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Solvent gradient operation of simulated moving beds
2. Langmuir isotherms
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Abstract

Simulated Moving Bed separations of enantiomers or fine chemicals are usually carried out in the isocratic mode, i.e. by applying the
same operating conditions (temperature, pressure, mobile phase composition, pH) in the whole SMB unit. However, it has been recently
recognized that by properly modulating operating conditions in the SMB sections, i.e. Sections 1-4 normally, separation performance in terms
of productivity and solvent consumption can be significantly improved. In this work, we study solvent gradient SMB (SG–SMB) operation,
where the concentration of a modifier in the main solvent constituting the mobile phase is adjusted along the SMB unit, so as to have weaker
retention of the species to be separated in the first two sections, and stronger retention in Sections 3 and 4. Overload chromatographic
conditions are considered, where the adsorption behavior is characterized by a nonlinear competitive adsorption isotherm, e.g. a binary
Langmuir isotherm. Design criteria to achieve complete separation are developed in the frame of the equilibrium theory of chromatography.
The theoretical findings are discussed in view of typical effects of the modifier concentration on retention times and solubility of the species
to be separated, and an overall assessment of the SG–SMB technology is attempted.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Chromatographic separations can be carried out in a con-
tinuous way by applying the multicolumn Simulated Moving
Bed (SMB) technology, which has been extremely success-
ful in the last ten years particularly when applied to chiral
separations in the fine chemical and pharmaceutical indus-
tries [1]. New applications to biotechnology related separa-
tions are envisaged[2].

Recent developments in the field of SMB have highlight-
ened the possibility of further improving the separation per-
formance by applying non-standard operation modes. On
the one hand, schemes where additional operational degrees
of freedom are available have been proposed, such as the
VARICOL® process where ports and columns are switched
in an asynchronous manner[3,4], or the POWERFEED pro-
cess where the internal and external flowrates are varied dur-
ing the time period between two successive port switches

∗ Corresponding author. Tel.:+41-1-6322456; fax:+41-1-6321141.
E-mail address:mazzotti@ivuk.mavt.ethz.ch (M. Mazzotti).

[5–7]. On the other hand, it has been proposed to optimize
each SMB section separately, by tuning operating condi-
tions such as temperature[8], pressure in supercritical ap-
plications[9–11], or the mobile phase composition[12–15].
The basic idea is to reduce the retention times inSections 1
and 2, i.e. from the solvent inlet to the extract and the feed
port, and to increase those inSections 3 and 4, i.e. from the
feed port to the raffinate and then the solvent inlet.

This work deals with the last approach, i.e. the solvent
gradient SMB (SG–SMB) operation. This can be applied
when a mixture of solvents is used as mobile phase, and it is
realized by having different compositions in the desorbent
stream fed toSection 1and in the feed stream. In this case,
a True Moving Bed (TMB) unit, where the solid and the
fluid phase move indeed countercurrently, attains the mobile
phase composition profile illustrated inFig. 1, wherex rep-
resents the volume fraction of the weaker of the two solvents
constituting the binary desorbent mixture, which is referred
to in the following as the modifier. It is worth noting that we
make the important assumption that neither the main solvent
nor the modifier interact with the stationary phase. InFig. 1,
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Fig. 1. Scheme of a TMB and the corresponding mobile phase composition profile in a SG–TMB unit where the external solvent compositions arexD

and xF, with xD ≤ x2 ≤ x3 ≤ xF.

it is also implicitly assumed that a larger modifier concentra-
tion, e.g.x3 as compared tox2, leads to stronger retention.
Longer retention times inSections 3 and 4than inSections 1
and 2are indeed required for an improvement of the separa-
tion performance with respect to isocratic SMB[14]. In the
first paper of this series[14], design and optimization crite-
ria have been developed for the SG–SMB in the case where
the species to be separated, the more retained component
A and the less retained solute B, follow a linear chromato-
graphic behavior, i.e. their adsorption isotherms are linear:

qi = Hici (i = A, B), (1)

whereci and qi are the fluid and adsorbed phase concen-
trations, respectively, andHi is the Henry’s constant. Such
analysis was carried out in the frame of the so called Tri-
angle Theory, whereby two basic assumptions are made.
First, the SMB unit is considered equivalent to the TMB
unit; the TMB unit achieves a steady state regime, which is
not accessible to the SMB unit that can attain only a cyclic
steady state behavior due to its port switch mechanism. The
SMB-TMB equivalence requires that the following equiva-
lence relationships between SMB and TMB flowrates, i.e.
QSMB

j andQTMB
j , and between switch time,t∗, in the SMB

unit and solid velocity in the TMB unit,Qs, be fulfilled[14]:

V

t∗
= Qs

1 − εb
(2)

QSMB
j = QTMB

j + Qsε

1 − ε
(3)

Second, the local equilibrium model is adopted to describe
the behavior of the chromatographic columns[16]. In this
framework, the key operating parameters are the flow rate
ratiosmj (j = 1, . . . , 4), defined as:

mj =
QSMB

j (t∗ − Vε)

V(1 − ε)
(4)

In this work, we extend the previous linear analysis to the
case of systems following the nonlinear, competitive Lang-

muir isotherm. This extension is needed because in SMB
practice it is necessary to operate at high feed concentration
in order to increase throughput, i.e. under overload condi-
tions where the assumption of linear, decoupled isotherms
does not apply. The chiral separation of�-ionone enan-
tiomers has been selected to illustrate the concepts and
methods introduced in this work[14,17,18]. These are sep-
arated on a cyclodextrin based chiral stationary phase us-
ing methanol as main solvent and water as modifier. Since
�-ionone enantiomers are more soluble in methanol than
in water, increasing the water fraction in the mobile phase
leads to longer retention times, as implied inFig. 1 [14].

2. Solubilities and adsorption isotherms

In general, changing the mobile phase composition, i.e.
the modifier concentration or the pH of the solution or its
ionic strength, has a major effect both on the competitive,
nonlinear adsorption behavior of the solutes under overload
conditions and on their solubility. In principle, when vary-
ing the mobile phase composition, one should expect dif-
ferent patterns of behavior obtained by combining opposite
trends in the two properties above, i.e. increasing or de-
creasing retention and increasing or decreasing solubility.
In practice, retention and solubility are related, even though
such relationship may be difficult to describe quantitatively.
In the following we consider the case of the enantiomers
of �-ionone in a mixed methanol/water mobile phase, to be
separated on a cyclodextrin based Nucleodex-�-PM column
(Macherey-Nagel, Düren, Germany) at 20◦C. This system
is representative of a rather large class of systems, where in-
creasing solubility (in methanol-rich mobile phases) implies
decreasing retention, and vice versa.

2.1. Solubility

The solubility of the�-ionone racemate as a function of
the mobile phase composition has been measured at 20◦C.
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Fig. 2. Solubility of the racemate of�-ionone in methanol/water at 20◦C
depending on the solvent composition.

This was done by preparing solvent mixtures with differ-
ent water content, and saturating them with�-ionone. Pure
�-ionone is liquid at 20◦C, thus in order to provide a large
interface for mass transfer, the samples were shaken until a
raw emulsion was formed and left for 24 h at 20◦C in a wa-
ter quench. To break the emulsion into a two-phase-system,
centrifugation was applied if necessary, and the�-ionone
concentration in the solution could be determined by HPLC
measurement. From the results illustrated inFig. 2, it is
clear that solubility is quite high in methanol and decreases
sharply when adding water to the solution;�-ionone is prac-
tically insoluble forx ≥ 0.7.

2.2. Nonlinear competitive adsorption isotherms

In order to characterize the nonlinear competitive reten-
tion behavior of the�-ionone enantiomers as a function
of the mobile phase composition, a series of pulse chro-
matograms of the�-ionone racemate has been measured at
20◦C. These have been performed at various water (modi-
fier) volume fraction values in the mobile phase, i.e.x = 0.2,
0.3, 0.4 and 0.5, and at various solute concentrations and
amounts injected. The obtained chromatograms show that
the retention times of the peak maxima decrease when the
amount injected increases, as expected for a Langmuir-type
isotherm, whereas the shape of the peaks deviates from
the standard Langmuirian behavior. In the following we
do not try to capture the detailed behavior of this system,
which most likely is rather complex, and we proceed in-
stead by using a standard competitive langmuir isotherm,
also based on previous results[8]. In order to highlight
the dependence of the adsorption isotherm parameters on
the mobile phase composition the following isotherm has

been used:

qi(x) = Hi(x)ci

1 + kA(x)cA + kB(x)cB
(i = A, B), (5)

whereHi andki are the Henry’s constant and the adsorption
equilibrium constant, respectively, while A and B refer to
(R)-(+) �-ionone and to (S)-(-) �-ionone, respectively.

The dependence ofHi andki on the mobile phase com-
position can be described in the range ofx ≤ 0.85 through
the following equations:

Hi(x) = Hi(0)

(1 + hix)ni
(i = A, B) (6)

ki(x) = ki(0) exp

(
x

ai

)
(i = A, B) (7)

whereHA(0) = 0.32, HB(0) = 0.26, hA = −1.13, hB =
−1.17, nA = 5.80, nB = 5.33, kA(0) = 1.48× 10−5 ml/g,
kB(0) = 2.96× 10−5 ml/g, aA = 4.38× 10−2 andaB =
4.93× 10−2.

The relationships above indicate that as the water con-
tent in the mobile phase increases, the solutes are adsorbed
more strongly, the maximum loading capacities (Hi/ki) de-
crease, and therefore the nonlinear character of the adsorp-
tion isotherm increases.

3. Operating conditions for complete separation in
nonlinear SG–SMBs

The temperature or pressure levels in a temperature gra-
dient or pressure gradient simulated moving bed unit can
be controlled independently through a device, either a heat
exchanger or a back pressure regulator, that does not af-
fect directly the SMB internal flow rates. On the contrary,
the mobile phase composition in the solvent gradient SMB
unit, e.g. the modifier concentrationsx2 and x3 in Fig. 1,
depend not only on the composition of the external streams,
i.e. desorbent and feed, but also on the internal flow rates.
To clarify this, let us first consider the closed loop TMB
unit illustrated inFig. 1. Given the modifier concentrations
xD andxF in the desorbent and feed streams, respectively,
the modifier levelsx2 andx3 are related to the external flow
streams through the following material balances at the des-
orbent and feed nodes:

x2Q
TMB
1 = xDQD + x4Q

TMB
4 (8)

x3Q
TMB
3 = xFQF + x2Q

TMB
2 (9)

where Q represents volume flow rates, and for the sake
of simplicity volume changes upon mixing are neglected.
Let us now consider an open loop unit, where the flow
stream leavingSection 4is discarded and not recycled to
Section 1. In this configuration, the mobile phase composi-
tion in Sections 1 and 2is the same as that in the desorbent
stream. Accordingly,x2 = xD replacesEq. (8), whereas
Eq. (9) still applies to describe the mass balance at the
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feed node. It is worth noting that the modifier concentra-
tion profiles drawn inFig. 1 apply only to TMB units,
whereas in a SMB unit such concentration values undergo
variations due to port switching[14]. In this section we de-
rive criteria for the choice of complete separation operat-
ing conditions in the frame of equilibrium theory with ref-
erence to a TMB unit, i.e. following a similar approach as
in Part I [14], but for the more realistic case of nonlinear
isotherms.

3.1. The ‘open loop’-configuration

For a nonlinear system a similar procedure can be fol-
lowed to construct the complete separation region in the
(m2, m3) plane as in the linear case[14]. For a given pair
of (x2, x3) modifier concentration values, a triangle-shaped
region such as the one drawn inFig. 3 can be obtained,
by considering that different isotherms apply in the differ-
ent sections of the unit. The specific example considered
in Fig. 3 refers to the separation of the�-ionone enan-
tiomers withx2 = 0.3 andx3 = 0.34, and a total race-
mate feed concentration,cF

T = 6 g/l. By considering an open
loop configuration,xD = x2 = 0.3, and only the points
in the triangle-shaped region fulfilling the feed node mate-
rial balance (9) for the given feed concentration,xF = 0.5
in Fig. 3, are to be considered. These belong to the bro-
ken operating line inFig. 3, obtained by combiningEqs. (4)
and (9):

m3(xF − x3) = m2(xF − x2), (10)

4.5

4.0

3.5

3.0

2.5

2.0

m
3

4.54.03.53.02.52.0
m2

xD= x 2= 0.30
x3 = 0.34
xF = 0.5

cT
F= 6 g/l

operating line

Fig. 3. Nonlinear complete separation region in the(m2, m3) plane for
a fixed pair (x2, x3) for an open-loop configuration, and the operating
line given by Eq. (10). Only the segment of the operating line which
lies inside the separation area provides accessible operating points for the
solvent gradient separation.
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whose intersecting segment (seeFig. 3) with the complete
separation area comprises all points that guarantee complete
separation, and are also compatible with the solvent gradient
mode operation for the given valuesxD, x3 andxF.

By repeating this procedure for various values ofx3, while
keepingxD andxF constant, we get a set of segments for
all feasiblex3 values, which can be assembled to form the
complete separation region for the givenxD andxF values
in the (m2, m3) plane, shown inFig. 4

Contrary to the linear case, such a region depends on
the concentration of the components to be separated in the
feed stream, and therefore on the total racemate concentra-
tion cF

T. The effect ofcF
T on the shape and position of the

complete separation region, for the givenxD and xF val-
ues, is illustrated inFig. 5. It can be seen that the area of
complete separation shrinks as the feed concentration in-
creases, and the vertex shifts to the left towards lowerm2
values, whereas the intersections with the diagonal do not
change.

Let us considerFig. 5 in view of the following generally
accepted definition of productivity for an SMB achieving
complete separation of the components in the feed mixture
[16]:

PR= QFcF
T

ncolV
= (m3 − m2)(1 − ε)cF

T

ncolt∗
(11)

It is seen that the productivity is proportional to the product
of the total feed concentration,cF

T, by the distance of the
operating point from the diagonal of the(m2, m3) plane.
In the particular case under examination inFig. 5, it can
be shown that the maximum productivity increases withcF

T,
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under the combined effect of an increasing value ofcF
T and

a decreasing value of(m3 − m2) [16].
It is worth recalling that the triangle-shaped regions in

the (m2, m3) plane shown inFigs. 3–5represent a region
of complete separation only under the assumption that a
complete regeneration of the solid and the fluid phase in
Sections 1 and 4, respectively, is achieved. This is guaranteed
when the following conditions onm1 andm4 are fulfilled:

m1 > mcr
1 (x2) = HA(x2) (12)

m4 < mcr
4 (m2, m3, x2, x3)

= 1
2

[
HB(x3) + m3 + kB(x3)c

F
B(m3 − m2)

−
√

(HB(x3) + m3 + kB(x3)c
F
B(m3 − m2))

2

−4HB(x3)m3

]
(13)

It is worth noting that the former constraint onm1 is the
same as in the linear case, whereas the latter depends on the
operating point(m2, m3) [16].

3.2. The ‘closed loop’-configuration

In the case of an open loop configurationx2 equalsxD,
and the complete separation regions inFigs. 4 and 5are con-
stituted of points at constantxF value, which fulfilEq. (10).
For a closed loop configuration, however,x2 is usually larger
thanxD, except for the limiting cases where either the recy-
cle flow Q4 or the feed flowQF approaches zero. Follow-
ing the same approach as for the open loop configuration, a
complete separation region can be determined for the cho-
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Fig. 6. Nonlinear complete separation region for fixedx2. The dashed
lines represent the critical regeneration lines for different desorbent com-
positions in a closed loop configuration. Only above the lines, a set of
m1 and m4 fulfilling the regeneration constraints (Eqs. (12) and (13)),
can be found. Hence, the critical regeneration line cuts off the complete
separation area and detaches it from the diagonal.

sen value ofx2. However, in this case, in addition to the
solvent balance at the feed node (10) also the balance at the
desorbent node, i.e.Eq. (8), must be fulfilled, which can be
recast in terms ofmj values as follows:

m1(x2 − xD) = m4(x3 − xD) (14)

At the same timem1 and m4 must comply with the con-
straints given byEqs. (12) and (13)). This implies that among
the operating points in the(m2, m3) plane associated to a
given pair of modifier concentrations (x2, x3) only those are
feasible, for which two valuesm1 andm4 can be found that
fulfill Eq. (14)and at the same timeEqs. (12) and (13)). Such
requirement defines implicitly a line in the(m2, m3) plane
such that the operating points below it are not acceptable,
because they violate the regeneration specifications in either
Sections 1 and 4. This line depends on the chosen values of
xF andxD as illustrated inFig. 6, for the case ofcF

T = 6 g/l,
xF = 0.5, and variousxD values between 0 and 0.3. Such
lines identify a feasible upper region in the triangle-shaped
complete separation region associated tox2 = 0.3. The ul-
timate result, i.e. the final complete separation region for a
given set of external mobile phase compositions, i.e. for a
given pairxF andxD, and for a given total feed concentra-
tion cF

T, is obtained by combining the separation regions ob-
tained for different values ofx2. This is illustrated inFig. 7,
for cF

T = 6 g/l, xF = 0.5 andxD = 0.25. The complete
separation region is identified by a thick boundary, and is
constituted of a series of triangle-shaped regions (with thin-
ner boundaries) associated tox2 values between 0.25 (the
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leftmost region) and about 0.36. Beyond this lastx2 value,
the intersection between the region calculated for the chosen
x2 value and the feasible region complying with constraints
(12), (13) and (14) is void. In the case shown inFig. 7,
the highest productivity and lowest desorbent requirement
are achieved in the vertex of the triangle with the lowestx2
value where the recycle flow goes to zero.

4. Discussion and conclusion

In this work we have developed tools to understand the
behavior of SG–SMBs and to design their operating condi-
tions. Next, we evaluate critically the potential of the sol-
vent gradient operation of SMBs for practical applications.
Our discussion will focus on the issue of solubility, and we
will refer to the�-ionone system and the corresponding data
presented inSection 2.2and inFig. 2.

For the sake of simplicity, but without loss of generality,
let us consider the open-loop SG–SMB where the compo-
sition of the desorbent stream, i.e.xD, andx2 are the same
and fixed. By fixing the composition of the solvent used in
the feed stream, the maximum feed concentration,cF

T, can
be obtained from the curve inFig. 2. For xF ≥ xD, where
xF = xD identifies the isocratic SMB operation, the maxi-
mum solubility decreases with increasingxF. Assuming as
a reference for the analysis thatcF

T coincides with the race-
mate solubility, it is then possible for every pairxF andcF

T to
determine the corresponding complete separation region in
the(m2, m3) plane. A few such regions are drawn inFig. 8.
It can readily be observed that increasingxF, and decreas-
ing cF

T accordingly, leads to larger regions, whereas values
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Fig. 8. Nonlinear complete separation regions at fixedx2 = 0.3 for
xF = 0.3, 0.4, 0.5, 0.6, 0.7, each with the racemic feed concentration
slightly below the corresponding solubility limit.

of xF close toxD leads to very high feed concentrations and
very thin complete separation regions. The thinnest trian-
gle in Fig. 8 corresponds to isocratic SMB operation, i.e.
no gradient. With reference to the definition of productivity
(11), changingxF yields conflicting trends in the two key
parameters controlling productivity, i.e. (m3 − m2) andcF

T.
In the case under examination the effect of the feed concen-
tration prevails and a five-fold increase of productivity in
going fromxF = 0.7, i.e. maximum gradient, toxF = 0.3,
i.e. isocratic SMB, can be observed (seeTable 1). This indi-
cates that SG–SMB operation does not improve on isocratic
SMB in this case, and we suspect that this might be a gen-
eral trend.

However, this first result has to be considered also in
view of robustness considerations. It is well known that the
thinner the complete separation region the less robust the
SMB operation is[16]. This implies that decreasingxF in
Fig. 8 leads to less robust operation from the point of view
of the feasible region of separation. This should lead to the
conclusion that there might be an optimal gradient operation,

Table 1
Comparison of feed flowrateQF ∝ (m3 − m2) and productivity PR∝
(m3 − m2)c

F
T based on identical switch timet∗ and identical SMB unit

(ncol, V , ε) in the vertexes of the separation areas shown inFig. 8

xF cF
T (g/l) (m3 − m2) (g/l) (m3 − m2)c

F
T (g/l)

0.3 73 0.207 15.1
0.4 20 0.666 13.3
0.5 6 1.743 10.5
0.6 1.7 3.489 5.9
0.7 0.5 6.030 3.0
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isotherms according toEqs. (6) and (7). Internal profile just after the switch versus the position of the eight columns inside the SMB unit of: (a)
concentration of A and B; (b) water fractionx.

i.e. a value ofxF that allows for the best trade-off between
productivity and robustness. This could be determined only
through detailed optimization, based on a proper measure of
robustness.

This measure should include another important aspect of
SMB operation, particularly of SG–SMB operation, namely
the internal concentration profiles. It has in fact been ob-
served[14] that solvent gradient operation of SMBs may
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lead to an enrichment in the fluid phase beyond the feed con-
centration. An example of this is shown inFig. 9awhere the
internal concentration profiles are shown, as computed with
a detailed SMB model including the modifier mass balance
equation (Eqs. (22) to (24) of Part I, modified to account for
the Langmuir adsorption isotherm ofEq. (5)). The nominal
modifier concentrationsx2 andx3 that are calculated using
the TMB model and are used for the design of the separation
arex2 = 0.3 andx3 = 0.457. The former coincides with the
correct value for the SMB unit, whereas the latter is only
an approximation of the real water concentration profile,
which is shown inFig. 9b. The solubility value correspond-
ing to x2 is extremely high, whereas that corresponding to
the nominalx3 value, i.e. 10 g/l, is very close to the actualcB
concentration in section 3. This raises the question whether
there might be solubility problems within the SMB columns
in the gradient mode operation, that might completely spoil
the separation. It is difficult to answer this question in gen-
eral terms since this is very much system-specific, and de-
pends also on the detailed solid/liquid equilibrium of the two
enantiomers in the mixed solvent system. In general in fact
pure enantiomers have a different solubility, either higher or
lower than the racemate.

The general conclusion to be drawn based on the anal-
ysis above is that the technical feasibility and attractive-
ness of solvent gradient SMBs depend on a rather del-
icate compromise between conflicting requirements and
constraints. Feasibility should be assessed through de-
tailed optimization. However, such optimization requires
an amount of rather detailed information about retention
and solubility at different mobile phase compositions, that
goes beyond what is normally required for isocratic SMB
design.

5. Nomenclature

a fitting parameter inEq. (7)
ap specific surface of the adsorbent particles (cm−1)
c concentration, (g/l)
D axial dispersion coefficient, (cm2/s)
h fitting parameter inEq. (6)
H Henry’s constant
k Langmuir parameter (l/g)
kq mass transfer coefficient in the lumped pore

diffusion model (cm/s)
m flowrate ratio
n fitting parameter inEq. (6)
ncol number of columns in the SMB
PR purity
q adsorbed phase concentration (g/l)
q∗ adsorbed phase concentration in equilibrium (g/l)
Q volumetric fluid flowrate (ml/min)
Qs volumetric solid flowrate (ml/min)
t time (s)
t∗ switch time (s)

V volume of one column (ml)
x volume fraction of the weaker solvent (e.g. water

in a water/methanol mixture)
z axial coordinate (cm)

Greek letter
ε bed void fraction

Subscripts and superscripts
A more retained component
B less retained component
cr critical value
D desorbent
E extract
F feed
i component index (i = A, B)
j section index (j = 1, . . . , 4)
P at operating point P
R raffinate
SMB Simulated Moving Bed
TMB True Moving Bed
W weaker solvent in the fluid phase (e.g. water in

a water/methanol mixture)
0 reference value atx = 0
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