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Two different strategies presented determine the sets of operating conditions that yield
desired product purities for an SMB separator. The search was performed numerically
by sol®ing the analogous true-mo®ing-bed model equations. A linear equilibrium binary
mixture and mass-transfer effects were taken into account by using a bilinear dri®ing
force approximation to describe intraparticle diffusion. The strategies are equi®alent and
produce the same results. Comparison with the linear equilibrium model strategy indi-
cates that there are new limiting ®alues for the flow-rate constraints in the presence of
mass-transfer effects. The constraints on sections I, II and III were more restricti®e than
those deri®ed from equilibrium models, whereas the constraint on section IV was less
affected. Qualitati®e obser®ations drawn from a model of intermediate complexity were
also presented to confirm our results.

Introduction
Ž .The simulated moving-bed SMB technology was first

Ž . Žpatented by Universal Oil Products UOP in 1961 Brough-
.ton, 1961 and, since then, it has found increasingly new ap-

plications in the areas of biotechnology, pharmaceuticals, and
Ž .fine chemistry Humphrey, 1995 . SMB technology was first

conceived for bulk large-scale separations, in which the solid
movement was accomplished by means of a rotary valve that
periodically shifted the feed, eluent, raffinate, and extract
lines along the bed. This was known as SORBEX technology
Ž .Rosset et al., 1981; Johnson, 1989; Johnson and Kabza, 1993 ,
which included the Parex process for p-xylene separation from
C8 aromatics, the OLEX process to separate olefins from
paraffins, the SAREX process to separate fructose from glu-
cose for HFCS production, among others.

As new preparative chromatographic applications were dis-
covered, the physical configuration of an SMB unit changed

Ž .to a set of fixed beds see Figure 1 connected in series seg-
Ž .mented by valves and inletroutlet lines Keller, 1995 . Coun-

tercurrent motion of the solid was simulated by convenient
actuation of these valves so that, from time to time, the inlet
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and outlet streams were switched in the direction of fluid-
phase flow.

Due to its complex physical configuration, the modeling,
simulation, and design of an SMB unit prior to plant oper-
ation is a necessary but not straightforward task. Many
authors have proposed theoretical models to describe the

Žperformance and internal profiles of SMB units Ruthven and
Ching, 1989; Storti et al., 1989; Ernst and Hsu, 1989; Zhong

.and Guiochon, 1996; Strube et al., 1997; Pais et al., 1998 . In
general, the modeling approaches may be grouped into two
categories: those that represent the actual simulated moving-

Žbed configuration with periodically changing bed boundary
.conditions and those that represent the equivalent true mov-

Ž . Žing bed TMB with the coupling of four countercurrent sec-
.tions . The main difference between these two approaches is

that the steady state can be obtained only in an asymptotic
Žsense in SMB, while it is a definite state in TMB Zhong and

.Guiochon, 1998 . The raffinate and extract steady-state con-
centrations actually vary periodically in a cycle, but the aver-
age concentrations in a period are practically the same as
those obtained for the TMB. Therefore, even though small
differences will appear between these two strategies, the pre-
diction of the performance of an SMB operation can be done

Ž .using the TMB approach Pais et al., 1998 .
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( ) ( ) ( )Figure 1. a Simulated moving bed SMB ; b true
( )moving bed TMB .

They are equivalent according to the relations in Table 1.

It has also been shown that there are certain flow-rate re-
strictions that must be fulfilled for the desired separation to
occur. These restrictions must be such that the more strongly

Ž .retained component s present in the mixture move in the
direction of the extract port. Accordingly, the less retained

Ž .component s should be collected in the raffinate port. These
flow-rate restrictions can be easily found if an ideal situation

Žis considered axial mixing and mass-transfer resistances ne-
.glected . They have been established in the literature for lin-

Žear and Langmuir-type isotherms Storti et al., 1993; Fish et
.al., 1993; Mazzotti et al., 1996, 1997; Zhong et al., 1997 . Al-

though equilibrium models are a powerful design tool, the
conditions for separation may not fully apply in the design of
real SMB units since dispersion and mass-transfer effects are
very frequently present. Furthermore, the assumption of in-
stantaneous surface equilibrium may not be realistic in some
cases, especially when dealing with proteins and macro-

Ž .molecules Mian et al., 1998 . So far, these effects have been
Ž .taken into account by using a safety margin factor b in the

equilibrium models, whose value is attributed randomly and
may lead to over- or underestimating errors. The first at-
tempt to introduce mass-transfer effects into SMB design was

Ž .proposed by Pais et al. 1997 , who described intraparticle
mass transfer with a simple LDF approximation. It was shown
that the set of values of fluidrsolid flow-rate ratios in sections

Ž .II and III g =g that yield separation are considerably re-2 3
duced when mass-transfer effects are present.

The objective of this work is to present two strategies for
the optimization of SMB operating conditions, which take
mass-transfer effects into account. The intraparticle mass

Žtransfer is described by a bi-LDF approximation Azevedo
.and Rodrigues, 1998 . A linear equilibrium binary mixture is

considered. The influence of the mass-transfer effects on the
flow-rate restrictions is examined in each SMB zone and
compared to the restrictions obtained from equilibrium mod-

Table 1. Equivalence Relations between SMB and
TMB Title

SMB TMB

Solid phase:
UVelocity 0 U s LrtS
Ž .Flow rate: 0 Q sU 1ye AS S

Liquid phase:
U UVelocity: n n sn yUj j j S
U U UFlow rate: Q Q sQ yeVrtj j j

Ž .Source: Leao et al. 1987 .˜

els. For the sake of validation of this optimization strategy,
an analytical solution for a model of intermediate complexity
Ž .linear equilibrium, single mass-transfer time constant is ex-
amined and compared with our numerically simulated re-
sults.

Mathematical Model
The operating conditions of an SMB separator were opti-

mized by solving the equivalent TMB model. Figure 1 shows
the representation of both SMB and TMB, and Table 1 shows
the equivalence relations between them.

The mathematical model proposed to represent the steady
state in a section j of a true countercurrent unit is presented
in Eqs. 1 to 15. Axially dispersed flow is assumed for the fluid
phase and plug flow for the solid phase. Diffusion through
the external film is also considered, and intraparticle mass
transfer is represented by means of a bilinear driving force

Ž .described elsewhere Azevedo and Rodrigues, 1998 .
v Mass balance in outer fluid phase:

2g ­ C ­ C Bi1yeŽ .j j j m j
yg y a C yC s0.Ž .j p j j p j2Pe ­ x e 5q Bi­ xj m j

1Ž .

v Ž .Mass balance in intraparticle fluid phase pores :

­ C Bi apj m j pj
q C yCŽ .j p j­ x 5q Bi em j p

a Km j ² :y r C y q s0. 2Ž .jp p je rp p

v ŽMass balance in intraparticle ‘‘solid’’ phase micropar-
.ticles :

² :­ q Kj ² :q a C y q s0. 3Ž .jm j p j­ x rp

v Boundary conditions for section j:

at xs0

­ C1 jinC sC 0 y ; 4Ž . Ž .j j Pe ­ xj
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at xs1

­ Cj
1 s0 5Ž . Ž .

­ x

C 1 sC 0 6Ž . Ž . Ž .pj pŽ jq1.

² : ² :q 1 s q 0 . 7Ž . Ž . Ž .j jq1

The dimensionless space variable is xs zrL , where L is thej j
length of section j. The dimensionless numbers present in
the model equations are:

UFj
g s Fluidrsolid interstitial velocity ratio 8Ž .j US

k Lp j
a s Number of macropore mass-transfer units 9Ž .pj US

k Lm j
a s Number of microparticle mass-transfer unitsm j US

10Ž .

k Rf j p
Bi s Mass Biot number film diffusionreffectiveŽm j Dpe

pore diffusion . 11. Ž .

C in present in the boundary condition at the section inlet
can be found from the node balances.

Eluent node:

QIVinC s C 1 . 12Ž . Ž .I IVQ qQIV E

Extract node:

C in sC 1 . 13Ž . Ž .II I

Feed node:

Q QII FinC s C 1 q C . 14Ž . Ž .III II FQ QIII III

Raffinate node:

C in sC 1 . 15Ž . Ž .IV III

Optimization of SMB Operating Conditions
Optimizing the operation of an SMB consists in predicting

Ž .the operating conditions flow rates, rotation period that
yield, given a physical configuration of columns, a better sep-
aration at minimum cost. In other words, it is desirable to
maximize the purity and recovery of products, making effec-
tive use of the adsorbent while minimizing the solvent con-
sumption. Therefore, the optimization procedure may intend
to minimize andror maximize one or more performance cri-

teria. As far as this work is concerned, the strategies of opti-
mization used have attempted to maximize product purity,
that is, find the compromise between section flow-rate ratios
that would result in purities above 99% for both extract and
raffinate. Depending on the purpose of a given SMB separa-

Ž .tion process, other criteria recovery, productivity may be
more relevant than the one used here.

For separation of a binary mixture to occur, each of the
four sections of the SMB must perform a certain role. If a

Ž .binary mixture of A more strongly adsorbed component and
Ž .B more weakly adsorbed component is fed in an SMB, A

will only move toward the extract port and B to the raffinate
port if certain restrictions are met. Next, these conditions will
be stated, bearing in mind the analogous representation of a

Ž .true moving bed see Figure 1 .
Section I is the adsorbent regeneration zone. The more

retained component, A, must be displaced by the eluent
Ž .solvent to the fluid phase. Therefore, the net flow of A must
be that of the fluid phase. In section II, between extract and
feed nodes, desorption of the weakly adsorbed component,
B, happens. The net flux of B must be that of the fluid phase.
Section III is where A is adsorbed. It must, then, move with
the solid phase. In section IV, the solvent is regenerated and
the less retained component, B, is adsorbed. The net flux of
B must be that of the solid phase. These movement con-
straints may be expressed as the following:

Q CI A, I
)1 16Ž .

Q r qS p A, I

Q C Q CII B, II II A, II
)1; -1 17Ž .

Q r q Q r qS p B, II S p A, II

Q C Q CIII B, III III A, III
)1; -1 18Ž .

Q r q Q r qS p B, III S p A, III

Q CIV B, IV
-1, 19Ž .

Q r qS p B, IV

where r q refers to the amount present inside the particle,p
which includes both the amount present in the macropores
and the amount present in the microparticles. For a linear

² :isotherm r qs r q qe C . If resistances to mass transferp p p p
² :are ignored, r q s KC and C +C, so that r qrCs K qp p p p

e s K X. Note that g sU rU for a given section j, so thatp j Fj s
the constraints written previously can be reduced to

g )n K X 20Ž .1 A

n K X -g -n K X 21Ž .B 2 A

n K X -g -n K X 22Ž .B 3 A

g -n K X , 23Ž .4 B

Ž .where n s 1ye re and g )g .3 2
These constraints define separation in an SMB for a linear

equilibrium binary system in the absence of dispersion and
mass-transfer effects. They are in accordance with the equi-
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(Figure 2. Region of separation pure extract and
)raffinate in a g =g plane.2 3

Ž .librium model results first proposed by Storti et al. 1993 . In
a g =g plane, this region corresponds to the triangle CWD2 3
shown in Figure 2. Inside this triangle, provided the con-

Ž .straints on g and g are not violated, any g , g pair yields1 4 2 3
separation.

The equilibrium model predicts that, for any values of g1
Ž .and g in accordance with Eqs. 20 and 23, respectively , the4

region of separation in a g =g plane will be constant and2 3
defined only by the solidrfluid volume ratio, n , and the equi-
librium constants. However, when mass-transfer resistances

² :are significant, the term r qs r q qe C cannot be sim-p q p p
plified as shown previously, and the constraints are not as
explicit as in Eqs. 20 to 23. The separation region is expected
to become narrower and the new constraints should be de-
pendent on mass-transfer rate constants.

The dependency of flow-rate constraints on mass-transfer
effects may be more clearly verified from a qualitative exami-
nation of a TMB simplified model. Let us consider the two
sections where separation actually occurs, that is, sections II
and III, as shown in Figure 3. For the sake of simplicity, axial
dispersion will be neglected and only one mass-transfer re-
sistance will be taken into consideration.

Figure 3. Net flow of A and B in sections II and III, where
separation actually occurs.

Using the same boundary conditions as proposed by Ma
Ž .and Wang 1997 , the analytical solutions for the bulk fluid-

phase concentration lead to Eqs. 24 and 25. For a detailed
derivation of the analytical solution, refer to the Appendix.

ŽThe equations refer to species B weakly adsorbed compo-
. Žnent in section II and species A strongly adsorbed compo-
.nent in section III, which impose the relevant restrictions in

these sections for separation to occur:

C xs0 a g yn KŽ . Ž .B, II 2 B
b s sexp 24Ž .B, II ž /C xsy1 gŽ .B, II 2

C xs0 a n K ygŽ . Ž .A, III A 3
b s sexp . 25Ž .A, III ž /C xs1 gŽ .A, III 3

Rearranging the preceding equations in terms of g and2
g :3

a amin min< <g s n K s g 26Ž .eq2 B 2yln b q a yln b q aB, II B, II

a amax max< <g s n K s g , 27Ž .eq3 A 3ln b q a ln b q aA, III A, III

< min < maxwhere g and g are the minimum and maximumeq eq2 3
bounds for g and g as given by the equilibrium model,2 3
respectively. Depending on the value of ln b , the new con-
straints may be greater or less than the value from the ideal
model. For section II, the fluid-phase concentration of B at
x s0 should always be greater than at x sy1, so that
ln b )0. The same is true for species A in section III, soB, II
that the following are true:

< min < ming )g 28Ž .eq2 2

< max < maxg -g . 29Ž .eq3 3

When the number of intraparticle mass-transfer units is too
Ž .large a ™` , the flow-rate constraints become those derived

from the equilibrium theory. In a g =g plane, the new re-2 3
gion of separation, which is dependent on mass-transfer ef-
fects, is narrower than that defined by the ideal model, as
shown in Figure 4.

From these results it is clear that, if a certain performance
Žis required from an SMB for instance, in terms of product

.purity , the flow-rate constraints in a given section do not
only depend on equilibrium of adsorption data, they also de-

Ž .pend on the solid velocity rotation period , section length,
and the mass-transfer time constants. This prevents us from
obtaining explicit flow-rate ratio limits from which to design
optimum or robust operation, as is easily done with ideal
linear equilibrium systems. Therefore, when mass-transfer ef-
fects are present, it is possible to define the regions of sepa-
ration in terms of flow-rate ratio constraints through simula-
tion. In the following sections, results from optimization pro-
cedures, based on two strategies, are presented in order to
verify some of these qualitative observations mentioned ear-
lier.
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Figure 4. Region of separation with mass-transfer
effects considered.

Results and Discussion
In order to analyze the influence of mass-transfer effects

on the region of separation, the TMB steady-state model, as
described in Eqs. 1 through 15, was successively solved for

Ž .several values of g , g within the equilibrium separation2 3
region. The strategy used to find this region of separation
consisted in fixing values for the rotation period, recycle flow

Žrate, and sum of inletroutlet streams QBALsQ qQ sF E
.Q qQ . The recycle flow rate was taken as the flow rate inX R

zone IV, so that, for each optimization procedure, g was4
established. Then, following a given order determined by suc-

Ž .cessive increments, values of g , g were simulated within2 3
the region of separation as given by the equilibrium model.
The values of g varied for each simulation according to Eq.1
30, and care was taken so that the constraint on g , as given1
from Eq. 20, was not violated. Figure 5 summarizes the strat-
egy used to find the region of separation, taking mass-trans-
fer effects into consideration. The increment D in g and g2 3
was also attributed by the user of the optimization package
and a typical value of 0.01 was used:

eVc
QBALs g yg qg yg . 30Ž . Ž .1 4 3 2Ut

For each optimization procedure as described previously,
Ž .those values of g , g that resulted in purities above 99%2 3

for both extract and raffinate were selected to build a new
region of separation. The values that did not fulfill this re-
quirement were discarded. The resulting region of separation

Ž . Ž .for fructose A rglucose B separation are shown in Figure 6
for different values of a and a . The column configurationp m

and equilibrium data are shown in Table 2.
Figure 6a compares the different regions of separation ob-

tained for a fixed value of a s23. For both Figures 6a andp
6b, g was set to 0.155 and g was calculated for each pair4 1
Ž .g ,g according to Eq. 30. For a s 200, the region of sep-2 3 m

aration approaches that given from an equilibrium model

Figure 5. Simplified algorithm for the numerical
determination of the region of separation.

Ž .Figure 2 . In this case, mass-transfer resistance in the mi-
croparticles is negligible, but there is still some resistance in
the pores. Therefore, the region of separation is smaller than
the triangle defined by the ideal linear model. As resistances
to mass transfer are added, that is to say, as a decreases,m

the region of separation becomes narrower and disappears
for a below 10. Figure 6b shows the regions of separationm

obtained for a constant value of a s10 and values of am p
ranging from 23 to 360. The values of a correspond to par-p
ticle radius within the range of 50 to 200 mm, inside which
molecular diffusivity is assumed with a tortuosity factor of 2.
A similar behavior is observed in relation to Figure 6a. As ap
increases, global resistance to mass transfer decreases. As a
result, the region of separation expands and tends to assume
a fixed size, which is still quite different from the ideal linear
equilibrium region. For both Figures 6a and 6b, one of the

Ž .two mass-transfer resistances a or a is negligible in rela-p m

tion to the other in the extreme cases, that is, a s23ra sp m
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( ) ( )Figure 6. Regions of separation for: a a fixed a ; b ap
fixed a .m

Column configuration and other relevant information on this
optimization procedure are shown in Table 2.

200 for Figure 6a and a s360ra s10 for Figure 6b. In suchp m

cases, the bi-LDF approximation can be reduced to a simple
Ž .LDF expression Azevedo and Rodrigues, 1998 , and com-

parison with the qualitative observations presented previ-
ously is pertinent. As predicted from the analytical solution,
the limits for the region of separation are narrower as
compared to the region of separation given by the ideal equi-
librium model. These new bounds are dependent on mass-
transfer effects and, as new kinds of diffusion resistances are
added, this ‘‘shrinking’’ effect becomes more pronounced. It

Table 2. Model Parameters and Operating Conditions
Used in Simulations

Model Operating
Parameters Conditions Columns

Pes2,000 T s208C D s2.6 cmc
Bi s500 Feed concentration, L s11.5 cmm c

C s30 grL eachF
Uy12.3F k F10 min t s3.3 min Configuration: 3-3-3-3p

y10.4F k F1.2 min Q s8.55 mLrmin Zone lengths34.5 cmm Rec
K s0.435 g s0.155FR 4
K s0.114 QBALsQ qQG L F E

s11 mLrmin

should be pointed out that these separation regions can only
be of use for optimization and design purposes for a given
value of a and a . These dimensionless numbers are ap m

function of solid interstitial velocity and zone length. There-
Ž .fore, a different ratio L rU from the one used in Figure 6j s

may not result in complete separation, even if flow-rate ratios
from inside the separation region are used. If mass-transfer
effects are involved, even a small change in the rotation pe-
riod, while maintaining the same zone length, may cause the
components not to flow toward the raffinate and extract ports,
as previously described.

The influence of mass-transfer effects on the restrictions of
sections I and IV was also examined. This was also done
through numerical simulation in order to find a three-dimen-
sional separation ®olume, instead of a two-dimensional sepa-
ration area. Two strategies were used to find these separation
®olumes, namely, strategy 1 and strategy 2. The objective of

Žboth strategies was to find the sets of points g rQBAL, g ,1 2
.g in a three-dimensional space that resulted in purities3

above 99% for both raffinate and extract streams. Both pro-
cedures were applied for a given fixed value of g lower than4
n K X , according to the equilibrium constraint given in Eq. 23.B

For strategy 1, values of g were attributed to a minimum1
X Ž .of n K constraint in Eq. 20 and gradually incremented ac-A

cording to the optimization package user. For each value of
g , the steady-state performance of the SMB was simulated1
for different values of g and g within the range of2 3
w X X xn K , n K . Figure 7 shows the algorithm used for this newB A
strategy.

This optimization procedure was performed for three val-
Ž .ues of g 0.155, 0.290, and 0.392 , all of which obeyed the4

equilibrium constraint as given in Eq. 23. The obtained re-
gions of separation in a three-dimensional system of coordi-
nates are shown in Figures 8, 9, and 10 for g s0.155, 0.290,4
and 0.392, respectively. The blue plane represents the g sg2 3
plane. The two-dimensional views g =g , g =g , and g =1 2 1 3 2
g are also shown for each of the figures. The minimum value3
shown on the g axis for all graphs is n K X , that is, the equi-1 A
librium constraint value as given in Eq. 20. It is interesting to
note that the regions of separation only occur at approxi-

X Žmately g s1.20, which is considerably greater than n K s1 A
.0.95 . Another indication is that the regions of separation only

have a constant size at g greater than 1.60. There is a kind1
Ž .of ‘‘transition region’’ 1.20-g -1.60 , in which the regions1

of separation have varying size, probably dependent on the
mass-transfer effects. The figures also show that g does not4
affect significantly the size of the separation region, except in
the ‘‘transition region.’’

For strategy 2, the same methodology as described in strat-
Ž .egy 1 was applied, but QBAL sQ qQ sQ qQ wasF E X R

incremented instead of g . In fact, this strategy is an exten-1
sion of that described in the flow sheet shown in Figure 5, for
which a single value of QBAL is tested. Because there is a

Žcompromise between QBAL, g , g , g , and g given by Eq.1 2 3 4
.30 , both strategies 1 and 2 are expected to yield the same

results. To compare the two strategies, the region of separa-
tion for g s0.290, a s200, and a s12 was searched using4 p m

the two procedures. The results are shown in Figure 11. It is
difficult to compare them in such a representation, as the
y-axis stands for g in one graph and QBAL in the other1
graph. In order to verify clearly the equivalence between the
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and IV was also evident from numerical simulations. Finally,
the two proposed strategies to find the regions of separation
in a three-dimensional space were proved to yield equivalent
results.
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Notation
Cs fluid-phase concentration, molerbed volume

C smean pore concentration, molervol. particlep
D scolumn diameter, mc

D seffective pore diffusivity, m2rsp e
Ksequilibrium constant, pore vol.rparticle vol.

K Xsequilibrium constant for a homogeneous ad-
sorbent particle, pore vol.rparticle vol.

Ž . y1ksmass-transport coefficient LDF , s
k s film mass-transfer coefficient, mrsf
k smass-transport coefficient in the pores, sy1

p
k smass-transport coefficient in the microparti-m

cles, sy1

L scolumn length, mc
² :q s mean solid-phase concentration averaged

over the particle, mol adsorbedrmass of par-
ticle

Qsfluid flow rate, m3rs
ŽQBALssum of incoming or leaving flow rates Q qF

. 3Q sQ qQ , m rsE X R
R sparticle radius, mp
tUs rotation period, s

U s fluid interstitial velocity, mrsF
U ssolid interstitial velocity, mrsS
V scolumn volume, m3

c
esbed porosity, dimensionless

e sparticle porosity, dimensionlessp

Subscripts
cscolumn

F, R, E, Xs feed, raffinate, eluent, and extract SMB
streams, respectively

I, II, II, IV or 1, 2, 3, 4ssubscripts referring to TMB zones
jsTMBrSMB section
psparticle

Recsrecycle
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Appendix: Single-Section Countercurrent
Moving-Bed Unit—Analytical Solution for a
Dispersionless, Linear Equilibrium Binary System

Analytical solutions always provide good visualization of
physical phenomena. For a TMB single section, as shown in
Figure A1, where a binary linear equilibrium mixture is fed,
the analytical solution may be readily available. If intraparti-
cle mass transfer is described with a bi-LDF approximation,
though, the analytical expression for the bulk fluid-phase

Ž .concentration, C x , is so long and complex that important
effects related to the mass-transfer resistances may not be
clearly seen. Therefore, mass-transfer kinetics inside adsor-
bent particles will be described in terms of a single LDF
approximation. For a moving bed with plug flow for both solid
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Figure A1. Countercurrent moving bed.

and fluid phases, the following equations are valid for the
steady state:

dC na
q KCy q s0Ž .

dx g

dq
q a KCy q s0Ž .

dx

where

R p 2q R R drŽ .Hk Lp 0
a s and qs .

RU p 2S R dRH
0

The analytical solution for the bulk fluid phase concentration
is:

a g yn KŽ .
C x sC qC exp x ,Ž . 1 2 ž /g

where C and C are integration constants, which may be1 2
determined from the conditions at the boundaries. As in a
four-section true moving bed, the boundary conditions in a
given section are related to those in the previous and next
section, and the solution for a single section was left undeter-
mined.

Let us now examine what happens in sections II and III,
where separation actually occurs. For separation to occur, A
Ž . Ž .in section III and B in section II must move toward the
feed port, as shown in Figure 4. For section II, the constraint

Ž .on B weakly adsorbed component derived from the equilib-
rium theory is still true, so that

g )n K ,2 B

therefore

a g yn KŽ .2 B
)0.

g2

The concentration profile should be that of an exponential
function of a positive number and the boundary conditions

Ž .are those proposed by Ma and Wang 1997 .

At xs0, C 0 sCSSŽ .B B

At xsy`, C y` s0.Ž .B

For these boundary conditions, C s0 and C sCSS, so1 2 B
that

a g yn KŽ .2 BII SSC x sC exp x .Ž .B B ž /g2

IIŽ .If C x is evaluated at the boundaries, that is, at xs0B
and xsy1, the following is true:

C xs0 a g yn KŽ . Ž .B, II 2 B
b s sexp ,B, II ž /C xsy1 gŽ .B, II 2

and solving for g ,2

a amin min< <g s n K s g .eq2 B 2yln b q a yln b q aB, II B, II

An analogous analysis will be done for species A in section
III, since the equilibrium data for this component sets the
upper limit of the region of separation in this section. In this
case, the following boundary conditions apply:

At xs0, C 0 sCSSŽ .A A

At xs`, C ` s0.Ž .A

For these boundary conditions, C s0 and C sCSS, so1 2 A
that:

a g yn KŽ .3 AIII SSC x sC exp x .Ž .A A ž /g3

The equilibrium constraint is also valid, so that

g -n K ,3 A

therefore

a g yn KŽ .2 B
-0.

g2

The profile of A in section III will be that of an exponen-
IIIŽ .tial function of a negative number. If C x is evaluated atA

the boundaries, that is, at xs0 and xs1, the following is
true:

C xs0 a n K ygŽ . Ž .A, III A 3
b s sexp ,A, III ž /C xs1 gŽ .A, III 3

and solving for g ;3

a amax max< <g s n K s g .eq3 A 3ln b q a ln b q aA, III A, III
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