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( )The design of a simulated mo®ing bed SMB pilot used for chiral drug separation is
presented. On-line concentration measurements allow the obser®ation of detailed con-
centration profiles along the SMB columns. Based on an extensi®e set of experimental
data, an equi®alent countercurrent model was deri®ed. In this model, mass-transfer
kinetics are described by linear dri®ing-force models, while the equilibrium concentra-
tions are gi®en by modified competiti®e Langmuir isotherms. The isotherm parameters
are estimated using a peak fitting procedure, which starts with initial ®alues gi®en by a
simple retention-time method. The dispersion phenomena are estimated through the
®ariation of the HETP with the fluid-phase ®elocity. The good agreement between the
model and the real system is demonstrated by se®eral cross-®alidation results corre-
sponding to the separation of gi®en racemic mixtures under ®arious operating condi-
tions. The model defines a zone of complete separation and allows optimal operating
conditions to be selected.

Introduction
The trend of the pharmaceutical sector toward commer-

cializing chiral drugs as pure enantiomers enhances the need
of efficient processes for the separation of racemates. Chiral
chromatography has been extensively used for chiral separa-
tions in the analytical field. Chiral phases are, however, very
expensive and their use for preparative or industrial purposes

Žhas long been avoided. In the beginning of the 1990s Negawa
.and Shoji, 1992 , it was shown that significant benefits in terms

of chiral phase and solvent consumption could be achieved
by performing the separation with a simulated moving-bed
Ž .SMB process. In such a system, a countercurrent movement
of the liquid and solid phases is simulated in order to in-
crease the exchange capabilities between the two phases.

Figure 1 shows the equivalent countercurrent representa-
tion of a typical SMB. The system consists of four zones, each
with constant flow rate, that are delimited by the several ma-
terial flow inlets and outlets. The feed to separate is intro-
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duced between zones 2 and 3. The component with less affin-
Ž .ity for the solid phase the raffinate is collected between

Ž .zones 3 and 4, and the most retained component the extract
is collected between zones 1 and 2. Fresh solvent is intro-
duced between zones 4 and 1 to regenerate the solid phase.
Part of the liquid phase is recycled to zone 1 after being
washed in zone 4. To avoid problems associated with the
movement of a solid phase, each zone is subdivided into sev-
eral interlinked columns and a simulated solid movement is
achieved by switching, at given time intervals, the positions of
the flow inlets and outlets in the direction of the liquid-phase
flow.

In the following, the major features of an in-house devel-
Ž .oped SMB pilot Cavoy et al., 1997 are described. This pilot

is dedicated to the separation of racemates prior to clinical
tests. It can also be used for a first evaluation of the feasibil-
ity of an up-scaled separation. The given design is flexible,
features some useful monitoring devices, and achieves very
efficient separations.
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Figure 1. Equivalent countercurrent representation of a
SMB.

To operate this SMB pilot, five input variables, that is, four
liquid-phase flow rates and the switching period, must be se-
lected so as to achieve the desired purity of the separated
enantiomers in an optimal way. This problem is highly re-
lated to the equilibrium governing the separation. With low-
capacitive chiral phases, the equilibrium is described by non-
linear competitive isotherms whose determination will be of
primary importance.

The experimental results reported in this study correspond
Žto the separation of two different racemic mixtures denoted
.1 and 2, respectively, in the continuation of the text under

various operating conditions. For confidentiality reasons, the
exact nature of these components cannot be divulged. It can
only be said that they differ significantly by their molecular
weight and chemical structure and that they are character-
ized by different nonlinear equilibrium isotherms.

In the first part of this study, a simulation program based
on an equivalent countercurrent model is developed. This
model is described by a set of convection]dispersion partial

Ž .differential equations PDEs that contain several unknown
parameters: column porosity, dispersion coefficients, mass-
transfer coefficients, and isotherm parameters. A step-by-step
procedure for the experimental determination of these pa-
rameters is given. In particular, the isotherm parameters are
estimated using a peak fitting procedure, which starts with

Ž .initial values given by a simple retention time method RTM .
Based on an extensive set of experimental data, the good

agreement between the model and the real system is demon-
strated both in direct and cross-validation.

In the second part of this study, a procedure for selecting
optimal operating conditions is discussed. Based on the de-

Žtermination of a zone of complete separation Mazzotti et al.,
.1997 , the product purity predicted for different operating

conditions is compared with experimental results. In addi-
tion, the simulation program is used to investigate other im-
portant issues, including the influence of the feed concentra-
tion on the zone of complete separation and the selection of
the number of columns in each zone according to dispersion
effects.

Ž .In contrast with a recent study Francotte et al., 1998 , ex-
perimental results demonstrate that the raffinate productivity
can be significantly increased by operating the SMB process
outside the zone of complete separation, in a region where
only pure raffinate can be obtained.

Finally, the last section of this article is devoted to some
conclusions.

System Design
Because the separation process is very sensitive to flow-rate

variations, the system has been designed so as to guarantee
an accurate regulation of the material flow rates. In this re-
gard, the SMB unit, which is illustrated in Figure 2, features
several novel technical characteristics:

v The extract and raffinate are withdrawn by two values. A
PID control scheme allows the outlet flow rates, which are
measured by two Coriolis mass flowmeters, to be regulated
by acting on the valve apertures. Actually, because the system
is under pressure, a valve regulation is easier to implement
than a pump regulation involving the introduction of some
counterpressure at the outlet of the pump.

v The bottom of each column is connected either to the
recycling line or to the top of the next column via a three-port
valve. This additional valve allows the recycling pump to be
placed out of the SMB zones. This design is particularly ad-
vantageous, since the pump runs at a constant flow rate. On
the other hand, when the recycling pump is placed between
two of the columns in the line connecting them, its flow rate
must change depending on the zone where the columns are
located.

For satisfactory process operation, the several columns
must be as identical as possible. In the SMB pilot considered
in this study, columns are fitted out with a piston allowing a
good packing reproducibility. Figure 3 shows the comparison
of the chromatograms measured after injection of a test

Žproduct in each of the twelve columns of the SMB unit Merk
4.8 cm ID and 11.6 cm in length, packed with a chiral phase

.from Daicel Chemical Industries, Ltd. . In this figure, the first
peak corresponds to a component that is not retained by the

Ž .chiral adsorbent in this case 1,3,5-tri-tert-butylbenzene ,
whereas the two following peaks correspond to the compo-
nents of a racemic mixture. These chromatograms are nearly
identical, demonstrating the excellent packing reproducibil-
ity.

In addition to these technical features, some monitoring
devices have been implemented:

v A UV detector is connected to the inlet of the recycling
pump. Under normal separation conditions, the liquid flow-
ing through the recycling pump must be pure solvent and the
UV signal must be flat. Any change in the UV signal is thus
an indicator of a problem either due to system perturbations
Ž .flow-rate perturbation, temperature change, and so on or
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Figure 2. SMB pilot.

Ž .fault column degradation, and so on or due to a wrong
choice in the operating conditions. During the time needed
to check and resolve the problem, the recycling flow can be
deviated to a waste, and instead some fresh solvent can be
injected in zone 1. This precaution avoids propagating the
pollution into all the system, and hence allows a quicker reso-
lution of the problem.

v A monitoring of the separation process is performed on-
line. A small part of the liquid flowing out of column 1 is
deviated to a capillary tube connected to an onroff valve

Ž .through a Rheodyne valve Figure 4 . At a given percentage

Figure 3. Packing reproducibility.

of the switching period D t, the onroff valve is open and the
capillary tube as well as the injection loop connected to the
Rheodyne valve are filled with the flow exiting column 1
Ž .Rheodyne valve in load position, Figure 4a . When the loop
is full, the onroff valve is closed and the Rheodyne valve is

Ž .put in the injection position Figure 4b ; the content of the
loop is injected to an analytical column, and the components
are separated. This way, the composition of the flow exiting

Figure 4. Valve setting for on-line analysis.
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Figure 5. On-line analysis at 50% of the switching pe-
riod D t.
First 6 cycles of the SMB separation of racemic mixture 1
with c s 40 grL. 2-4-4-2 SMB configuration, D t s100 s, Q1

F
s202 mLrmin, Q s 75 mLrmin, Q s 24 mLrmin, Q sE R F
18.5 mLrmin.

column 1 at a given percentage of the switching period is
determined on-line. During a cycle, column 1 successively oc-
cupies twelve different positions so that it is possible to ob-
serve the evolution of the separation along the SMB system.
The sample needed for the on-line analysis is only 1.2 mL}a
negligible quantity compared to the SMB holdup}so that
the concentration profiles are unaffected.

For example, Figure 5 shows the twelve chromatograms
measured at 50% of the switching period, during each of the
first six cycles of a separation of racemic mixture 1. For each

Ž .cycle, the first measurement to the left in Figure 5 is per-
formed when column 1 is in position 12.

Thanks to these on-line analyses, it is possible to detect
when steady-state conditions are reached. In the example un-
der consideration, the chromatograms measured during the
fifth and sixth cycles are almost identical, which means that
the SMB pilot operates in steady state after 5 to 6 cycles.

Under these conditions, it is possible to observe more de-
tailed separation profiles by performing the analyses at dif-
ferent percentages of the switching period. Figure 6 shows
seven consecutive cycles and the twelve chromatograms mea-
sured at 10%, 20%, 30%, 50%, 70%, 80%, and 90% of the
switching period, respectively.

The area of the peaks can be used to draw internal con-
centration profiles, as illustrated in Figure 7, which com-
pares, for a separation of racemic mixture 2, detailed concen-
tration profiles with those obtained from analyses at 50% of
the switching period only. The detailed profiles clearly show

Ž .a concentration front for the raffinate component A and a
Ž .concentration plate for the extract component B . These

characteristics could not be observed from the profile at 50%.
These monitoring devices will be useful to check the valid-

ity of the mathematical models developed in the next section.

System Modeling
There are several approaches for modeling an SMB proc-
Ž .ess Ruthven and Ching, 1989 . The one selected in this study

assumes an equivalent countercurrent movement of the solid
Ž .phase. This so-called true moving-bed TMB model neglects

the dynamics associated with periodic switching and pro-

Figure 6. On-line analysis at different percentages of the
switching period D t.
Steady-state separation of racemic mixture 1 with c s 40F
grL. Same conditions as in Figure 5.

duces mean concentration profiles over a switching period.
Theoretically, the TMB model describes the situation exist-
ing in an SMB process with infinitely many columns in each
zone. However, experience shows that this simplifying as-
sumption holds true in the case of relatively coarse subdivi-

Žsions, for example, 2]4 columns in each zone Pais et al.,
.1998 .

As we will see in the following, this simple approach is
sufficient for the purposes of the present study, that is, the

Žexperimental development of a simulation model including
.parameter estimation and model validation and the selection

of operating conditions. A more rigorous approach, involving
a representation of the system as an arrangement of static
chromatographic columns and taking into account periodic
switching, would be required to investigate system dynamics
in more depth and to design control schemes. These issues
are currently being addressed by the authors and will be re-
ported elsewhere.

Following the TMB approach, a model is developed based
on the additional assumption that the system is one-dimen-
sional, that is, velocities and concentrations are radially ho-
mogeneous, so that the mass balances for each component of
a racemic mixture can be expressed by convection]dispersion
PDEs in the form

­ c 1ye ­ q ­ 2c ­ c 1ye ­ qi i i i ijq s D yu q uLi cc s2­ t e ­ t ­ z e ­ z­ z

is A , B , js1, . . . , 4, 1Ž .

where c is the concentration of the component i in the liq-i
uid phase, and q is the corresponding concentration in thei

Žsolid phase. The parameter e is the bed porosity total void
.fraction , D represents the axial dispersion coefficient, andLi

u j and u denote the liquid phase velocity in zone j and thecc s
solid phase velocity, respectively. These countercurrent veloc-
ities are related to the SMB operating parameters by

L Q j Q j Lccju s , u s s y js1, . . . , 4, 2Ž .s ccD t eÝ e S D t
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Figure 7. Significance of detailed experimental profiles.
SMB separation of racemic mixture 2. Configuration 4-2-5-1; D t s 75 s; Q1s294 mLrmin; Q s137.5 mLrmin; Q s 47.3 mLrmin; Q s 22E R F
mLrmin.

where L is the length of a single chromatographic column,
D t is the switching period, Q j is the countercurrent liquidcc
flow rate in zone j, Q j is the SMB liquid flow rate in zone j,
and Ý is the cross-section area of a chromatographic column.

Further, a lumped kinetic model expresses the accumula-
tion rate of the components in the solid phase due to a

Ž .mass-transfer driving force. Here, a linear driving-force LDF
Ž .model Ruthven, 1984 is selected,

­ q ­ qi i Usu q k q y q is A , B , 3Ž . Ž .s FSi i i­ t ­ z

where k is the overall mass-transfer coefficient existing inFSi
a film around the sorbent particles and qU is the solid-filmi
equilibrium concentration, which is related to the liquid-phase

Ž .concentrations c , c by an adsorption equilibrium rela-A B
tion.

Adsorption on chiral phases is known to be well described
Žby modified Langmuir isotherms Nicoud and Seidel-

.Morgenstern, 1996 , that is,

q b cs i iUq s lc q is A , B , 4Ž .i i 1q b c q b cA A B B

where l, q , b , and b are the modified Langmuir isotherms A B
parameters.

Equations 1 to 4, supplemented with initial and boundary
conditions, are solved numerically using the method of lines
Ž .Schiesser, 1991 . First, the spatial derivatives are approxi-
mated using finite difference schemes on nonuniform spatial
grids, that is, more grid points are concentrated near the sev-
eral zone boundaries where steep concentration gradients
take place. Then, the resulting set of semidiscrete ODEs is
integrated in time using the backward differentiation formula
Ž . Ž .BDF solver LSODES Hindmarsh, 1983 , which can auto-
matically generate the sparsity pattern of the Jacobian ma-
trix. This feature is particularly interesting in this application

in which the Jacobian matrix has a special structure involving
elements located off the band around the main diagonal, near

Žthe matrix corners arising from material recycling in the SMB
.process .

Parameter Estimation
The model equations contain several unknown parameters,

for example, bed porosity, isotherm parameters, dispersion
coefficients, and mass-transfer coefficients, whose numerical
values must be inferred from experimental data.

Bed porosity
A component, which is not retained by the chiral phase

Ž .1,3,5-tri-tert-butylbenzene was used in this study , is injected
in one of the SMB columns. The bed porosity or total void
fraction can easily be computed from the measured retention

Žtime t see Figure 3, in which t corresponds to the reten-0 0
.tion time of the first peak

Q t® 0
e s 5Ž .

V

where Q is the liquid flow rate and V is the column volume.®

Isotherm parameters
Isotherm parameters are determined by a combined proce-

Ž .dure in which a simple retention-time method RTM
Ž .Guiochon et al., 1994 provides initial parameter estimates
for a peak-fitting algorithm.

Ž .Experiments are performed using N typically 2 columnsc
of the SMB connected in series and used in batch mode. Dif-
ferent quantities of racemic mixture are injected and the
chromatograms are recorded.

First, small quantities of racemic mixtures are injected so
that the equilibrium relation corresponds to the linear part of
the Langmuir isotherms characterized by slopes equal to lq
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q b and lq q b , respectively. These values can be ob-s A s B
tained from the retention times, t and t , of the peaksR , A R , B0 0
Ž .Guiochon et al., 1994

t y t 1yeR , i 0X 0k s s lq q b , is A , B , 6Ž .Ž .0,i s it e0

Ž .where t s N L ru is the transportation lag of the columns0 c
and u is the liquid-phase velocity.

Then, larger quantities of racemic mixtures are injected,
Ž .resulting in very sharp peaks near shocks traveling through

the chromatographic columns. The terms q b can be com-s i
puted, at least approximately, from the retention times of the

Ž .shocks Guiochon et al., 1994

1ye
t s t q t q q b t L y2 L ,'R , i p R , i s i 0 f , i f , iž /shock 0 e

ni
L s is A , B , 7Ž .f , i 1ye VqŽ . s

where n is the mass injected and t is the duration of thei p
injection.

Ž .Based on at least two injections, Eqs. 6]7 allow the sev-
eral unknown parameters, l, q , b , b , to be determined. Its A B
is not expected that this method, which is based on the solu-

Žtion of the ideal model of chromatography no dispersion and
.mass-transfer resistance , is very accurate, since it assumes

Žno interaction between the two component peaks which is
.not true when the equilibrium relation is nonlinear . How-

ever, it quickly gives a first approximation of the isotherm
parameter values, which can then be used as initial guesses in
a peak-fitting algorithm.

The peak-fitting algorithm is based on the numerical solu-
tion of an equilibrium-dispersion model

­ c 1ye ­ qU ­ 2c ­ ci i i i
q s D yu , 8Ž .ai 2­ t e ­ t ­ z­ z

where D is an apparent dispersion coefficient that lumpsai
together dispersion and mass-transfer kinetics. The first set
of experiments, in which small quantities of racemic mixture
were injected and linear chromatographic conditions were
achieved, can be used to estimate the values of the dispersion

Ž .coefficients Guiochon et al., 1994 , that is

N Luc
D s 9Ž .ai 2 Ni

2
tR , i0N s5.54 , 10Ž .i ž /W1r2 i

where N is the number of theoretical plates and W is thei 1r2 i
width halfway up the peaks.

Ž .An output least-square OLS criterion measures the devi-
Ž .ation between the measured concentrations y t and thei

Ž . Žconcentrations c t;u predicted by the model equations Eq.i
.8

B1 t 2fJ u s y t yc t ;u dt , 11w xŽ . Ž . Ž . Ž .H Ý i it 0f is A

where u is the vector of unknown isotherm parameters and t f
is the duration of the experiment. The minimization of the
OLS criterion with respect to the unknown parameters u is

Žperformed with the SQP algorithm FFSQP Zhou and Tits,
.1997 . The convergence of this nonlinear optimization proce-

dure is improved by starting from the RTM estimates, which
are expected to be relatively close to the minimum of the
criterion.

Dispersion parameters
The parameters D and k characterize axial dispersionLi FSi

and mass-transfer resistance, respectively. For linear
isotherms, the solution of the LDF model leads to the follow-
ing expression for the height equivalent to a theoretical plate
Ž .Ruthven, 1984

2XN L 2 D k uc Li 0, i
H s s q2 . 12Ž .X Xi ž /N u 1q k k ki 0, i 0, i FS i

Again, N columns of the SMB are connected in series andc
several injections of a racemic mixture are performed. In each
experiment, small quantities are injected so that the adsorp-
tion equilibrium relation is linear. Each injection is carried
out with a different value of the liquid-phase velocity. These
values are chosen so as the include the range of velocities
u qu j expected when running the SMB system. In eachs cc
case, the values of kX and H are estimated from the chro-0,i i
matograms, based on Eqs. 6 and 10. H u is then plottedi

2 Ž . Žagainst u to give D from the intercept and k fromLi FSi
.the slope .

Case study and experimental ©alidation
The several parameters estimated by the procedures just

mentioned are given in Table 1 for racemic mixtures 1]2,
respectively.

In both cases, the estimated values of the dispersion coeffi-
cients D and D are very small. Using these parameterL A LB

Ž .values in the model equations Eqs. 1]4 , internal concentra-
tion profiles are computed that are steeper than the experi-
mental observations. Actually, axial dispersion in the SMB
columns appears negligible compared to dispersion effects
resulting from the discretization of the SMB into twelve

Žcolumns dispersion in the interconnecting lines and valves,
.etc. . These latter effects can be taken into account by in-

creasing D and D to 3 ?10y6 m2rs in the case of racemicL A LB
Ž y6 2 y6 2mixture 1 3 ?10 m rs and 4 ?10 m rs, respectively, in the

Table 1. Model Parameters

Racemic Mixture 1 Racemic Mixture 2

e s0.66 e s0.66
ls0.317 ls0.28
q s49.6 grL q s16.97 grLS S
b s0.0166 Lrg b s0.0399 LrgA A
b s0.0471 Lrg b s0.1601 LrgB B

y8 2 y8 2D s2=10 m rs D s3=10 m rsL A L A
y8 2 y8 2D s1=10 m rs D s4=10 m rsL B L B
y1 y1k s3.75 s k s2.52 sFS A FS A
y1 y1k s3.18 s k s1.86sFS B FS B
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Figure 8. Experimental validation of the simulation
model.
SMB separation of racemic mixture 2 under various operat-
ing conditions.

.case of racemic mixture 2 . This way, the discretization ef-
fects are lumped into the dispersion coefficients D andL A
D .LB

A few experimental profiles corresponding to the separa-
tion of racemic mixture 2 under different operating condi-

Žtions flow rates, number of columns per zone, and feed con-
.centration are given in Figure 8 which illustrates the good

agreement between the experimental and simulated profiles.

Selection of Operating Conditions
Based on the model of the SMB process derived in the

previous sections, several issues related to the selection of
operating conditions are now addressed.

( 2 3)Figure 9. Zones of complete separation in the m , m
plane for racemic mixture 2 at three different
feed concentrations.
Dashed line} c s 4 grL; dotted line} c s 40 grL; solidF F
line} c s 80 grL.F

Zone of complete separation: Selection of the se©eral flow
rates

Relative flow rates are defined as

Q j
ccjm s 13Ž .

Qs

where Q is the countercurrent solid flow rates

1ye ÝLŽ .
Q s . 14Ž .s D t

Ž .In a recent study Mazzotti et al., 1997 , Mazzotti and his
coworkers derived conditions on the relative flow rates lead-
ing to a complete separation of the products. These develop-
ments are based on the steady-state analytical solution of an

Žideal TMB model neither dispersion nor mass-transfer re-
.sistance in which the adsorption equilibrium is described by

modified Langmuir isotherms. These conditions impose a
minimum bound on m1, which depends only on the isotherm
parameters, and a maximum bound on m4, which depends on
the isotherm parameters and is a function of the relative flow
rates m2, m3 and the feed concentration. The expressions of
the conditions on m2 and m3 are independent of the values
of m1 and m4 and define a triangular zone of complete sepa-

Ž 2 3.ration in a plane m , m . This zone is highly dependent on
the feed concentration, as illustrated in Figure 9, which shows
the complete separation zones corresponding to three differ-
ent feed concentrations of racemic mixture 2.

Several operating points inside or outside the zone of com-
plete separation are now checked experimentally. Point 1,
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which corresponds to 4 grL feed concentration, is in the
complete separation zone and leads effectively to pure ex-
tract and raffinate, as shown in Figure 8c. Point 2, corre-
sponding to 40 grL feed concentration, is located above the
complete separation zone, in the region where only the ex-
tract is pure. This is in good agreement with the experimen-
tal concentration profiles plotted in Figure 8b corresponding

Žto an insufficient raffinate purity of 94%. Point 3 80 grL
.feed concentration is located inside the complete separation

zone, as is confirmed by the experimental profiles illustrated
in Figure 8a. In the latter case, however, the zone of com-
plete separation is very small and slight perturbations in the
operating conditions can affect product purities.

Influence of the feed concentration
The separation productivity is defined as

c QF F
PRs , 15Ž .

PW

where c is the feed concentration, Q is the feed flow rate,F F
and PW is the weight of the adsorbent phase contained in
the SMB, for example, 1.5 kg of chiral phase. From this ex-
pression, it is clear that productivity increases with feed con-
centration. However, as the complete separation zone shrinks
when the feed concentration increases, it becomes more and
more difficult to select robust operating conditions. It was

Ž .shown in Mazzotti et al. 1997 that, for a given feed concen-
Žtration, PR is maximum at the vertex W indicated for c s4F

.grL in Figure 9 of the triangular zone. This maximum pro-
ductivity is plotted vs. feed concentration in Figure 10a for
racemic mixture 2. No major increase of productivity is ob-
served for feed concentrations larger than c sc sc r2FA FB F
s10 grL. Actually, the asymptotic form of the productivity
curve is very similar to the asymptotic evolution of the Lang-
muir isotherms, which is illustrated in Figure 10b. Hence, it is
recommended that a feed concentration be selected, which
corresponds to the smallest concentration leading to the sat-
uration of the selective sites of the chiral phase. Of course,
feed concentration will be limited by solubility.

Switching period
Once the feed concentration has been chosen, relative flow

rates leading to a complete separation of the products and
Žmaximum productivity can be determined minimum condi-

1 4 Ž 2 3.tion on m , maximum condition on m , and m , m given
.by the vertex W of the triangular zone . To obtain the SMB

flow rates Q j from the relative flow rates m j, it is necessary
to select a value for the switching period D t. Again, this value
will be chosen so as to achieve maximum productivity. In fact,

Ž .productivity increases with the feed flow rate Q Eq. 15 soF
2 3 Ž .that, when m and m are fixed and so, Q rQ , higher pro-F S

ductivity can only be achieved by increasing Q , that is, de-S
creasing D t. Hence, the switching period D t should be as
small as possible, considering the fact that, as D t gets smaller,
the several flow rates Q j increase as the pressure drops in
the system.

Figure 10. SMB separation of racemic mixture 2.
Ž .a Optimal productivity as a function of the feed concen-

Ž .tration; b evolution of the Langmuir terms of the modi-
fied Langmuir isotherms.

Number of columns per zone
As it is apparent from Eq. 15, productivity increases when

PW decreases. It is thus of interest to reduce the number of
columns used in each SMB zone. Moreover, with fewer
columns, smaller pressure drops occur, so that it is possible
to operate the SMB process with a higher switching fre-
quency, which also results in an increase in PR.

Consider an SMB configuration involving six columns: one
column in zones 1 and 4, and two columns in zones 2 and 3

Ž .where the separation occurs configuration 1-2-2-1 . Figure
11a shows the zone of complete separation for racemic mix-
ture 1 with a feed concentration c s40 grL. Figure 11b il-F
lustrates the internal concentration profiles corresponding to
the optimal operating point W. In this case, however, due to
relatively important dispersive phenomena, this operating

Žpoint leads to some pollution of the products purity level of
.the extract is only 96% . This divergence between theory and

practice finds its origin in the fact that the analytical determi-
nation of the complete separation zone is based on the as-
sumption that there is neither dispersion nor mass-transfer
resistance. One way to remedy this situation is to increase
the number of columns, as shown in Figure 11c, where the

Žseparation is performed with a 10-column SMB configura-
.tion 1-6-2-1 . In this latter case, the purity of the extract is

now 99%, but the switching period had to be increased from
60 s to 85 s, with a consequent important loss of productivity
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Figure 11. Compromise among purity, productivity, and
solvent consumption illustrated with the SMB
separation of racemic mixture 1 at c s40F
grrrrrL.

Žfrom 3.10-kg racematerkg phaserday to 1.31-kg racematerkg
.phaserday . Another way to obtain pure products is to keep

the same column configuration but to select an operating
point located further away from the boundaries of the com-

Ž .plete separation zone, such as point y Figure 11a , leading
to the internal concentration profiles given in Figure 11d. Al-

Ž .though the product purities are satisfactory )99% , the
choice of this operating point involves a very important in-

Žcrease in solvent consumption from 171-kg liquid phaserkg
.racemate to 298 kg liquid phaserkg racemate . The example

depicted in Figure 11 illustrates the inevitable compromise
between purity, productivity, and solvent consumption. In the
case of separations involving very expensive chiral adsorbent,
economic criteria will be in favor of maximum productivity.

Outside the Zone of Complete Separation
For clinical tests, it is required to obtain both enantiomers

with a high level of purity. For production purposes, how-
ever, only one of the enantiomers is usually of interest. In
this section, operating points located outside the zone of

Ž 2 3.complete separation}in a region of the m , m space where
only the enantiomer of interest is pure}are investigated.
Figure 12 shows the zone of complete separation for racemic
mixture 1 at a feed concentration of 40 grL and two arrows
indicating the excursions in the pure extract or raffinate re-
gions.

A first experimental observation is that, when the operat-
Ž 2 3.ing point m , m is outside but close to the zone of com-

plete separation, the transient phase preceding the pollution
of A or B can be relatively long. Table 2 illustrates this fact
for several operating conditions.

ŽIn a first set of experiments, three operating points a, b,
.and c in the pure extract region are considered. These points

correspond to m2 s1.2 and increasing values of m3s1.55,
1.65, and 1.75, respectively. Point a, which is in the zone of
complete separation, leads to a productivity of about 0.9-kg

Figure 12. SMB operation outside the zone of complete
separation.
Separation of racemic mixture 1 at c s 40 grL. 1-2-2-1F
SMB configuration, D t s 60 s, Q1s337.4 mLrmin.

racematerkg phaserday for both enantiomers. In points b and
c, the extract productivity does not increase, but it is possible
to transitorily obtain pure raffinate with an increased produc-

Žtivity during a larger number of cycles for point b than for
.point c; see Table 2 .

ŽIn a second set of experiments, three operating points d,
.e, and f in the pure raffinate region are considered, which

correspond to m3s1.35 and decreasing values of m2 s0.9,
Ž .0.8, and 0.7, respectively see Table 2 . Now, the raffinate

productivity significantly increases from 1.2- to 1.67-kg race-
materkg phaserday when moving the SMB operating point
from conditions d to f. Before pollution occurs, with in-
creased productivity it is possible to transitorily obtain pure
extract.

Therefore, very promising results, which correspond to in-
creases in productivity of up to 40%, are obtained when op-
erating the SMB process in the pure raffinate region. This

Table 2. SMB Separation of Racemic Mixture 1 at c s0.40F
grrrrrL Configuration 1-2-2-1, D t s60 s, Q1s337.4 mLrrrrrmin

Point a b c d e f
2m 1.2 1.2 1.2 0.9 0.8 0.7
3m 1.55 1.65 1.75 1.35 1.35 1.35

Ž .N P )99.9% ` 11 4 27 6 3cycle

Producti®ity at the End of the Second Cycle
Ž .PR kgrkgrd 0.86 1.22 1.57 0 0 0.05A
Ž .PR kgrkgrd 0.71 0.72 0.72 1.21 1.47 1.73B

Producti®ity at the End of the Last Cycle Before Pollution
Ž .PR kgrkgrd 0.92 1.23 1.58 1.20 1.45 1.64A
Ž .PR kgrkgrd 0.97 1.03 0.96 1.25 1.55 1.80B

Steady-State Values of Purity and Producti®ity
Ž .P % 100 81.3 72.6 100 100 100A
Ž .P % 100 100 100 99.8 97.7 92.8B
Ž .PR kgrkgrd 0.92 1.17 1.44 1.20 1.46 1.67A
Ž .PR kgrkgrd 0.97 1.02 1.01 1.25 1.56 1.87B
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latter observation contradicts a recent study by Francotte et
Ž .al. 1998 , who conclude that operating the SMB process in

the pure extract or raffinate regions has no positive effect on
the productivity.

We attribute this observation to front and tail effects. In
Ž .the pure extract B component region, the concentration

front of B moves quickly, and most of B component added
when passing from the complete separation zone to the pure
B zone is going to the raffinate outlet. In the pure raffinate
Ž .A component region, however, the diffuse back part of the
concentration profile of A leads to much slower pollution of
the extract.

Conclusions
In this work, the design features of an SMB process dedi-

cated to the separation of racemates prior to clinical tests are
presented. An equivalent countercurrent model is derived, in
which mass-transfer kinetics are described by linear driving
force models and the adsorption equilibrium relations are
represented by modified Langmuir competitive isotherms.
Based on a set of experiments performed with several of the
SMB columns connected in series and operated in batch
mode, unknown model parameters}total void fraction, dis-
persion coefficients, mass-transfer coefficients, and isotherm
parameters}are estimated. In particular, a retention-time
method allows a rapid estimation of the isotherm parame-
ters, which serve as a starting point in a peak-fitting algo-
rithm based on the minimization of a least-square criterion.
This output-error criterion is defined implicitly through the
numerical solution of an equilibrium-dispersion model of
batch chromatography. Finally, the countercurrent model is
validated by comparing detailed experimental concentration
profiles, corresponding to various operating conditions, with
the corresponding simulated profiles.

Following this modeling study, several issues related to the
selection of optimal operating conditions are analyzed, both
experimentally and in simulation:

v The influence of the feed concentration on the zone of
complete separation, and the difficulty in selecting robust op-
erating conditions at high feed concentrations, is highlighted.
As a result of these investigations, it is suggested that the
smallest concentration leading to the saturation of the selec-
tive sites of the chiral phase be chosen as maximum feed con-
centration.

v ŽTo achieve a high productivity in kg racematerkg
.phaserday the number of columns and the switching period

must be at a minimum. The switching period is limited by the
pressure drop in the system, and thus by the number of
columns.

v When dispersive phenomena are important, the zone of
complete separation is reduced. Several alternative solutions
exist, which necessarily compromise between purity, produc-
tivity, and solvent consumption. These alternatives can be ad-
vantageously evaluated using the simulation model.

v Depending on the component of interest, it might be ap-
pealing, in terms of productivity, to consider operating condi-
tions outside the region of complete separation, leading only
to the pure product of interest.

Notation
c sextract concentrationE
c sraffinate concentrationR

Q sextract flow rateE
Q sraffinate flow rateR

zsposition along the SMB
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