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The focus of this work is to study the enantioseparation of conglomerate forming
systems using an innovative configuration for preferential crystallization. Two batch
crystallizers are coupled by an exchange of their liquid phases. In each vessel one of
the two enantiomers is seeded initially and crystallizes subsequently. Compared with
conventional single batch crystallization the exchange of the crystal free liquid phases
between two crystallizers leads to an increase of the concentrations of the preferred
enantiomers and therefore to an increase of the driving forces for the crystallization.
This enhances the productivity of the process compared with the conventional opera-
tion. © 2009 American Institute of Chemical Engineers AIChE J, 55: 640-649, 2009
Keywords: enantioseparation, crystallizer configurations, productivity, conglomerates,
compound forming systems, threonine, mandelic acid

Introduction

The geometric property that is responsible for the noni-
dentity of an object with its mirror image is called chiral-
ity. In the context of chemistry, chirality usually refers to
molecules. A chiral molecule may exist in two stereoiso-
meric forms which are nonsuperimposable mirror images
of each other—the so-called enantiomers. Such enantiom-
ers have, when present in a symmetric environment, iden-
tical chemical and physical properties except for their
ability to rotate plane-polarized light in opposite direc-
tions. A mixture of equimolecular parts of an optically
active isomer and its counter enantiomer is called race-
mate which is usually produced in a conventional, none-
nantioselective reaction.

An increasing number of drug molecules is chiral and the
single enantiomers of such drug molecules may have differ-
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ent effects on biological entities. There are cases in which
the inactive enantiomer may be harmful and has to be
removed on the API-level*. Biologically active enantiomers
are also called eutomers, whereas those inactive ones are
denominated as distomers. There is a growing need in pure
enantiomers in pharmaceutical, agrochemical, food and allied
industries as well as in cosmetic and fragrance industries. In
principle the manufacturing of a chiral compound in an enan-
tiopure form can be realized by the following three different
methods': (a) exploitation reactants from the chiral pool,
(b) enantioselective chemical synthesis, (c) resolution of
racemates. The exploitation of the chiral pool, which means
the use of chiral substances available in nature, is limited to
some compounds. Because the requirements in special cata-
lysts and conditions necessary (usually a larger number of
reaction steps) application of enantioselective chemical syn-
thesis is still restricted in an industrial scale. The resolution
of racemic (50:50) mixtures into its enantiomers is widely
applicable and can be cheaper than a selective synthesis.

*API = active pharmaceutical ingredient.
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Figure 1. Ternary phase diagrams for (a) conglomerates, and (b) compound forming systems.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

However, because enantiomers behave identically in con-
ventional physical separation processes, special efforts have
to be made to isolate optically pure components. There are
various methods for the resolution of racemates available
like classical diastereoisomeric crystalllization,4 chiral chro-
matography,” chiral membrane technologies® or kinetic reso-
lution using enzymes.” In the present paper the so-called
preferential crystallization for the direct separation of enan-
tiomers® will be considered and an efficient improvement
using two coupled crystallizers will be presented.

Roozeboom characterized three fundamental types of enan-
tiomeric mixtures by their melting point diagrams’: (1) con-
glomerates with a higher affinity to the same enantiomer,
which are just a mechanical mixture of pure crystals of each
enantiomer, (2) racemic compounds with a higher affinity to
the opposite enantiomer and with an ordered 1:1 ratio within
the elementary cell, and (3) solid solutions in which the mol-
ecules of the two enantiomers coexist completely randomly
distributed within the crystal lattice. These different catego-
ries of enantiomer mixtures can be also identified in the solu-
bility diagrams characterizing the ternary system consisting
of the two enantiomers E;, E,, and a solvent. In the follow-
ing contribution we will just focus on the first two types of
enantiomeric mixtures which represent the majority of all
chiral organic compounds (conglomerates: approximately 5—
10%, racemic compound: approximately 90-95%"?). The ter-
nary phase diagrams of these two types are illustrated in Fig-
ure 1. For a nonsolvated conglomerate the solubility diagram
at a given temperature T is illustrated in Figure la. The
corresponding phase diagram shows one eutectic point E at
racemic composition. The two branches of the solubility
curve separate the domain of the unsaturated solution (one-
phase region) from the regions where one or two solid phases
coexist with the saturated solution. In comparison to con-
glomerate systems, the ternary phase diagram of a compound
forming system (Figure 1b) reveals an additional two-phase
region in the center of the diagram with the racemic com-
pound as stable solid phase. Therefore, two eutectic points E
and E’ exist. Although the racemic compound forming sys-
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tems represent the majority of all chiral compounds, con-
glomerates are interesting, because they offer a cheap and
simple way for direct separation by preferential crystalliza-
tion which is the topic of the following section.

Preferential crystallization

Single Batch Operation. Conventional batchwise prefer-
ential crystallization is applicable for systems which crystal-
lize as conglomerates.'® The principle of a preferential crys-
tallization process for conglomerates can be illustrated in a
ternary phase diagram (Figure 2a). Starting from a saturated
solution at a temperature T +AT, the solution becomes
supersaturated if the system is rapidly cooled down to the
crystallization temperature T . Within the so-called meta-
stable zone (AT < ATy, i.e., in a thermodynamically
unstable state which is kinetically inhibited, the liquid phase
will remain free of particles for a certain period until nuclea-
tion will occur. In Figure 2a, point A represents an initial
(50:50) mixture of the two enantiomers E; and E, and the
solvent where the solution is supersaturated at the crystalliza-
tion temperature T In case that at point A the same
amounts of seed crystals of both enantiomers E; and E, are
introduced into the crystallizer, the two crystal types will
start to grow simultaneously (and may also induce secondary
nucleation depending on the nature of the compound and on
the experimental conditions). The composition of the mother
liquor is then displaced along a straight line directed to point
E which is the equilibrium point for the temperature Tpyg.
Otherwise, if at point A homochiral seeds (e.g., of type E;)
are introduced into the crystallizer, the liquid phase composi-
tion tends initially towards point Z. After a certain time (cor-
responding to the induction time of primary heterogeneous
nucleation), spontaneous crystallization of the unseeded enan-
tiomer (here E,) is observed, and therefore the trajectory is
attracted again towards the common equilibrium point E".
The best resolution conditions will be attained if the trajec-
tory remains as close as possible to Z. This means that the
difference in the overall crystallization rates between the two
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Figure 2. lllustration of the principle of preferential crystallization performed in the three-phase region for (a) con-
glomerates, and (b) compound forming systems.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

enantiomers is maximal during the whole process. For this
reason the crystallization conditions have to be designed
carefully and the process must be stopped before significant
nucleation of the unseeded (counter) enantiomer occurs, (for
example at point B). More detailed information about
the process of preferential crystallization for conglomerates
(or crystallization by entrainment) can be found in Ref. 10
to 21.

Recently, it has been shown that the principle of preferen-
tial crystallization can be also extended to compound form-
ing systems in a simple batchwise mode. After generating an
enantiomeric excess for example by a partially selective syn-
thesis or by a chromatographic and a following evaporation
step, the state A in Figure 2b located within the three-phase
region can be reached.”>*® As it is also depicted in Figure
2b seeding with crystals of the enantiomer E; initializes the
crystallization of merely this enantiomer and the mother lig-
uor composition tends towards point Z. Up to a certain time
pure E; can be gained until the spontaneous nucleation of
the racemic compound (rac) will occur and the trajectory
will be attracted to the eutectic point E. The same considera-
tions are valid for the crystallization of E, in the right-hand
side three-phase region after seeding the enantiomerically
enriched solution with E,. More details about the batchwise
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ikl

vessel A M g iy et

and cyclic preferential crystallization of compound forming
systems in a single vessel were presented recently.n’23

Coupled Batchwise Preferential ~Crystallization. The
degree of supersaturation is the driving force for crystalliza-
tion. Considering the described simple batch preferential
crystallization, the concentration of the desired enantiomer in
the solution is typically decreasing during the process,
whereas during successful operation the liquid phase concen-
tration of the counter enantiomer remains constant. Conse-
quently, the driving force for the crystallization of the
seeded, target enantiomer decreases with progress of the sim-
ple batch process (compare the trajectories of the liquid
phase in Figure 4a for two decoupled vessels where in each
vessel one enantiomer can be produced preferentially up to a
specific turning point). As an alternative the possibility of si-
multaneous crystallization of both enantiomers in two sepa-
rated vessels with an exchange of crystal-free mother liquor
is depicted in Figure 3. It should be mentioned that a similar
concept focusing on a connection of crystallizers can be
found in Matsuoka.'* Up to now no experimental validation
was reported.

Because the two crystallizers are coupled via the liquid
phase, higher values of the supersaturation of the specific
preferred enantiomers can be achieved in each of the two
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of E,
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Mg jigout vessel B

Figure 3. Simultaneous preferential crystallization process.

Concept of arrangement for two crystallizers coupled via the liquid phase where both enantiomers E; and E, have been seeded. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4. Trajectories during preferential crystallization performed for conglomerates (a) in two decoupled vessels
and (b) in two vessels coupled via the liquid phase.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

vessels, whereas the supersaturation of the specific counter
enantiomers is lowered in each vessel so that the probability
of (primary) nucleation of the unwanted enantiomers is
decreased or may be even suppressed completely. Obviously,
this approach allows increasing the process productivity.
Theoretical trajectories in the phase diagram for this coupled
mode are shown in Figure 4b where for the most beneficial
case, i.e., infinitely high exchange rate, the composition in
the liquid phase is racemic during the whole process. The
effect of mimicking a “racemization” by exchanging the
fluid phases allows favorable manipulation of the concentra-
tion profiles and seems to be a suitable approach to enhance
the process performance in case of conglomerates. A theoret-
ical analysis of the influence of the most essential parameters
like exchange flow rates, process duration time, initial enan-
tiomeric excess switching time, etc. on the productivity of
the described mode of the preferential crystallization has
been recently published.**

(a)

solvent

Unfortunately, with respect to the above considerations an
analogous exchange of crystal-free mother liquors should
have a destructive effect in case of compound forming sys-
tems. In Figure 5a, the trajectories (compare Figure 2b) are
depicted for two decoupled vessels starting in the three-phase
regions from points A and A’, respectively. The supersatu-
rated solution A in the first vessel was seeded with homochi-
ral crystals of enantiomer E;, whereas A’ in the second ves-
sel was seeded with homochiral crystals of enantiomer E,.
An exchange of the mother liquors should also lead to a ra-
cemic composition in the liquid phase. For compound form-
ing systems this state is already in the two-phase region
where in equilibrium just liquid phase with racemic composi-
tion and the racemic compound (rac) coexist. Thus the initial
seed crystals of each enantiomer in each vessel should dis-
solve as they are not stable and primary nucleation of the ra-
cemic compound (rac) should occur. This means a preferen-
tial crystallization of the pure enantiomers is not possible.

(b)

solvent
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Figure 5. Trajectories during preferential crystallization performed for compound forming systems (a) in two
decoupled vessels and (b) in two vessels coupled via the liquid phase.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 6. Schematic illustration of the experimental set-up.

Such process is only interesting for academic studies and
will not have economic potential.

Experiments
Materials

For the experimental validation of the preferential crystal-
lization process performed in two coupled vessels, DL-threo-
nine (Merck, pL-threonine: purity > 98%) dissolved in water
has been used. This system is known to belong to the class
of conglomerates.19 In an additional experiment RS-mandelic
acid (Aldrich, RS-mandelic acid: purity > 98%) was used as
a compound forming system to confirm the hypothesis of
unfeasibility mentioned above.

Experimental set-up and procedure

Simple batches and coupled experiments have been per-
formed in vessels of 450 ml volume. The temperature was
controlled by Pt-100 resistance thermometers (resolution
0.1 K). An exchange of crystal-free solution between the
tanks was performed using circulation pumps (Heidolph PD
5201, SP Quick 1.6). The liquid phase was separated from
the solid phase by sintered glass filters (Dionex GmbH,
external diameter: 9.8 mm, pore width: 0.45 um) introduced
into the exchanging pipes. All pipes used for exchanging the
liquid phase were thermostated at solubility temperature. The
exchanging flow rate has been set as high as possible accord-
ing to theoretical results obtained by ELSNER et al.>* Addi-
tionally, the process was controlled by online measurements
of the optical rotation angle and the density using polarime-
ters (POLARmonitor, IBZ Messtechnik, Hanover, cell length:
5 cm) and density meters (Mettler Toledo DE40). A sche-
matic representation of the experimental set-up is shown in
Figure 6.

Experimental conditions of the runs for the conglomerate
forming system are summarized in Table 1. The solution
used for the crystallization experiment was prepared based
on the solubility data of pL-threonine.”” To guarantee com-

644 DOI 10.1002/aic

Published on behalf of the AIChE

plete dissolution of the all particles, the tanks were heated up
to 50°C and maintained for about 1 h at this temperature. Af-
ter that the solution was cooled down to saturation tempera-
ture Ty, = 40°C and subsequently sub-cooled up to the crys-
tallization temperature with a constant cooling rate (14°C/h).
The chosen constant crystallization temperature T¢yq = 33°C
guarantees that the supersaturated solution remains in the
metastable zone quantified already in Elsner et al.'” At this
temperature homochiral crystals (sieve fraction: 150-200 pm,
purity: > 98%) were added to the solution to initiate the
preferential crystallization. After the time f.,4, the process
was stopped and the solution was filtrated and the solid
phase has been washed with 10 ml of ice cold water and
10 ml of ice cold ethanol.

The experimental procedure for mandelic acid has been
chosen according to Lorenz et al.>> The solution used for the
crystallization experiment was prepared according to the sol-
ubility data of RS-mandelic acid at 40°C.% Initial masses of
substance and water and experimental conditions were sum-
marized in Table 2. A sieve fraction of 212-300 um was
used for the seeding procedure. To measure the optical rota-
tion angle a shorter cell (2.5 cm length) has been used for
mandelic acid which reveals a higher specific optical rotation
angle than threonine.”?

Process quantification

For a quantification of the preferential crystallization pro-
cess and a comparison of different crystallizer configurations,

Table 1. Experimental Conditions for the Crystallization
Experiments with the Conglomerate Forming System.
Solubility Data Based on 27

Tank 1 Tank 2 Unit
Mass of water 383.7 383.7 g
Mass of DL-threonine 96.3 96.3
Saturation temperature 40 40 °C
Crystallization temperature 33 33 °C
Mass of seeds 1.0 1.0 g

March 2009 Vol. 55, No. 3 AIChE Journal



Table 2. Experimental Conditions for an Additional
Crystallization Experiment (Coupled Mode) with the
Compound Forming Systems. Solubility Data Based on 27

Tank 1 Tank 2 Unit
Mass of water 307.8 307.8 g
Mass of RS-mandelic acid 83.19 83.19 g
Mass of R-mandelic acid 59.01 - g
Mass of S-mandelic acid - 59.01 g
Saturation temperature 40 40 °C
Crystallization temperature 28 28 °C
Mass of seeds 1.125 1.125 g

a productivity Pr was applied. Based on Elsner et al.'” fol-
lowing definition was used:

if::)nd - migg,ds )

(tend + tdead) -0.5- Myac ’

m

Prﬁg)(zend) =

where p corresponds to the preferred enantiomer and c to the
counter enantiomer. Equation 1 signifies the mass of product
méfg)nd gained without the mass of the enantiomer introduced at
the beginning as seeds m&Pys per time unit and mass of used
enantiomer (factor 0.5 in denominator is used to recalculate the
mass of the enantiomer from the mass of racemate m1,,. as no
initial enantiomeric excess has been used in these experiments).
In the calculations performed the dead time #4.,4 has been set as
200 minutes because of the time needed for dissolution, sub-
cooling, and cleaning of crystallizers after experiments.

As an additional performance criterion for a comparison of
the crystallizer configurations studied in this work, the purity
of the solid phase has been used. The crystal purity for each
enantiomer is defined as follows:

h -

(p) (©)

Pu® — _ "fend
Meng + Meng

The purity has been determined experimentally by HPLC
analysis of the dissolved solid products.

Results and Discussion

Single vessel experiment for the conglomerate
Jforming system

To evaluate and understand preferential crystallization of
D- and L-threonine first of all conventional simple batch
experiments have been performed. L-threonine has been cho-
sen as the preferred enantiomer for the investigation (it is
less expensive and better commercially available). The mass
fraction profiles of both enantiomers for the simple batch
process are presented in Figure 7. It is shown that after seed-
ing with L-threonine crystals, for a certain time period just
this enantiomer is crystallizing. Profiles depicted in Figure 7
shows that the mass fraction of L-threonine in the liquid
phase decreases whereas the mass fraction of p-threonine
increases in the initial period of the process. After approxi-
mately 300 minutes (primary) nucleation of the p-threonine
occurs and its significant crystallization can be observed. At
this time in principle the process has to be interrupted to
obtain pure enantiomer in the solid phase. However, as it is
depicted in Figure 7 the experimental run has been per-
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Figure 7. Mass fraction profiles for an isothermal sim-
ple batch experiment after seeding with L-
threonine crystals.

Process parameters: feng = 720 min, Mgeeqs = 1.0 g, Teryy =
33°C. Up to approximately 300 minutes just the seeded
enantiomer, i.e., L-threonine, is crystallizing which is con-
firmed by HPLC analysis of the gained solid phase.

formed further until equilibrium between solid and liquid
phase has been reached (#.,q = 720 minutes). After this time
the obtained solid phase was found to have the expected
equilibrium composition. To gain pure enantiomer a repeti-
tion of the same experiment has been performed, where crys-
tallization of L-threonine was performed just for 300 minutes
and the process was stopped before nucleation of the counter
enantiomer occurred. In Table 3 the results of this experi-
ment are summarized. It is worth to note that an exact time
of the primary nucleation of the unseeded enantiomer for the
simple batch preferential crystallization is difficult to predict
therefore the product purity might change slightly from batch
to batch. It was possible to obtain 3.16 g of L-threonine
(excluding mass of seeds), with a productivity of 1.31 X
10~* g/(g min). These results obtained in single batch opera-
tion serve subsequently for a comparison with the results
obtained using two crystallizers coupled via the liquid phase.

Coupled crystallizer mode for conglomerate
forming systems (isothermal)

The concept for the coupled batch mode is based on the
exchange of the crystal-free mother liquors between the crys-

Table 3. Experimentally Determined Productivity and Purity
for the Resolution of DL-Threonine in a Simple Batch
Operation Mode

Parameter Used Symbol Value Unit
Mass of L-threonine my 3.16 G
Productivity Pr 131 X 107*  g/(g min)
Purity Pu 0.96 -
Duration time tend 300 min
Published on behalf of the AIChE DOI 10.1002/aic 645
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Figure 8. Comparison of mass fraction profiles for sim-
ple batch and for coupled batch mode
experiments (both isothermal) after seeding
with L-threonine crystals in tank 1.

Process parameters: f.,q = 720 minutes, Mgeeqs = 1.0 g,
o
Tcrysl =

tallizers where in each of the vessels one of the enantiomers
is seeded. Figure 8 shows a comparison between the experi-
mental mass fraction profiles for the simple batch and the
coupled batch modes under identical isothermal experimental
condition. The figure reveals that the exchange of the liquid
phase indeed lead to an increase of the concentration of the
seeded enantiomer (L-threonine) and at the same time to a
decrease of the concentration of the counter enantiomer (D-
threonine) in the tank where L-threonine was seeded before.
It can be seen that the liquid phase has nearly racemic com-
position during the whole process. A higher concentration in
the liquid phase of the preferred enantiomer corresponds to a
higher supersaturation level. Because the supersaturation
level is the driving force for the crystallization process, for
the same duration time an increase of the gained mass of

product has to be achieved in comparison with the simple
batch process. In the first section of Table 4, the results for
the coupled batch mode achieved after 300 minutes are pre-
sented. As expected the productivity for the preferential crys-
tallization performed in the coupled mode is higher than in
the case of decoupled vessels. Similar trends were observed
in the tank where D-threonine was seeded. Additionally, a
decrease of the counter enantiomer concentration allows sup-
pressing its nucleation (i.e., the driving force for nucleation
of the unwanted enantiomer is lowered by reduction of its
supersaturation level). Therefore, pure product can be
obtained for a longer time in each of the vessels. As it is
shown in Table 4, after 720 minutes 6.91 g of L-threonine
and 7.28 g of p-threonine has been obtained with a purity of
100%. All obtained results in the tank where p-threonine and
in that tank where L-threonine, respectively was seeded are
summarized in Table 4. Because it is impossible to guarantee
entirely identical conditions in both vessels during the
coupled process the crystallization and secondary nucleation
rate might differ slightly. Therefore, small differences in the
mass of gained product have been observed. However, it is
remarkable that the mass of the product (L-threonine) for the
coupled crystallizer mode is 114% higher than in the case of
the simple batch mode.

Coupled crystallizer mode for conglomerate
forming systems (polythermal)

The previous results for isothermal operation have shown
that the liquid phase had nearly racemic composition in both
vessels during the whole process and the experiment could
be performed up to very low supersaturation levels (values ¢/
Csae close to 1.0) for both enantiomers because of the manip-
ulation of the concentration profiles. A further possible
degree of freedom is the temperature which can be also
modified to enhance the process performance. The main idea
for such polythermal process is that with decreasing crystalli-
zation temperature a further increase of the driving force can
be realized. This is due to the fact that with decreasing crys-
tallization temperature, the supersaturation level increases.
As a result of that a higher mass of the wanted enantiomer
should be achieved in each vessel. Mass fraction and temper-
ature profiles obtained during such a polythermal experiment

Table 4. Comparison of Experimentally Determined Mass of Product, Productivity, and Purity for the Crystallization of
D- and L-threonine in an Isothermal with the Polythermal Coupled Batch Mode

Parameter Used Symbol Value (L-threonine) Value (D-threonine) Unit
Isothermal Mode
Mass of product m 4.22 6.11 g
Productivity Pr 175 X 1074 254 x 1074 g/(g min)
Purity Pu 1.00 1.00 -
Duration time tend 300 300 min
Isothermal Mode
Mass of product m 6.91 7.28 g
Productivity Pr 1.56 X 107* 1.64 X 1074 ¢/(g min)
Purity Pu 1.00 1.00 -
Duration time tend 720 720 min
Polythermal Mode
Mass of product m 9.07 12.04 g
Productivity Pr 2.05 X 1074 272 X 1074 ¢/(g min)
Purity Pu 1.00 1.00 -
Duration time tend 720 720 min
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Figure 9. Mass fraction and temperature profiles for
the coupled crystallizers in polythermal oper-
ation mode after seeding with L-threonine
crystals (Tank 1).

Process parameters: t.,g = 720 minutes, Mgeeqs = 1.0 g.

are depicted in Figure 9. It is obvious that the mass fraction
profiles show similar trends as in case of the experiment per-
formed under isothermal conditions. Again permanent race-
mic composition of the liquid phase has been obtained. As
presented in Figure 9 the temperature has been reduced from
33°C to 30°C in two steps. The final temperature and the
cooling profile for the polythermal experiment have been
determined based on the preliminary polythermal experi-
ments performed for the simple batch mode. Obviously, cool-
ing down of the solution results in a significant increase of
the supersaturation level not only of the wanted but also of
the unseeded enantiomer for the batch preferential crystalli-
zation process. Because of that, relatively fast nucleation of
the unwanted enantiomer was observed and an enhancement
of the process performance was not possible. However, a
decreasing temperature profile should be feasible for the
coupled batch mode and even beneficial for its productivity,
because by exchanging the mother liquors of both tanks the
actual concentration of the unwanted enantiomer in solution
is lowered. For this reason a premature nucleation can be
avoided. Results obtained for this polythermal coupled mode
are summarized and compared with the isothermal mode in
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Figure 10. Mass fraction profiles for an isothermal
coupled batch experiment providing man-
delic acid in the tank where S-mandelic
acid has been seeded.

Process parameters: fo,qg = 55 minutes, Mgeeqs = 1.125 g,
Teryse = 28°C.

Table 4. One can see that the polythermal mode delivers a
higher mass of the product (m = 9.07 g) and a higher pro-
ductivity (Prp = 2.05 X 10~* g/(g X min)) comparing with
the isothermal mode. In comparison to the isothermal simple
batch operation an increase of 184% concerning the mass of
pure L-threonine could be achieved. The presented results
show that the polythermal operation can be successfully
applied for coupled batch crystallizer mode. The presented
results reveal a high potential of the polythermal mode for
the coupled crystallizer operation. Aim of future work is to
find an optimal temperature profile that might lead to an
enhancement of the process productivity and to an
improvement of the product properties like final crystal size
distribution.?®

Preliminary investigation for compound forming systems

Preferential crystallization can be also performed for
compound forming systems if the initial solutions have a

=k}
Mg jig out

Figure 11. Simultaneous preferential crystallization process.

Possible concept of arrangement for two crystallizers coupled via liquid phase where one enantiomer E; and the racemic compound (rac)
have been seeded. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 12. Trajectories during preferential crystallization performed for compound forming systems (a) in two
decoupled vessels and (b) in two vessels coupled via the liquid phase where enantiomer E; and race-

mic compound (rac) have been seeded.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

composition located in one of the 3-phase regions of the
phase diagram [compare Figure 2b]. A description of the
preferential crystallization for mandelic acid dissolved in
water using simple batch experiments was given recently.w’22
This system has been also investigated in this work to per-
form a run using the coupled crystallizer mode. It is worth to
note that for the mandelic acid a ternary phase diagram has
already been investigated and can be found in the litera-
ture.?” The liquid phases have been exchanged from the time
when homochiral seeds were added into the tanks. Figure 10
shows the mass fraction profiles obtained during this experi-
ment. It can be observed that an exchange of the liquid
phases results in 50:50 mixtures in both vessels. After start-
ing an exchange of the liquid phase, as it was expected,
seeds which have been added before to each tank dissolved
and crystallization was initialized later just by nucleation. A
resolution of these enantiomers by crystallization which have
the tendency to form compounds in the solid phase is not
possible if the liquid phase has racemic composition. HPLC
investigation of the obtained solid phase confirmed that the
harvested crystals had racemic composition. Thus it has been
shown that process symmetry gives only advantage in case
of conglomerate forming systems but is detrimental in case
of compound forming systems.

A conceivable alternative for compound forming systems
is illustrated in Figure 11 where two vessels with an
exchange of crystal-free mother liquor are coupled. Opposite
to the above arrangement for conglomerates it should be pos-
sible to increase the overall crystallization rate and thus the
productivity if in one vessel the pure enantiomer E; and in
the second vessel the racemic compounds (rac) are seeded
and subsequently crystallizing*. The corresponding trajecto-
ries are depicted schematically in Figure 12. This coupled
mode should also result in a higher overall driving force and
therefore a higher productivity in comparison to the simple

"The same circumstances might be also valid for E, in the second three-phase
region on the right-hand side of the phase diagram.
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batch mode cited in the literature.”>** Taking into considera-
tion that the pure enantiomer and the racemic compound are
showing different physical properties (especially with respect
to the crystallization kinetics, i.e., growth and nucleation) an
adjustment of the experimental conditions to guarantee ‘pro-
cess symmetry’ will be indispensable. This promising and
challenging configuration mode for compound forming sys-
tems is currently investigated. However, it should be men-
tioned that for compound forming systems just one enan-
tiomer can be produced in a single step by means of this
innovative coupled crystallizer configuration, whereas for
conglomerate systems a resolution of both enantiomers in a
single step is possible.

Conclusions

In this work the main idea and first experimental results of
an innovative crystallizer configuration for preferential crys-
tallization using two coupled vessels have been presented
and compared with the standard single batch process. For
both investigated crystallizer configurations, the productiv-
ities Eq. 1 and purities Eq. 2 have been determined and com-
pared. The coupled mode exploits the fact that by exchang-
ing the liquid phase, in comparison to the simple batch
mode, the concentration of the preferred enantiomer increases
and the concentration of the counter enantiomer decreases.

The results obtained for the crystallization of the conglom-
erate forming system (threonine) reveal that the coupled
mode outperforms the simple decoupled crystallizer mode
with regard to productivity and purity. It has been shown
that the process performed in the coupled mode can be per-
formed close to equilibrium providing in each of the two
tanks pure enantiomers. According to the experimental
results shown in this paper, the mass of the product gained
in the end of the coupled batch process is significantly higher
than in the simple batch mode.

In addition to the investigations under isothermal condi-
tions, a decreasing temperature profile has been applied to

March 2009 Vol. 55, No. 3 AIChE Journal



the coupled crystallizer configuration. This polythermal oper-
ation led to a further enhancement of the gained mass of
pure product, which was for this specific case study 184%
higher in comparison to the simple batchwise operation.

Acknowledgments

The authors thank Luise Borchert and Jacqueline Kaufmann for their
help in performing the HPLC analyses.

Notation

Latin symbols

E\ = enantiomer k
m=mass, g
Pu = purity
Pr = productivity, g/(g-min)
t = time, min
T = temperature, °C
w® = mass fraction (mass component k/total mass solution), kg/kg

Subscripts and superscripts

¢ = counter

D = p-threonine

cryst = crystallization, crystallizer
k = component index

L = L-threonine

p = preferred

rac = racemate
s = solid
W = water
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