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a b s t r a c t

A new integrated 3-zone simulated moving bed (SMB) concept with internal racemization reaction was
suggested recently for the production of single enantiomers from racemic mixtures [1,2]. The process
utilizes an internal gradient to trigger the racemization within a single zone. It can deliver the pure
enantiomer and outperforms conventional technologies. In this contribution, the concept is validated
experimentally for the separation of a model system compound. The results demonstrate that the new
eywords:
imulated moving bed
nantiomer
acemization
radient

ntegrated process

concept is capable of producing a single enantiomer with purity, yield and conversion of 100%.
© 2011 Elsevier B.V. All rights reserved.
eactive separation

. Introduction

Enantiomers constitute pairs of stereoisomers that are mir-
or images of each other. As regards their physiological impact,
ften only one enantiomer exhibits the desired effect while
he other is ineffective or even harmful. Producing directly the
esired enantiomer by chemical methods [3] as enantioselec-
ive catalysis, biocatalysis, or from enantiopure building blocks
s, although desirable, frequently expensive due to long-lasting
evelopment efforts or expensive raw materials. Often devel-
ped syntheses are not fully enantioselective, and sometimes
hey are infeasible. Hence the alternative of obtaining single
nantiomers from racemic mixtures plays a major role for com-
anies that produce pharmaceuticals, fine chemicals, nutrition
dditives, or fragrances. The drawback of producing the race-
ate, which is the 50/50 mixture of both enantiomers, is that

t necessitates a subsequent separation. Several techniques are
vailable for this, for example, crystallization of diastereomeric
alts, dynamic kinetic resolution, or chromatography. In partic-

lar continuous simulated moving bed (SMB) chromatography
as been established in recent years for many enantiosepara-
ions on the industrial scale [4]. However, without a simultaneous
nterconversion of the counter-enanantiomer, the recovery yield

∗ Corresponding author. Tel.: +49 391 6110 282; fax: +49 391 6110 551.
E-mail address: kaspereit@mpi-magdeburg.mpg.de (M. Kaspereit).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.02.021
of separation-based approaches is inherently limited to 50%
only.

Recently, investigations of several new integrated process
concepts combining racemization reaction and continuous chro-
matography were reported [1,2]. Theoretically, these processes
can produce single enantiomers with yield and conversion of
100%. They can outperform the conventional engineering concept
of flowsheet integrated processes (reactor-separator-recycle) and
processes with side reactors due to an effect denoted as reaction-
assisted regeneration. An integrated closed-loop 3-zone SMB unit
was identified as a particularly attractive process idea. This scheme
combines good performance with a relatively simple setup. It con-
tains no external solvent removal devices or recycle streams. The
racemization reaction is optimally performed within the regenera-
tion zone. Fig. 1 shows schematically the suggested 3-zone process
es for the production of the more (A) and less adsorbed component
(B), respectively.

In order to fully exploit the potential of the scheme the racem-
ization reaction needs to be performed only in a single specific zone
of the SMB. This corresponds to zone III for the production of the
stronger retained component A, and zone I for the production of the
weakly adsorbing enantiomer B (see Fig. 1). In practice, the reaction

could be controlled by gradients of, for example, temperature, pH,
modifiers or additives, depending on the specific chemical system
under consideration [1].

In this work, the new integrated process is validated experi-
mentally for the production of the pure less retained enantiomer B

dx.doi.org/10.1016/j.chroma.2011.02.021
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:kaspereit@mpi-magdeburg.mpg.de
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ig. 1. Integrated 3-zone SMB processes combining chromatographic separation a
eactors. Left – setup for the production of the strongly retained component A. Rea
omponent B. Reaction takes place within zone I. F – feed, S – solvent, E – extract, R

Fig. 1, right). It should be noted that this is a particularly interesting
ase. The only concept that is comparable to this setup is the par-
ially integrated Hashimoto process [5], which utilizes side reactors.
o the authors’ best knowledge, Hashimoto processes or similar
oncepts have never been applied to interconvert an isomeric mix-
ure into the weaker adsorbing component only. As demonstrated
n [2] this would in principle be possible, but requires a large num-
er of columns and reactors. The schemes in Fig. 1 provided a better
erformance than the Hashimoto concept regardless of the target
omponent, in particular for high product purity.

The enantiomers of chlorthalidone (CTD) will serve as exper-
mental model system. In this particular example, an internal
radient of the pH value is used to control the reaction. There-
ore, at first, the effect of the pH on the racemization kinetics and
n the adsorption behavior is investigated. The obtained parame-
ers are applied in a detailed mathematical process model used for
esigning the process. A semi-preparative SMB unit is used under
H-gradient operation to produce the less retained enantiomer in
he validation experiments.

The paper is organized as follows. First, the mathematical
odel is explained. Afterwards, the chemicals, instrumentation

nd experimental strategy are described. In Section 4 the results
f the parameter measurements and SMB experients are presented
nd discussed.

. Theory

A conventional equilibrium stage model is applied to simulate
he integrated SMB process. The mass balances for the two compo-
ents in the fluid and solid phases within each stage read as:

dck,n
i

dt
+ F

dqk,n
i

dt
= Q z

Vε

(
ck−1,n

i
− ck,n

i

)
+ �i rk,n, (1)

here the indices i = A, B denote the component, k = 1, . . ., Ns the
tage, n = I, . . ., Nc denote the column, and z = I, . . ., Nz the corre-
ponding zone of the SMB unit. ci and qi are the liquid and solid
hase concentrations, V is the volume of a stage, ε the porosity and
= (1 − ε)/ε is the phase ratio. Q is the volumetric flow rate of the
uid phase. The axial dispersion is accounted for by the number of
tages, Ns [6].

The last term in Eq. (1) describes the chemical reaction. r is the
eaction rate and �i is the stoichiometric coefficient. The chemical
eaction is taking place in the liquid phase. For the reaction rate in

q. (1) holds:

k,n = k(pH)
[

ck,n
A − ck,n

B

]
, (2)

ith k(pH) the rate constant of the reaction as a function of pH.
emization reaction, as reported in [1]. Hatched columns denote chromatographic
takes place within zone III; right – setup for the production of the weakly retained
nate.

The relation between the solid and the liquid phase concen-
trations in Eq. (1) is given by the adsorption equilibrium. The
adsorption behavior of CTD was reported in a previous publication
[7] for the same stationary phase using a bi-Langmuir adsorption
isotherm model:

qi = qs
1(pH)b1ci

1 + b1(cA + cB)
+

qs
i,2bi,2ci

1 + bA,2cA + bB,2cB
, i = (A, B). (3)

According to the Pasteur principle, Eq. (3) describes compet-
itive adsorption of the two solutes (A, B) on two different types
of adsorption sites of the solid: type 1 (achiral) and type 2 (chi-
ral); qs

1 and qs
i,2 are the saturation capacities for the corresponding

sites, respectively. Here, the integrated SMB unit is operated using
pH gradients. For the model system CTD it was found useful to
describe the dependency of the adsorption behavior on the pH
value in the term qs

1(pH). This corresponds to cases where the
capacity of the achiral sites depends most strongly on the pH
[8].

The SMB configuration used for the validation experiments
is a four column 2-zone open-loop system for the produc-
tion of the weakly retained enantiomer (see Fig. 2). Zone I
performs the solid phase regeneration and the racemization
reaction, while zone II is responsible for the separation. The
regeneration of the liquid phase is carried out in two exter-
nal zones as shown in Fig. 2. In contrast to a 3-zone system
with closed loop, in this setup the third zone and the recycle
stream are omitted for the sake of simplicity. Furthermore, ana-
lyzing the effluents of the external zones allows us to identify
possible issues such as incomplete regeneration or side product
formation.

For this system, the corresponding boundary conditions are:

if n = 1 : Q ScS
i

= Q Ic0,1
i

,

if n = 3 : Q IcNs,n−1
i

+ Q F cF
i

= Q IIc0,n
i

,

if n = 2, 4 : cNs,n−1
i

= c0,n
i

,

where c0,n
i

corresponds to the concentration of component i enter-
ing column n.

The dimensionless zone flow rate ratios mz are used as design
variables for each zone z of the SMB:
mz = Q zt ∗ −εVc

(1 − ε)Vc
, (4)

where Vc is the volume of a chromatographic column, and t* is the
switching time.
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The performance parameters product purity, PuR, conversion, X,
nd recovery yield, Y, are defined as follows:

uR = cR
B

cR
A + cR

B

× 100, (5)

A = cF
AQ F − cR

AQ R

cF
AQ F

× 100, (6)

= (cF
B + cF

A)Q F

(cR
B + cR

A)Q R
× 100. (7)

The dynamic simulations of the batch and SMB systems were
erformed using the simulation enviroment DIVA [9,10]. For the
MB unit, the periodic switching of the ports in the direction of the
iquid flow was implemented with a Petri net routine. The dynamic
imulation reaches a cyclic steady state (CSS) after a certain number
f cycles. A stopping criterion based on a Poincaré map [11] was
sed to identify the CSS in each dynamic simulation.

. Experimental

.1. Chemicals

The enantiomers of chlorthalidone (CTD),
RS)-2-chloro-5-(1-hydroxy-3-oxo-2,3-dihydro-1H-isoindol-1-
l)benzene-1-sulfonamide, were used as model system for the
xperimental validation of the integrated SMB process. They were
urchased from Sigma–Aldrich (Steinheim, Germany) and from
olekula (Gillingham, Dorset, UK). Two buffer systems were used

or the different ranges of the pH value applied: Bis-Tris propane
BTP) (Sigma–Aldrich, Munich, Germany) and triethylammonium
cetate (TEAA), 1 mol/L (Merck, Darmstadt, Germany). Further,
cetic acid (AA), 100%, triethylamine (TEA), and HCl, 32%(v/v)
all from Merck, Germany) were required to prepare solutions at
ifferent pH values. Methanol (MeOH) at gradient grade LiChrosolv
eag. Ph Eur (Merck, Darmstadt, Germany) was used as a non-
etained tracer compound. All aqueous solutions were prepared
ith ultrapure water prepared in-house using a Millipore Milli-Q

radient system (Molsheim, France).

.2. Sample analysis by HPLC

The analysis of samples was carried out by HPLC using a Ulti-

ate 3000 series chromatograph from Dionex (Idstein, Germany)

ontrolled by the software Chromeleon. UV detection was set
o 260 nm. A 200 mm × 4 mm Nucelodex-ˇ-OH (Macherey-Nagel,
üren, Germany) column with an average particle size of 5 �m was
sed for the analysis, which was performed at 10 ◦C, a flow rate of
ss retained enantiomer CTD1. Zone I, at pH1 performs simultaneous reaction and
sponsible for the chiral separation at pH3. Additional zones are implemented to

0.75 mL/min and an injection volume of 100 �L using TEAA at pH
5.0. MeOH/TEAA (aq.) (40/60, v/v) was used as solvent.

3.3. Racemization kinetics

The kinetic constant k of the racemization reaction in Eq. (2)
had to be determined as a function of the pH. As already found
by Lamparter et al. [13], the rate of the racemization reaction of
CTD depends significantly on the pH value between pH = 2 and 6.
They observed a minimum for the rate constant k at pH ≈ 3 and
suggested a change in the reaction mechanism for acidic and basic
enviroments as origin of this behavior. Here, we extend this range
further by performing measurements between pH = 3.0 and 9.0 in
order to increase the potential of a pH gradient to be applied in the
investigated process.

Samples of pure CTD enantiomer were required for the batch
experiments performed. For this purpose, a chromatographic col-
umn, Nucleodex-ˇ-OH with 10 mm diameter and 125 mm length,
was connected to the HPLC. Relatively large injections (2000 �L) of
racemic CTD 0.4 g/L were injected and the fractions of highly puri-
fied S-enantiomeric form of CTD (Pu > 98 %) were recovered. The
obtained S-enantiomer ic solutions were diluted in two different
buffer systems (50 mM) to cover the whole pH-range of interest.
TEAA was used for solutions at pH = 3.00, 4.05, 5.00, and 5.80, while
BTP was used for mixtures at pH = 5.30, 5.95, 6.90, 8.10, and 9.00.
Afterwards, these solutions were prepared to racemize at ambient
temperature.

The experiments were performed in batch mode, using vials
of approximately 15 mL volume. Samples were taken at differ-
ent times and immediately frozen and stored at −18 ◦C. Each
sample was analyzed later by HPLC to determine the extent
of the racemization reaction. The time during which the sam-
ples were handled in liquid form was minimized in order to
minimize possible errors due to spontaneous racemization. This
attempt was successful, as indicated by negligible deviations
between the purities of the fractionated original solutions and
the samples taken at the beginning of the racemization experi-
ments.

3.4. Adsorption behavior

Semi-preparative columns (16 mm × 65 mm) were used for the
isotherm parameter determination as well as for the SMB exper-

iments. The columns provided from Macherey-Nagel are packed
with the same chiral stationary phase as the analytical column
(same batch).

Classical methods to determine isotherm parameters experi-
mentally are not suitable under reactive conditions. Therefore, an
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Table 1
System parameters of the reactive 2-zone SMB process.
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plotted in order to cope with the scale of the values. Also, the results
at different temperatures as reported in [7] are plotted for compar-
ison. The influence of the pH on the reaction kinetics is greater than
that of the temperature. Changes in the kinetic constant of factor
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L (mm) dc (mm) ε (−) cF (g/L) ts (min) T (◦C)

65 16 0.681 0.5 7.0 25

nverse method (‘peak fitting’) was applied accounting also for the
njection profile [12].

Column porosity was determined by a 20 �L injection of MeOH
s a non-retained tracer compound. The flow rate was 2 mL/min.
he column void volume was determined equal to 8.9 mL and the
orosity ε = 0.681. The number of theoretical stages Ns in Eq. (1)
as determined at a flow rate of 6 mL/min. From 20 �L injections

f racemic CTD with a concentration of 0.05 g/L (rac.) an average
alue of Ns = 750 was obtained calculating the first and the second
oments of the peaks. No significant influence of pH on Ns was

bserved.
For the isotherm determination MeOH/BTP (aq.) 50 mmol/L

40/60, v/v) was used as solvent. 2000 �L samples of racemic CTD
n the aqueous BTP solution were injected at five different pH val-
es (5.3, 6.0, 7.0, 8.0 and 9.0) adjusted using HCl. The flow rate was
djusted to 6 mL/min and the temperature was set to 25 ◦C. The
oncentration of racemic CTD was equal to 0.5 g/L corresponding
o the maximum solubility in the used mobile phase composition.

.5. SMB experiments

For the experimental validation of the new concept, the setup
n Fig. 2 was equipped with eight columns. The SMB unit used is a
SEP C916 64 port SMB unit (Knauer, Berlin, Germany). This valve

s designed for up to 16 column slots. Thus, the number of columns
eeds to be a divisor of 16 to perform symmetric switching con-
itions. It should be noted that, in principle, only three columns
ould be sufficient for the implementation of this process: one

or the separation, one for the reaction and one for the equilibra-
ion/regeneration.

Five HPLC pumps (Knauer, Berlin) equipped with two 10 mL
nd three 50 mL pump heads, were used. Further, two UV detec-
ors, model K-2600 (Knauer) were used at 1 Hz and 260 nm. The
ata from the UV detectors were monitored using the software
uroChrom2000 (Knauer). An Amersham Biosciences (now GE
ealthcare, Freiburg, Germany) UPC-900 pH detector was used for

nline pH measurement. Other parameters relevant for the experi-
ents are summarized in Table 1.
The experiments were carried out at ambient temperature

25 ◦C). The product samples collected were cooled down rapidly
y collecting them in an ice bath to stop racemization and analyzed

nmediately by HPLC.

. Results and discussion

.1. Model parameters

In this section, the racemization kinetics and the adsorption
sotherms are investigated as functions of the pH value. Appropiate
imple models are suggested to describe the corresponding param-
ter dependencies.

.1.1. Racemization kinetics
The reaction rate of the racemization of CTD enantiomers is

nfluenced strongly by the temperature [7]. Thus, in principle, the

ntegrated SMB process could be realized by temperature gradi-
nt since the kinetic constant changes by approximately a factor of
00 between 10 ◦C and 60 ◦C. However, for CTD, pH gradients are
ore attractive since they can provide an even stronger modula-

ion of the racemization rate constant. To be able of fully exploiting
2t [min]

Fig. 3. Experimental results for the racemization kinetics of CTD1 at different pH
values. Lines are obtained by fitting the reaction racte constant k to Eq. (10).

the potential of such pH gradient, a large range of the pH value,
between pH = 3.0 and pH = 9.0, was investigated.

The values of the kinetic constant k(pH) were obtained based on
the material balance for the batch experiments:

dcCTD1

dt
= k(pH)[cCTD1 − cCTD2 ] = 2k(pH)cCTD1 − k(pH)c0, (8)

where the indices 1 and 2 mark the S- and the R-enantiomer, and
c0 is the initial concentration of CTD (rac.) in the mixture. After
integration and linearization: re-arranging we obtain the relation

k(pH) = 1
2t

Ln
c0 − 2c0

CTD1

c0 − 2cCTD1 (t)
. (9)

Fig. 3 shows the concentration profiles obtained by racemizing
S-CTD solutions at five different pH values (5.30, 5.95, 6.90, 8.10,
and 9.00) plotted according to the terms in Eq. (10).

Fig. 4 contains all experimental results obtained for the kinetic
constant k as function of the pH value for the two different buffer
systems. In analogy to [13], the logarithm of k (which has unit s−1) is
pH

Fig. 4. Racemization kinetics for the model system chlorthalidone (CTD). Results for
the thermal and pH-dependent racemization are depicted for two different buffer
systems: triethylammonium acetate (�) and bis-tris propane (©). Lines are guide
to the eye.
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Table 2
Adsorption isotherm parameters for the enantiomers of CTD as a function of pH (as described in Eqs. (3) and (11)).
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shows the simulation results where triangular regions are plotted
qs
1(pH = 5.3) (g/L) C2 (−) C3 (−) b1 (L/g)

82.2888 10.2999 0.8034 0.0753

600 are possible in the pH range between 5.3 and 9.0. Therefore, a
H gradient between 5.3 and 9.0 can provide an ‘on and off’ switch-

ng behavior of the reaction within the SMB unit. For this range, only
TP as buffer compound is required.

An exponential function can be used to describe k(pH) in Eq. (2)
ithin this pH range:

(pH) = k0 · eC1·pH, (10)

here k0 = 5.67 × 10−11 s−1 and C1 = 2.28. The coefficient of corre-
ation was Rc = 0.997.

It should be emphasized that the strong influence of the pH
n the racemization rate of CTD enantiomers is not an isolated
cenario. More examples can be found where the pH influences
ignificantly the kinetics of racemization [14], epimerization [15]
r isomerization [16].

.1.2. Adsorption behavior
The adsorption isotherm model in Eq. (3) contains six param-

ters that need to be determined experimentally. Further, the
aturation capacity of the achiral sites qs

1(pH) is considered a
unction of the pH value. Since classical methods for isotherm deter-

ination are not applicable under reactive conditions, the isotherm
arameters were estimated numerically by applying the inverse
ethod (for details see, e.g., [17]).
First, the injection profile of the HPLC pump needs to be charac-

erized. Fig. 5 shows a corresponding example. The profile deviates
trongly from an ideal rectangular pulse. As shown in Fig. 5, it can
e modelled with sufficient accuracy by fitting it piecewise to three
igmoidal functions.

Afterwards, five samples of racemic CTD were injected at pH
alues equal to 5.3, 6.0, 7.0, 8.0 and 9.0. The column model was
olved using the previously obtained function for the kinetic con-
tant in Eq. (10) and the injection profile as boundary condition.
n evolutionary algorithm in DIVA [10] was used to estimate the

sotherm parameters minimizing the differences between calcu-
ated and experimental chromatograms. The following sigmoidal

s
unction was assumed for q1(pH):

s
1(pH) = qs

1(pH = 5.3)
1 + e(pH−C2)/C3

, (11)

ith the two additional free parameters C2 and C3.
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ig. 5. Injection profile obtained experimentally (symbols) and fitting results (solid
ine) for a 2 mL injection of of 0.5 g/L racemic CTD at a flow rate of 6 mL/min. The
hree sigmoidal functions are connected at t = 0.23 and t = 0.32 min, respectively.
deal rectangular profile (- - - dashed line) plotted for comparison.
qs
A,2 (g/L) qs

B,2 (g/L) bA,2 (L/g) bB,2 (L/g)

0.4337 3.2088 0.3554 0.6198

A total of seven free parameters in Eqs. (3) and (11) are used to
describe the adsorption behavior. The experimentally determined
isotherm parameters reported in [7] were used here as initial guess.
The results of the parameter estimation are summarized in Table 2.

Fig. 6 shows the experimental chromatograms together with the
numerical results. A good agreement is observed between them.
Note that a simpler isotherm model might be applied requiring less
parameters to be fitted. However, the bi-Langmuir model is most
frequently suggested for enantiomers.

In the chromatograms, almost baseline separation can be
observed at pH = 5.3. At pH = 8.0, an intermediate plateau is formed.
Further, at pH = 9.0 a single peak is obtained due to the fast racem-
ization kinetics. These are typical effects observed in ‘on column’
racemization [18–20]. The retention time decreases with increasing
pH value. This is not only an effect of the reaction-assisted regen-
eration, but also due to a change of the adsorption strength. The
effect of the pH on the retention time increases if the pH is in the
proximity of the pKa value of CTD, pKa = 11.1 [21]. This effect has
been observed also for other compounds [22–24].

4.2. Validation of the integrated SMB concept

For conventional non-reactive SMB processes so-called trian-
gle theory is used as a powerful design tool [25,26]. Based on this
method, a region of complete separation can be plotted on the
mII–mIII plane. Analogously, such complete separation region can
be shown for the new integrated SMB system. In these considered
here, where the weaker adsorbed enantiomer is produced, the cor-
responding reagion is defined in the parameter space mI–mII. In
order to demonstrate this, the mathematical model was solved
using the determined kinetic constant of the racemization and the
adsorption isotherm parameters. A step gradient of the pH was
assumed that gives maximum performance in the frame of the
investigated parameter range. In the reactive zone I pH was set
to 9.0, while in the non-reactive zone II a pH of 5.3 was used. Fig. 7
for different purity requirements. Note that for processes producing
the stronger adsorbed enantiomer, the corresponding separation
regions are found in the mII–mIII plane.
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enantiomers at different pH values.
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ig. 7. Simulation results corresponding to the scanning of the mI vs. mII region for
he model substance CTD. Surfaces denote the achievable product purity. Points P1
o P9 represent the operating conditions for the 9 experimental runs.

To validate the process experimentally, nine operating points
re selected inside and outside of the region of complete sepa-
ation (P1 to P9). No points are chosen left from the boundary of
he 99.9% purity region since we are interested in achieving com-
lete regeneration. These nine points were applied in nine different
xperimental runs using the setup in Fig. 2. The eluent used was
ethanol/50 mM BTP (40/60, v/v). The same pH gradient was used

s in the simulations above. For this purpose, the pH of the desor-
ent S (pure eluent) was adjusted to pH1 = 9.0, for the regeneration
treams (pure eluent) to pH3 = 5.3, and that of the additional buffer
o pH2 ≈ 1.0 (cf. Fig. 2). The latter was in each case prepared such
hat, after mixing it with the effluent of zone I and the actual feed
0.5 g/L racemic CTD in pure methanol), the fluid entering zone II
ad the desired composition (methanol/50 mM BTP, 40/60, v/v) and
H value of 5.3. The switching time of ts = 7 min was chosen as a
ompromise between throughput and pressure drop. All individual
ow rates can be calculated from the parameters given in Table 1
nd the m-values in Table 3.

For the sake of brevity, only the results for one operating point,
8, will be discussed in detail. P8 corresponds to the highest

hroughput among the operating points contained in the complete
eparation region. As indicated in Fig. 2, online measurement was
arried out with two UV detectors: one at the product outlet of
he 2-zone SMB, and the other at the outlet stream of the regen-

able 3
imulated and experimental results for the integrated 2-zone SMB process. P1 to P9
orrespond to nine different operating points on the mI–mII plane.

Operating
point

mI (−) mII (−) Simulation Experiment

PuR (%) XCTD2 (%) PuR (%) XCTD2 (%) Y (%)

P1 7.02 7.69 99.9 99.9 >98 95.1 95.3
P2 7.02 8.02 87.6 75.3 71.2 42.1 94.3
P3 6.73 7.60 99.9 99.9 >98 95.1 98.7
P4 6.73 7.86 99.7 99.4 97.1 93.3 98.0
P5 6.60 7.60 99.9 99.9 >98 95.6 95.4
P6 6.60 7.77 99.9 99.9 >98 96.8 98.1
P7 6.60 7.94 86.9 73.8 91.1 79.5 97.0
P8 6.51 7.69 99.9 99.9 >98 96.1 98.0
P9 6.51 7.86 99.1 98.0 92.9 85.1 97.1
time [min]

Fig. 8. Start-up behavior of the 2-zone SMB unit obtained for P8 (see Fig. 7). Signals
of the UV online measurements for the product and the regeneration ports (see
Fig. 2).

eration zone. In Fig. 8 the UV-signal is shown for the start-up of
the experimental run of P8. The CSS is reached approximately after
150 min. That corresponds to 21 column switches, i.e., 5 cycles of
the 2-zone SMB. After the CSS is reached, deviations from peak
to peak can be observed for the product port. This is due to the
different packing quality observed among the columns. However,
this is a minor problem since SMB units can be operated success-
fully with columns giving significantly different retention times
for the two compounds involved [27]. Further, perturbations are
observed in the product port after every switching event. These per-
turbations can be observed in Fig. 8 after approximately 125 min.
The peaks reach a considerable height in the cyclic steady state.
However, their peak area is negligible and they are categorized as
system peaks, since a detrimental effect on product quality was not
observed.

Online pH-measurent was carried out after the feed port (as
indicated in Fig. 2). The results indicated that during the opera-
tion in CSS regime lower pH values than adjusted in the buffer
solutions occured temporarily in zone II. These lower pH values
were observed inmediately after the switching of the columns. At
this point in time, the pH of the liquid contained in the void vol-
ume of the column placed left to the feed port (coming from zone
II) is equal to 5.3. Mixing this liquid with the feed stock and the
acidic buffer leads to momentary low pH values (between 1.5 and
3.0). In the present case, this transient effect causes the formation
of small amounts of side products (always <5% of the total feed).
To avoid this, advanced feeding strategies could be implemented
modulating the pH of the buffer periodically.

Once the unit reached the CSS, the product, regeneration and
equilibration streams were collected and analyzed by HPLC. In
Fig. 9, the analysis results are plotted for the three outlet streams.
The analysis of the product stream shows a single peak eluting at

the retention time of the less retained enantiomer CTD1. The purity
of CTD1 is close to 100%. The detection limit of HPLC analysis with
respect to enantiomeric purity was estimated to be 98% because a
baseline separation could not be achieved. It could not be clarified
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ig. 9. Experimental results obtained for P8 (see Fig. 7). HPLC analysis of the product
tream, regeneration and equilibration streams after reaching the cyclic steady state.
sp denotes the concentration of the side products.

hether this is due to on-column racemization or other separation
ifficulty.

The analysis of the regeneration stream indicates that four dif-
erent components are present in the mixture. CTD1 and CTD2, as
ell as the two side products SP1 and SP2. These were expected

ased on the reaction mechanism at low pH values suggested in
13]. Note that the scale of this plot is two orders of magnitude
ower than the one for the product stream. This makes the amounts
f CTD in the regeneration a 0.8% of the total throughput, while the
ide product formation makes up only a 1.2%. In the analysis of the
quilibration stream only noise can be observed.

Note that in this work the 2-zone open loop concept was imple-
ented for the sake of easier process monitoring and guaranteeing

he proper functioning of the regeneration zone. Apart from that,
n cases where the side product formation is significant and an
ccumulation of side products is expected due to their adsorption
ehavior, the open-loop concept might be preferred over a 3-zone
losed-loop. An important aspect of 3-zone closed loop processes
s related to the pH gradient. In order to maintain the magnitude of
his gradient, the pH of the desorbent and feed streams will have
o be adjusted to more “extreme” values.

The numerical and experimental results for the nine oper-
ting points are summarized in Table 3. Five operating points
ere chosen inside the complete separation region: P1, P3, P5, P6

nd P8, where 100% purity, conversion and yield were expected.
he other four operating points were chosen outside this trian-
le to determine the limits of the complete separation region. A
ood agreement is obtained between experiments and theoretical
redictions. For the five operating points inside the complete sep-
ration region the detection limit for the product purity of 98% is
eached. Conversions and yields above 95% are obtained in these
ases from the overall material balances.

High product purity and negligible amounts of CTD enantiomers
n the regeneration stream were observed in the experiments
esigned to produce pure product. This demonstrates that the new

ntegrated SMB concept is capable of producing single enantiomers
ith purity, conversion and yield close to 100%.
. Conclusions

A new integrated 3-zone SMB process was identified in previous
ublications [1,2] as a promising concept to produce single enan-
. A 1218 (2011) 2232–2239

tiomers. In this work, the process was experimentally validated for
the model system chlorthalidone (CTD).

First, the racemization kinetics of CTD were determined as a
function of the pH value. Afterwards, the adsorption isotherms
were determined applying the inverse method in the pH range of
interest. To design the process, a mathematical model was imple-
mented accounting for the experimentally investigated reaction
rate and adsorption isotherms.

For the sake of easier controllability, the experimental validation
was performed using a 2-zone open-loop configuration. A 3-zone
implementation is straightforward if side product formation is neg-
ligible. Such side prduct formation can be reduced by a modified
feed strategy.

In a semi-preparative open-loop SMB setup several experimen-
tal runs were carried out corresponding to different operating
points. The results confirm that pure single enantiomers can be
produced with the new integrated process achieving conversion
and yield values of 100%.

The new integrated process can be applied to enantiomeric sys-
tems where the racemization kinetics can be tuned significantly by
means of the pH value. The dependency of the racemization kinet-
ics on the pH is reported for other species (e.g., in [14]), as well
as for epimerization [15] and isomerization kinetics [16]. Alter-
natively, other gradients of, for example, temperature, modifiers,
additives, homogeneous catalysts or inhibitors could also modu-
late sufficiently the reaction kinetics, enabling more applications
of this concept.

Nomenclature

Symbols
b adsorption isotherm coefficient (L/g)
c liquid phase concentration (g/L)
C1, C2, C3 constants
ε total porosity (−)
F phase ratio, F = (1 − ε)/ε (−)
k reaction rate constant (s−1)
m flow rate ratio (−)
Nc, Ns, Nz number of columns/stages/zones
� stoichiometric coefficient (−)
Pu purity (%)
q solid phase loading (g/L)
qs saturation capacity (g/L)
Q volumetric flow rate (mL/min)
r reaction rate (g/L/s)
t time (min)
t* switching time of SMB process (min)
V volume of a single stage (mL)
Vc volume of a single column (mL)
X conversion (%)
Y yield (%)

Sub- and superscripts
A stronger adsorbing component
B weaker adsorbing component
0 initial or boundary condition
F feed stream
i component, i = (A, B)

I, II, III zone of SMB system
k index of stage, k = 1, . . ., Ns

n Index of column, n = I, . . ., Nc

S desorbent stream
z index of zone, z = 1, . . ., Nz
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