing adsorption (TSA) systemsto handl e either gas-phase
or liquid-phase mixtures. Gas-phase TSA systemsarerelatively prevalent, mostly because of their
popularity for drying. In contrast, liquid-phase TSA systems are relatively rare, though they can
produce solvents of very high purity. An obscure but widespread example of agas-phase TSA unit
is built into some mufflers that protects against corrosion. They have a perforated cage that holds
asmall amount of zeolite, which adsorbs moisture as it cools when the car is shut-off, preventing
acidic gases from condensing and corroding the metal. The moisture subsequently desorbs when
the car isrestarted and the zeolite is heated by the hot combustion gases. Determining the amount
of zeolite necessary for that application requiresthe same stepsasdesigning agasdryer for aprocess
application. In fact, gas-phase TSA applications besides drying can be andyzed by the same
methods using a different measure of adsorbate content than dewpoint temperature.

Generally, TSA systems are designed astwo identical, parallel beds that operate 180° out-of-
phase. Generic design decisions involve the cycle time, steps, flow directions, regeneration gas,
operating conditions (temperatures, flow rates, etc.), and of course vessel dimensions.

For TSA gas drying, graphica methods can be used to determine the regeneration gas
temperature, T,. Subsequently, the amount of desiccant required can be found from a material
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bal ance, taking into consideration step timesinthe TSA cycle. Toaccomplishthefirst step, wewill
assume the following information is given: feed drybulb and dewpoint temperatures, 7 and T, ,
respectively, the product dewpoint temperature, T,,,, and the regenerant dewpoint temperature, Ty
»- Thelast value depends on whether it is desired to use heated feed gas or a portion of the dried
product gasto regenerate. We will consider both. Once that choice has been made, isis possible
to layout a flowsheet, then to establish equipment specifications.

| sosteres, such as those shown in Figure 2 for silicagel, can be used most conveniently. The
final loading achieved by regeneration is the lowest loading encountered during adsorption.
Therefore, we must begin at theintersection of 7,, and T (labelled point @ in the figure), which
determines the relevant limiting isostere (interpolated, if necessary). Choosing T,,, aso setsthe
isothermal working capacity of the desiccant, i.e., the loading change between the exhausted and
regenerated states at the specified dry bulb temperature, found by moving from point @ verticaly
to T, on the ordinate, which islabelled point @. In fact, the entire bed of adsorbent cannot reach
this condition unless breakthrough is complete, but alowing that would contaminate the product.
Thus, true operation stops short of that point, which means a safety factor must be added to the bed
size.

First, consider the casein which feed gasis heated and used to regenerate the bed. From point
@, we merely move horizontally to intersect the original isostere, labelled point ®, then move
verticdly to the abscissato read the required regeneration temperature, T,. Animplicit assumption
in this procedure is that sufficient feed gas is admitted to cool the bed back to T, prior to
approaching breakthrough at the product end. The path taken during the cooling step is along the
relevant isostere.

Second, consider the casein which dried product gas will be heated and used to regenerate the
bed. From point @, we movediagonally to intersect the original product dewpoint temperature, T
., labelled point @, then move vertically to the abscissa to read the required regeneration
temperature, Tx. Animplicit assumption in this procedureisthat sufficient feed gasis admitted to
cool thebed back to T prior to approaching breakthrough at the product end. Thepath taken during
the cooling step isviewed as being horizontal back to point @, but the true path has a positive slope,
implying that an even lower T,,, can be achieved.

Theamount of adsorbent required can be estimated from amaterial balance, following eg. (15).
It requires the feed step time, ¢, adsorbent properties, and the loading shift from initial to final, A
n*,, based on the difference between the feed and effluent concentrations, A C,:

t
Vads = L
An; (31)
E +
% Ac,

In this equation, the capacity in the interstitial voids, represented by e, is frequently negligible.

For both process concepts, sufficient hot gas must be admitted to heat the bed to T, , and that
can be approximated by an energy balance. A rule-of-thumbisto add the enthal piesrequired to heat
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the adsorbent plus the column wadl (if not internally insulated) from 7. to Ty, plus the enthal py of
desorption, then multiply the sum by 2.5. Certain desiccants have a minimum 7, that is required
to be effective, e.g., 200°C (400°F) for activated alumina. Another rule-of-thumb is to use 30 to
50°C (50 to 100°F) above the highest boiling point present.

Therearetwo major advantagesto regenerating with flow countercurrent to thefeed. First, the
hot regeneration gas initially contacts the desiccant layer at the outlet end of the bed, which
determines the final dewpoint during adsorption. Thus, this layer is regenerated to the maximum
possibleextent. Second, the adsorbed water, which ismost concentrated at the feed end, leavesthe
bed viathe shortest disance. Thus, the total heat demand and required time are aslow as possible.
Conversely, co-current (to adsorption) regeneration requires bed inlet temperatureswhich are 20°C
(or more) higher than for countercurrent regeneration to obtain the same product dewpoint, based
on equal times, flow rates, and amounts of adsorbent.

It is advisable to use an inexpensive and thermally stable regeneration gas, e.g., air, flue gas,
or nitrogen. For many gas processing applications, it is advisable to use asmall slipstream of feed
or dried product for regeneration rather than atmospheric gases, so as not to jeopardize product
purity. For instance, natural gasdrying units are regenerated with asmall slipstream of natural gas,
which is recycled upstream of the adsorption unit.

To regain the original adsorption capacity after heating the adsorbent bed, it must be cooled
practically to the feed temperature. For dilutefeeds, the feed itself may provide sufficient cooling
capacity. If necessary, cool regeneration gas is used for cooling. If concentrated feed is used,
cooling hasto be carried out co-current to adsorption. Otherwise the adsorbent layer at the product
end will be pre-loaded. Such pre-loading will significantly reduce the achievable product quality,
aswell as reduce the effective working capacity.

Cooling countercurrent to adsorption generally leads to product quality problems, unless
recycled product isused. During cooling thetemperature profile generally movesfaster through the
adsorbent bed than the masstransfer zone. If the bed temperatureis much warmer than the operating
temperature during adsorption, a spike may appear at the beginning of the adsorption cycle. The
duration of that spike reflects the time until alength of cold bed is reached which allows a proper
masstransfer zoneto establish. Modest product quality requirementsand/or low cost TSA unitsmay
use short cooling steps (or none), accepting the negative aspect of large spikes that occur, besides
the fact that the initial product gas is warm.

5. Pressure Swing Adsorption Design

Generally, PSA systemsaredesigned astwo or moreidentical, parallel bedsthat operate out-of -
phase so that feed can be admitted to at |east one of the beds continuously. Generic design decisions
involve the cycle time, steps, flow directions, operaing conditions (flow rates, pressures, etc.) and
of course vessel dimensions.

Only an overview of PSA design can be given here. The topic is covered in more detail by

Ruthven et al. (Pressure Swing Adsorption, VCH Wiley, 1994). We will use the results of the
simplest local equilibrium model to predict PSA performance. The advantage of this simple model
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isthat few choices are necessary: the steps comprising the PSA cycle, operating conditions (feed
composition, pressures, and step-times), and eval uate theselectivity. Fromthat point, themodel can
predict overall performance in terms of : flow rates, product recovery, byproduct composition, and
power requirements. For purposes of illustration, we will consider only the 4-step cycle shown in
Figure 4, which employs pressurization by product. Several other cycles are discussed by Ruthven
et a. Accordingly, the moles required for the feed, purified light product, and purge steps are:

Q. t|,= ¢80 (32)
Q—mt|F=¢9[1+(0—1)yAF] (33)
Qutlyy= & (if v, =0) (34)
respectively, where: ¢=P, /P, (the ratio of absolute pressures), ¢= % B= BB
A
B=1/ ( 1+ l;gAl.) , and A, isthe Henry's law coefficient of component i.

The adsorbent selectivity, p, as defined in eq. (6) is a key element of the materid balance
equations. So, it can be related to velocities and measured in breakthrough experiments by simply
monitoring the influent and effluent flow rates. For example, consider afixed bed of adsorbent that
isinitially purged and pressurized with the light component. Feed isthen admitted to the bed at the
same pressure. The value of g may be found from:

g1 Qou'Cn 35)

Y ap
For bulk separations, the value determined thisway is morereliablefor design purposes than those
determined via isotherm slopes, because operating conditions (feed composition, pressures, and
cycle times) can be examined, as well as effects of minor variations in packing and/or adsorbent
properties. Furthermore, when measured thisway, g isknown to depend on Re and thereisusually
a minimum value, close to that predicted from isotherm data, at which the combined effects of
diffusion and dispersion are small. Thetypicd optimum Re isin the range of 10 to 40.

All that isinvolved isto choosethe operating conditions (feed composition, pressures, and step-
times), and to evaluate the selectivity. From that point, the model can predict overall performance
in terms of: flow rates, product recovery, byproduct composition, and power requirements. For
example, the recovery of the light component for the PSA cycleis defined:

Qom t |F B Qin t |PR B Qin t IPU

B — (30)
Quntlr Vs,
As shown by Ruthven & al., the model gives:
1
Ry = (1-p|1- (37)
@yBF
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The bed is saturated with feed at high pressure at the end of the feed step. Thus, during
blowdown the exhaust gas becomes enriched in component 4. The composition shiftsto yg,:
1

Yep A1 s (38)

Yep = 1_(1_)717)
Yr

The combined byproduct which is exhausted during blowdown and purge, contains the more
strongly adsorbed component, which may also be valuable. The byproduct enrichment defined as,
E, =y, /v, Canbeusedtofinditsoverall concentration. The following relation appliesfor any
cyclethat splitsabinary mixturein which thelight component is obtained asapure product, and the
only other effluent stream is the byproduct:
1
E, = Ty, R, (39)

In addition to the equationsthat define recovery and enrichment, an overall balanceisrequired
to determinetheamount of adsorbent needed. Ordinarily, onewould al so choosethe extent of purge,
but that is assumed to be 100% here. Finally, to size the bed and to predict the necessary power
requiresstream flow rates, times, and pressuresfor individual steps. Theflow ratesindirectly affect
the adsorbent selectivity viaits dependence on Reynolds number, as mentioned previously. Hence,
as feed vdocity increases, both the step time and the bed size decrease, but the selectivity
deteriorates. Thus, there is an economically optimum Reynolds number. So much for the design
equations and conditions.

Thefirst task in the design of a PSA system isto select the adsorbent. Important stepsinclude:
obtaining relevant isotherms and other properties, then estimating recovery of the desired product
at various operating pressures (assuming that sufficient product purity coul d be attained), andfinally
estimating the costs of the adsorbent, power, vessels, valves, etc. to arrive at the total cost. Detailed
design considerations would addressthe product purity question, and ancillary detailsthat affect the
optimum conditions, and therefore the cost. Such details, though, are beyond the scope of this
article.

The purpose hereisto illustrate a “back of the envelope” design of a PSA system. Given a
production rate of 100 Nm? per hour of oxygen (at 4.0 bar) from air at ambient pressure and 45°C.
For ssimplicity, theair isassumed to be nitrogen (78.0%), oxygen (21.0%) and argon (1.0%), dry and
free of contaminants. The adsorbent is chosen to be zeolite 5A, for which isotherms of argon and
oxygen are practicaly identical, so argon is lumped together with oxygen. The isotherms are
essentidly linear up to about 6 atm. In addition, the adsorbent - adsorbate interactions are
characterized by p ,=0.100, £=0.478, p,=810 kg/m? and p=0.593 (Kayser and Knaebdl, Chem. Eng.
Sci., 41, 2931-2938 (1986)).

Thevariablesthat affect the optimum pressureratio aretherecovery and the power requirement.
We will consider adiabatic compression of anidea gas,

p-_Y ORT

y-1 n L€

r1
Y Y—l} (40)
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where y istheratio of specific heats at constant pressure and constant volume, @ isthe molar flow
rate, n isthe mechanical efficiency, and ¢ isthe compression ratio, P, /P, . For a4-step cycle,
it iscommon to operate above atmospheric pressure so that only afeed compressor isneeded, so P,
=P, = 1 am, and ¢, =@. It is possible, however, to extend to sub-atmospheric pressure for
blowdown and purge. Thisoperating rangeis often referred to asvacuum swing adsorption (V SA).
In that case, P, <1 atm, and there are ¢ 's for both a gas compressor and vacuum pump to be
considered, along with equipment costs and power requirements, though ¢ (and R;) for the PSA
system would be unaffected by the absolute pressure.

6. Adsorber Design: Case Studies

A few illugrations are provided below. They are not meant to be comprehensive. To the
contrary, acomplete design would addresstheissueslisted in Table 1. Some of those arerelatively
routine, but others could require substantial effort to resolve. All themgjor topics (basic adsorbent
properties, application considerations, and equipment / flowsheet), play a significant role in
€conomics.

In the samevein, thereis no “ expert system” that can pinpoint a successful adsorption process
fromthe plethoraof options. At thecurrent state-of-the-art, the best that can be doneisto offer some
generd, informal guidelines. Accordingly, two sets of recommendationsare offeredin Table 2, for
gas-phase and liquid-phase applications, respectively. They werefirst suggested by Keller etal. (in
Hdbk. of Sep. Proc. Tech., R.Rousseau, Ed., Wiley, 1987). Some of the original suggestions have
been changed to reflect the author’ sviews. Asisthe casefor the methodsand ideas cited so far, the
guidelines are fallible, and must be checked with common sensg, first, then verified with modeling
and/or experiments.

Example 1. Conventional Adsorber

(A) Predict the uptake breakthrough pattern for CO,, at afeed molefraction of y,,.= 0.1316, in air
by activated carbon.

(B) Predicttheinert - purgeregeneration of the column. That is, desorption of CO, using air under
the reverse conditions.

DATA

pg =0.360 g/cm? € =0.345 d, =05mm ¥ =0.8345

dy,, =0.718cm L =73cm D,, =0.134 cm?/s w  =0.00017g/lcms
P =lam r =0°C 0 =185sd.cm®/s
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(A) Uptake Breakthrough

An
i) UptakeTime: Az, = |1+ P B4 L
£ ACA v
An, An, 3
. RT A _ RT 0.0112 _ 1284 cm
AC, Ap, (1+7.258x0.1316) g

vy 2 3 m
Acse S

#Atg = 744.s = 12.4min

i)  Usethe modified Wheder - Robdl equation for a better estimate of breakthrough behavior
for the uptake step:

k, - 0.693/ 6
- k,0

* w
e+ ppny /CAF

C
La o,
C,

where: 6 = V,,,/ 0 =29.56/1.85=15.98 s, n," /C,, = 0.0007539 / 0.000005871 = 128.4 cm*/g
e tpp Xn " /C,,=0.345+0.36x128.4= 46.57. Choosing k,,=3s*and¢=730s,yiddsC,/C,,=0.2036.

Complete breakthrough curves, for values of k, from 1 to 100 s?, are shown in Figure 5.
Generaly, breakthrough datafor the interstitial velocity, particle size, temperature, concentration,
etc. would need to be obtained to determine the proper vaue of k,,.

iii)  Usethe Thomas model estimate the of breakthrough curve during the uptake step.
First, evduate properties and parameters.

. Ac, 251.0C,
n = =
“ 1+BC, 1+1627x10°C,

r* = (1+Bcy)! = 05115

To evaluate the mass transfer coefficient, we can use eq. (8B):
Jjp = 0.91 gRe' %! Re < 50 (8B)

wherej,=(k/v,) Sc¢”%’, o =P M /R T =0.001294 g/cm?, a, = interfacia area/vol.= 6(1-c; )/d, =
78.6 cm?/cm?, and v = shape factor ~ 0.8345, Sc=y /p D,z =0.980, the modified Reynolds number
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iSRe’ =p v, /u ¢ a;=0.530, which yields: j,=1.277, and k = 4.86 cm/s

Evaluating the other parameters: r* =0.5115, we assumethat n / n*(Cy) = 0.5,

Q=1+ (r*-1) = 0.7557
n*(Cp)

kaCF )

A = = 1094/ Fs~
pn’(C) QF
n*(C

c- a2 L") oo
g Vv F

t=A(t- L) = 1094 (¢-5514) F
1%

The product < ¢ >> 10,000, so there is no question that the Klinkenberg approximations are
valid. One quickly finds that, under these conditions, J (r*¢, <) = 1, and that J (¢, r*t) = 0. Thus,
the solution reduces to:

1 1

<.
Cr 1+ [1-0]e "DE0 |4 o -DGED

Breakthrough curves for values of T ( tortuosity) from 10 to 1000 are shown in Figure 6.

(B) Regeneration Breakthrough
Use the local equilibrium assumption:

telgery = |1+ £ 2L
e 0C, | v
From the isotherm (given previoudly):
dn ; A
dpy (1+Bp,)?
dn, dn,
ac, " dp,
To predict the effluent history: Find ¢ for pc, = 0.0, 0.1316, and, say, pc,. = 0.0439 and 0.0877
atm.
Pco> (@m) 0 0.0439 0.0877 0.1316
dn*/dp (mol/g atm) 0.0112 0.00644 0.00418 0.00293
dn*/dC (cm’lg) 251 144.4 93.7 65.67
t(9 1430 825 537 378
t (min) 23.8 13.7 8.95 6.3

17



Example 2. Adsorber for Dilute Aqueous Emissions

A common design situation existswhen noxiousor val uable contaminantsare present inwater.
Examples are: the silver-laden waste from photographic developing, well-water containing sulfur
or iron, or halogenated phenalicsin wastewater. Inthelast case, the equilibration timefor activated
carbon is long, which means that the diffusivity is low, and that the breakthrough curve could be
very distended.

Consider afeed concentration of 1 mg/l (or 1000 ppm) of 2-chlorophenol in 100 gpm water,
using Filtrasorb-300 (Calgon Corp.) activated carbon (d, =0.5mm, p, =0.5g/cm? and e =0.7), with
aminimum “on-line” time of 500 hr. The report by Dobbs and Cohen that was mentioned earlier
indicates that Filtrasorb-300 adsorbs 57.1 mg/g at this concentration. They also noted that afine
powder (200x400 mesh, or 0.05 mm diameter) required about 2 hr to equilibrate. Equation (7)
indicates how long a 0.5 mm diameter granule might take. Namely, the parameter D, ¢/0? would
be constant, aswould the effectivediffusivity. Thus, #, .. = f0sm» (0.5 mm/0.05 mm)? or 200 hours!
This material cannot be expected to exhibit a step change upon breakthrough. Therefore, a safety
factor isessential. It isasoavalid reason for using aslurry of carbon in the powdered form, even
though a downstream filter is required to recover the waste.

Equation (15) can be usedto estimate the equilibrium breakthrough time. Fromthedataabove,
wefind:ag/aC=57.1 (mg/g)/0.001 (mg/cm?). Thus, the minimum volume of adsorbent is: 14. ft* or
roughly 440 Ib. A safety factor of 3 is recommended, but frankly given these kinetics, even that
should betested. Thus, the bed sizewould be about 50 ft3, containing about 1,600 |b of carbon. The
remaining decision isthe length-to-diameter ratio. To obtain alarge mass transfer coefficient, that
ratio should be large, but to minimize pressure drop, that ratio should be smal.

Example 3. PSA

Basis: costs of the major components are taken to be: $5 per kg of 5A zeolite, $0.05 per kW
hr, and $0.20 per Nm? of 95%-0xygen at 4 atm.

For the case of complete purge, recovery can be estimated. For P, =0.25 atmand P,=4. atm,
©=16, which implies arecovery, via eq (37), of 29.1%. The required net product, 100 Nm?/hr is
equivalent to 1.24 mol/s. According to the definition of recovery, given by eqg. (36), the molar feed
rate, Q,,., for the case of completepurge, is19.36 mol/s. Thisiscontinuously fed, wewill use two
parallel columns to allow one to go through blowdown, purge and pressurization while the other
column receives feed air.

From eg. (33) we find that for agiven bed of adsorbent: ¢ /¢, = 1.21 mol/s, where
& =eAcs LP,/p, RT =4.58x10° V,,, and V,, =the volume of the adsorbent (cm?®). Accordingly,
V.. t-= 26,442.0 cm®/s. The Reynolds number isdefined as, Re =Q,,, M. dp/( Acg 1)= 148,000.
/ Ags. Setting Re =15, we find that A= 9850. cm?; hence the column diameter is 112 cm.
Returning to theratio V,,,/t, we can determine L /¢, = 2.685 cm/s. Now, we are free to choose
the length of the bed, say, L=161 cm. Theresult is that the feed-step duration, ¢ =60 s, and the
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volume of adsorbent (for atwo bed system) is V,,,=3.17 m®, which based on its bulk density of 810
kg/m?, is equivaent to 2.57 metric tons of adsorbent.

Based on amechanical efficiency of 80%, therequired power can be estimated. First of all the
power for compression of the feed from 1 atm to 4 atm is 109 kW, and that to compress the
subatmospheric blowdown and purge effluent from 0.25 atm to atmospheric pressure is 28.8 kW.
Note that the amount of gas evolved during blowdown at any intermediate pressure can be
determined from eg. (38), assuming that the bed is saturated with feed prior to blowdown.

Hencethe costs associated with the compl ete purge case would be: $55,079 per year for power
and $12,851 for the adsorbent. Additional costs (for vessels, compressor, vacuum pump, valves,
piping, instrumentation, site development, maintenance and fees) should be proportional to these.
These are balanced against a projected value of $160,000 per year for the product.

5.  Conclusions

Inthisarticlemany conceptshave been covered. Theintentionisto promotequick, reasonably
reliable designs by taking into account the most important properties of adsorbents: capacity,
Kinetics, bed dynamics, adsorption dynamics, and to some extent cost. Because of the
simplifications and idealizations, there are many factors that could not be addressed. In addition,
itislikely that real-world caseswill violate the assumptionsin certain respects. Therefore, extreme
caution is advised. The mgor points to keep in mind are that there are dozens if not hundreds of
optionsto consider in designing an adsorber.
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Table 1. Adsorber Design Considerations

|. Basic Adsorbent Properties B. Regeneration Technique

A. Isotherm Data 1. thermal: steam/ hot fluid / kiln
uptake / rel ease measurements 2. chemical: acid / base/ solvent
hysteresis observed? 3. pressure shift
pretreatment conditions 4. regenerant / adsorbate recovery or
aging upon multiple cycles disposal

1
2.
3.
4
5

multicomponent effects
C. Energy Requirements

B. Mass Transfer Behavior

1. interface character D. Adsorbent Life
2. intraparticle diffusion 1. attrition/ swelling
3. filmdiffusion 2. aging/fouling
4. dispersion
[11. Equipment / Flowsheet
C. Particle Characteristics A. Contactor Type
1. porosity 1. fixed: axia / radial flow
2. poresizedistribution 2. pulsed/ fluidized bed
3. specific surface area
4. density B. Geometry
5. particle size distribution 1. number of beds
6. particle shape 2. bed dimensions
7. @brasion resistance 3. flow distribution
8. crush strength 4. dead volumes
9. composition / stability
10. hydrophobicity C. Column Internals
1. bed support / ballast
ll. Application Considerations 2. flow distribution
A. Operating Conditions 3. insulation
1. flow rate
2. feed and product concentrations D. Miscellaneous
3. pressure/ temperature 1. instrumentation
4. desired recovery 2. materiasof construction
5. cycletime 3. safety / maintenance
6. contaminants 4. operation, start-up, shut-down
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Table 2. Cyclic Adsorption Process Options for Various Conditions
(Adapted from Keller, et a., in Hdbk. of Sep. Proc. Tech., R.Rousseau, Ed., Wiley, 1987)

Conditions

Feed isaliquid that can be vaporized at less than 200°C.

Feed isaliquid that cannot vaporize fully at less than 200°C.

Adsorbate concentration in the feed is less than 3%.

Adsorbate concentration in the feed is between 3 and 10%.

Adsorbate concentration in the feed is above 10%.

Adsorbate must be recovered at high purity: greater than 90% rejection of the carrier.
Adsorbate can only be desorbed by thermal regeneration.

Practical (cheap, noncorrosive, and nontoxic) displacement or purge agents cannot be easily
separated from adsorbate.

NGO A~WNE

Process Options: Liquid Phase Applications

Statement No. TSA SMB Chromatography

1 Yes Yes Yes

2 Yes Yes Yes

3 Yes Maybe Yes

4 Maybe Yes Maybe

5 Not Likely Yes Maybe

6 Not Likely Yes Maybe

7 Yes Maybe No

8 Maybe Not Likely Not Likely

SMB= Simulated Moving Bed

Process Options: Gas Phase Applications

Statement [nert Displace- Chromat-
No. Purge ment TSA PSA ography

1 Not Likely Not Likely Maybe Maybe Not Likely
2 No No Not Likely No No
3 Yes Not Likely Yes Yes Yes
4 Yes Yes Yes Yes Yes
5 No Yes Maybe Yes Not Likely
6 No Yes Yes Yes Yes
7 No No Yes No No
8 Not Likely Not Likely Maybe Maybe Not Likely

22



1 T 1T 1T 1T 17 17 1T 17 1T 17T T 1T 171 1 I
Amount | N Amount |
Adsorbed| N Adsorbed|
qlqm - Type | - q*/qm
I S s I S |
0 Concentration C/Csat 1 1
T 1T 1T 1T 17 17 1T 17 1T 17T T T T1]1 T 1T T T 17 17 17T 17T T T T T T 1
Amount | N Amount | Hysteresis F,Opp
Adsorbed| Type 1l n Adsorbed| Type IV
a/gqm 1- - qgm 11—
s I | \7 S s I Sy
0 Concentration C/Csat 1 0 Concentration C/Csat 1
4 T T T T T T T T T T 1T T 1T 17 17 17T 17T 1T 17T T T T/
[ Hysteresis Loop~ 7 [
ot | psseton et pype
- Type V - -
q*/gm |~ — q7/qm
L | 1
I S I O | S S s I A
0 Concentration C/Csat 1 0 Concentration C/Csat 1
Figure 1. Isotherm classifications (Brunauer, Deming,

Deming, & Teller (1940)).
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Figure 3. Typical breakthrough curves for uptake and release.
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Figure 4. Schematic diagram of a 4-step PSA cycle.
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