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Providing enantiomerically pure products is of key importance in the fine chemicals, food, and pharmaceutical indus-
tries. A continuous preferential crystallization process is presented that allows the separation of conglomerate forming
enantiomers in a stable, robust, and flexible way. This is achieved by coupling two continuous crystallizers by exchang-
ing their clear liquid phases. Each crystallizer is connected to a suspension mill responsible for in situ seed generation
through particle breakage. The dynamic and steady-state behavior of this process is extensively analyzed for racemic
feed streams through process simulations, and parameter regions, which yield pure enantiomers in both crystallizers,
are identified. For enriched feed streams, it is further shown when this novel flow sheet is capable of outperforming an
ideal batch process in terms of solvent consumption per unit mass of desired enantiopure product produced. VC 2015
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Introduction

Obtaining enantiopure products is important in many indus-

tries, for example, the pharmaceutical, food, and fine chemi-

cals industries. In a pharmaceutical product, typically only one

of the enantiomers is biologically active, while the other enan-

tiomer is either not effective as a drug or even harmful to

humans. In such cases, the pharmaceutical industry strives to

produce enantiomerically pure compounds. Two major routes

to enantiopure products are evident: asymmetric chemical syn-

thesis or the separation of enantiomers from an enantiomeri-

cally impure starting material. While the former is the more

desirable option in terms of raw material consumption, it often

does not allow attaining the required purity directly. There-

fore, the development of processes that allow separating enan-

tiomers is essential.
The two major separation process alternatives in this con-

text are continuous chiral chromatography1,2 and crystalliza-

tion processes.3,4 An overview of further resolution methods is

given in a recent review article by Lorenz and Seidel-Morgen-
stern.5 The product resulting from chromatography is a liquid,
however, most products in the pharmaceutical, food, and fine
chemicals industries are ultimately sold as solids. Hence, there
is usually a further crystallization step necessary to obtain the
desired solid particles with high purity. Conversely, the most
commonly used crystallization-based resolution process relies
on the formation of two diastereomeric salts that have differ-
ent physical properties and can thus be crystallized consecu-
tively.6–8 However, this process requires the molecules to
form salts, which is not always possible. It also requires (at
least) stoichiometric amounts of a chiral resolving agent,
which needs to be separated from the desired product and
recycled in further processing steps.

From a standpoint of process intensification, specifically the
minimization of energy requirements and solvent consump-
tion, it is appealing to investigate crystallization processes that
can separate enantiomers and deliver a solid product in a sin-
gle process step from a solution containing both enantiomers
and a solvent.4 The crystallization strategy to be employed
mainly depends (1) on the type of phase diagram for a specific
ternary system, (2) whether racemization in solution is possi-
ble, and (3) the enantiomeric excess in the feed material.5,9

Most ternary phase diagrams of organic enantiomers and a sol-
vent correspond to one of three classes: conglomerates, race-
mic compound forming systems, and solid solutions.10

Qualitative ternary phase diagrams for these three cases are
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shown in Figure 1 in the form of isothermal cuts. In that figure,

we have indicated the type and number of stable phases in

each phase region. The key difference between the different

types of phase diagrams lies in the structure of the solid phases

that can be obtained. In conglomerates (Figure 1a, around

10% of all cases), the stable crystalline phases consist of either

pure S enantiomer or pure R enantiomer. In racemic com-

pound forming systems (Figure 1b, around 90% of all cases),

there is additionally a solid racemic compound that consists of

equal amounts of R and S enantiomer (designated RS). Fortu-

nately, the case of solid solutions (Figure 1c), where crystals

can contain any composition of R and S enantiomers and

which are hardest to separate,11 is rarely encountered for

organic molecules. Apart from the ideal cases shown in Figure

1, there are numerous (combinations of) nonidealities possible,

for example, the presence of a metastable conglomerate in

racemic compound forming systems,12 partial solid solu-

tions,13 the presence of liquid-liquid equilibria,14 and the pres-

ence of (metastable) polymorphs.15

In this article, we will focus our attention on conglomerates.

If the enantiomeric excess in the feed material is high enough,

direct crystallization in the two-phase region is possible. This

is shown on the right side of Figure 2a for an isothermal batch

crystallization. In this process, one starts from a supersaturated

initial condition (green circle) and upon nucleation or the

introduction of seed crystals of the R enantiomer, one follows

the mass balance line (dashed gray line) to the thermodynamic

equilibrium (blue square). Clearly, a continuous crystallization

process carried out in a mixed suspension, mixed product

removal crystallizer (MSMPRC) with feed conditions in the

two-phase region (green circle in Figure 2b) reaches a steady-

state operating point (blue square) that lies in the two-phase

region as well. It is therefore able to produce pure R enan-

tiomer in a continuous fashion.
When there is no enantiomeric excess in the feed material,

preferential crystallization16 is one of the most attractive proc-

essing alternatives.* The two key concepts that enable preferen-

tial crystallization processes are (1) the dependence of mass

uptake of solute into the crystalline phase on the surface area of

the crystals, that is, the amount of solute incorporated per unit

time depends linearly on the total surface area of the crystals

present in the suspension, and (2) the existence of a metastable

zone, that is, the nucleation of new crystals (in this case of the

counter-enantiomer) is an activated process and does not readily
occur at low supersaturations. In the case of a conglomerate, it
therefore becomes possible to preferentially grow crystals of
the desired enantiomer through a seeded process. Performing
this process in a batch crystallizer at constant temperature (as
shown in the three-phase region of Figure 2a), the initially race-
mic and supersaturated liquid phase (green circle) is depleted of
the R enantiomer, which continues until nuclei of the undesired
S enantiomer are formed. At this time the process trajectory of
the residual liquid composition breaks away from the dashed
line. Henceforth, the solution rapidly approaches the thermody-
namic equilibrium, that is, it becomes racemic again, but at the
saturation concentration (purple square symbol). An isothermal
batch crystallization process based on preferential crystalliza-
tion would be stopped before the nucleation of crystals of the
undesired enantiomer occurs, so that only pure crystals of the
desired enantiomer can be collected. Since such a precise stop-
ping of the crystallization process and a quick filtration of the
product crystals is cumbersome, preferential crystallization
processes can be carried out in a polythermal fashion as
described by Levilain and Coquerel21 and Levilain et al.22

Recently, advanced continuous processing concepts that
allow preferential crystallization processes to be operated at
steady state have been developed.22–25 In this article, we add
to these concepts by presenting a novel processing flow sheet
and its rationale (in the The Flow Sheet and Its Rationale Sec-
tion). This flow sheet allows operating continuous preferential
crystallization processes for a wide range of kinetics (even for
cases with a narrow metastable zone for the undesired enan-
tiomer) and with a high yield. This is accomplished through
the use of mother liquor recycles (to increase the yield) and
heated suspension mills (to generate seed crystals in situ by
breaking parent particles and to dissolve nuclei of the unde-
sired enantiomer) as described in the next section. We then
construct a process model based on population balance equa-
tions (PBEs; in the Process Model section) that allows us to
evaluate the dynamic and steady-state behavior of the process.
In the Results and Discussion Section, we show through exten-
sive process simulations that the flow sheet can be operated in
an inherently stable fashion, that is, that steady states can be
found that are approached even from enantiomerically impure
initial conditions. The ranges of process parameters where this
behavior is observed are then identified. For the case of
enriched feed streams, we identify the conditions where our
novel continuous flow sheet is able to produce pure enantiom-
ers with lower solvent requirements than an ideally operated
batch crystallization process.

Figure 1. Qualitative ternary phase diagrams of systems of enantiomers: (a) conglomerate forming system with
two two-phase regions and one three-phase region, (b) racemic compound forming system with three
two-phase regions and two three-phase regions, and (c) solid solution forming system with one two-
phase region.

*Note that we are primarily interested in cases where racemization of enantiomers in
the solution proves difficult. In cases where racemization in solution is more accessi-
ble, the process of Viedma ripening17–20 becomes relevant.
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The Flow Sheet and Its Rationale

Levilain and Coquerel21 described how a single batch crys-
tallizer can be used to obtain the desired enantiomer in a safe
and reproducible manner by first crystallizing it as described
above and then raising the temperature to dissolve crystals of
the undesired enantiomer (and part of the crystals of the
desired enantiomer). This concept was subsequently expanded
by Levilain et al.22 using two crystallizers in order to couple
preferential crystallization and dissolution. As these crystalli-
zers were initially seeded with opposite enantiomers, the pro-
cess allowed obtaining both enantiomers in pure form. While
such processes where an improvement to the rather unstable
batch operation as described in the Introduction Section (text
relating to Figure 2a), an important fact was not accounted for:
preferential crystallization processes are ideal to be run contin-
uously. The continuous operation of preferential crystalliza-
tion has the advantage that these kinetically controlled
processes can be run at a steady state away from the thermody-
namic equilibrium, such that the desired enantiomer is
obtained continuously with a high purity and a high yield. A
continuous preferential crystallization process was first pre-
sented in the open literature by Qamar et al.23 They treated a
single MSMPRC with a fines dissolution pipe and numerically
investigated the effect of different ratios of residence times
(main crystallizer vs. dissolution pipe) and different seeding
strategies, that is, seeds were either introduced continuously or
in periodic fashion through the feed stream. In a follow-up
paper, a flow sheet with two coupled crystallizers, which were
seeded using opposite enantiomers and which were connected
through liquid-phase exchange pipes, was presented.24 This
concept was previously successfully demonstrated—both the-
oretically and experimentally—for two coupled batch crystal-
lizers.26,27 As in the case of the two batch crystallizers, the
continuous process allowed obtaining both enantiomers in
pure form. The continuous process is schematically drawn
inside the three-phase region of the isothermal phase diagram
shown in Figure 2b. In that figure, the green circle represents
the feed point, while the square and triangle represent the
steady states of the two coupled crystallizers. The exchange of
the liquid phase between the two crystallizers mimics its race-

mization, that is, the higher the exchange rate between the two
crystallizers, the closer the square and triangle move to the

vertical center line (indicated by the arrows in that figure).
The effect of this exchange is an increase in the supersatura-
tion of the preferred enantiomer and decrease in the supersatu-

ration of the undesired enantiomer in each crystallizer, hence
leading to a better performance of the process and a broader
operating window of the process. However, Qamar et al.23,24

still used continuous or periodic seeding to accomplish their
separation performance (in the case of Qamar et al.24 seed
crystals for both enantiomers were needed). An experimental

implementation of a similar process was presented by Chaaban
et al.,28,29 who, however, only treated the liquid phase in a
continuous fashion and needed to restart their process with
fresh seeds after some time. Furthermore, the yield obtained

from all three processes was rather low.
In this article, we present a novel flow sheet for continuous

preferential crystallization with an increased productivity, in
situ seed generation by particle breakage and an even broader

operating window. The overall flow sheet of such a process is
drawn in Figure 3. Similar to Qamar et al.,24 the two
MSMPRCs are fed from a single feed tank with a clear race-

mic solution and the two crystallizers exchange liquid phase
with each other. However, there are two main novelties in our
flow sheet: (1) the use of heated mills for in situ seed genera-

tion and fines dissolution and (2) the incorporation of continu-
ous filtration units and recycle streams for the mother liquor
separated in the filtration units to increase the process yield.

Introducing the suspension mills as shown in Figure 3 enables
the in situ production of seeds by breaking parent particles
entering the mills from their respective crystallizers. Naturally,
other devices that generate additional crystals from parent par-

ticles, such as sonicators, could be used for this purpose as
well. Furthermore, operating the mills at an elevated tempera-
ture enables the dissolution of fine particles of the undesired

enantiomer, possibly generated by nucleation in the crystal-
lizer. This last point is of key importance because the supersa-
turation of the undesired enantiomer in each crystallizer is

necessarily higher than for the desired enantiomer unless the
liquid phases between the two crystallizers are exchanged at

Figure 2. Process variants for a conglomerate forming system depicted in qualitative ternary phase diagrams: (a)
batch crystallization processes, (b) continuous crystallization processes.

The gray dashed lines in the two-phase regions are tie lines, while they are material balance lines in the three-phase regions. The

green circles are initial (batch) and feed (continuous) points, the squares and triangles are final (batch) and operating (continuous)

points. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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infinitely fast rates, which would lead to total racemization of
the liquid phase in each crystallizer. However, this is clearly
impossible due to physical constraints on the exchange flow
rates between the two crystallizers. As the supersaturation of
the undesired enantiomer is higher, its (homogeneous) nucle-
ation rate must be faster as well. For systems with a narrow
metastable zone of the undesired enantiomer, this fact
becomes problematic, because there is a substantial risk that
nuclei of the undesired enantiomer accumulate over time in
each crystallizer, such that the system leaves its previous,
apparently stable, state rapidly. Ultimately, this would lead to
enantiomerically impure products. Our use of suspension
mills at an elevated temperature is therefore expected to
remove this issue and stabilize the process by generating a
large amount of seeds by breaking particles of the desired
enantiomer and by dissolving nuclei of the undesired
enantiomer.

In the following two sections, we will present a process
model based on the PBE (in the Process Model Section) and
then investigate, through the use of a copious amount of pro-
cess simulations at various conditions, whether our rationaliza-
tion of the flow sheet is accurate (in the Results and
Discussion Section).

Process Model

To describe the evolution of the particle-size distribution
(PSD) of both enantiomers in all processing units PBEs are
used,30,31 which are coupled with mass balances for the liquid
phase. We assume that a single characteristic length can
describe the particles, that the crystallizers (C) and mills (M)
are well mixed, and that no size classification occurs at their
outlets, so that the PSD in the stream leaving the processing

unit is the same as the PSD inside the processing unit. The

process model detailed below is solved using a high resolution

finite volume scheme as described by Gunawan et al.,32 which

has been implemented in MATLAB 2014b.33

Crystallizer

Additional to the assumptions outlined above, we will

assume that no agglomeration and breakage of particles occurs

in the crystallizer. With reference to the overall flow sheet (cf.

Figure 3), the PBE for the crystallizer can then be written as

@nj
CiðL; tÞ
@t

52
@ GðSj

Ci; TCi; LÞnj
CiðL; tÞ

� �
@L

1

1
1

mCi
_mMiCin

j
MiðL; tÞ2 _mCiMin

j
CiðL; tÞ2 _mCiFin

j
CiðL; tÞ

� � (1)

where nj
CiðL; tÞ is the number density distribution of par-

ticles of enantiomer j 2 R; Sf g per unit mass of suspension

in crystallizer i 2 1; 2f g, L is the characteristic length of

particles, t is the time, G is the crystal growth rate of the

particles, Sj
Ci is the supersaturation with respect to enan-

tiomer j in crystallizer i, and TCi is the temperature in

crystallizer i. The first term on the r.h.s. of Eq. 1 therefore

describes the growth kinetics in the crystallizer, while the

further terms characterize the in- and out-flows of particles

to and from the crystallizer. The flow terms are written

using the mass flow rates and the mass of suspension in

the crystallizer, for example, _mMiCi is the mass flow rate

from mill i to crystallizer i and mCi is the mass of suspen-

sion in crystallizer i (including any solids and liquid). The

supersaturation is defined by

Figure 3. Process flow sheet used in this work consisting of two continuous crystallizers whose liquid phases are
exchanged.

Suspension mills are connected in a loop to the crystallizers to generate a sufficient amount of seeds in situ. Note that the mills can

be operated at an elevated temperature (with respect to the crystallizer) in order to dissolve fines of the undesired enantiomer gen-

erated by nucleation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Sj
Ci5

cj
Ci

cj
?;CiðT; c

p
CiÞ

(2)

where cj
Ci is the concentration of enantiomer j in crystallizer i.

The solubility of enantiomer j is designated by cj
?;CiðT; c

p
CiÞ,

where the superscript p represents the counter-enantiomer
(i.e., p5R for j5S and vice versa). Note that in Eq. 1 we have

assumed that the recycle stream originating from the filtration
unit and the exchange stream originating from the other crys-

tallizer are particle free and thus do not appear in the PBE.

The initial, boundary, and regularity conditions for Eq. 1 can
be written as

nj
CiðL; t50Þ 5 nj

0;CiðLÞ

nj
CiðL50; tÞ 5

JðSj
Ci;TCiÞ

GðSj
Ci;TCi; L50Þ

nj
CiðL51; tÞ 5 0

(3)

where J is the nucleation rate per unit mass of clear liquid and

nj
0;CiðLÞ is the number density distribution per unit mass of

suspension of the seed crystals of enantiomer j in crystallizer i.
To track the evolution of the supersaturation of both enantiom-

ers in the crystallizer, the PBE is coupled with a mass balance
for the liquid phase

dcj
Ci

dt
52kvqc

dlj
3;Ci

dt
1
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mCi
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j
S1 _mMiCic

j
Mi1 _mCqCic
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j
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1

2
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mCi
_mCiCqcj

Ci1 _mCiMic
j
Ci1 _mCiFic

j
Ci

� �

(4)

where the concentration of enantiomer j in crystallizer i
(cj

Ci) is defined per mass of clear liquid and we use the

subscript q for streams originating from the other crystal-
lizer (i.e., q 5 2 for i 5 1 and vice versa). lj

3;Ci is the

third moment of the PSD of enantiomer j in crystallizer
i, which is defined as

lj
3;Ci5

ð1

0

L3nj
CiðL; tÞ dL (5)

The initial condition for Eq. 4 is given by cj
Ciðt50Þ5cj

0;Ci.

Mill

The PBE for the suspension mills can be written in a similar

fashion, but includes additional terms describing the appear-
ance and disappearance of particles due to breakage

@nj
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@t
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Mi;TMi;LÞnj
MiðL; tÞ
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L
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MiðL; tÞ1

1
1

mMi
_mCiMin

j
CiðL; tÞ2 _mMiCin

j
MiðL; tÞ

� �
(6)

where we have assumed that the liquid phase is supersaturated
with respect to enantiomer j. If Sj

Mi < 1, the growth rate G is

replaced with the (negative) dissolution rate D, which will
cause particles to dissolve/shrink. As mentioned in the The

Flow Sheet and Its Rationale Section the temperatures in the

mills are typically set to induce complete dissolution of nuclei

of the undesired enantiomer (and partial dissolution of crystals

of the desired enantiomer). The milling process itself is char-

acterized through the daughter distribution dðk; LÞ, where dðk;
LÞ dL is the number of fragments with size between L and L1

dL formed from a larger particle of size k, and the breakage

rate K(L). The initial, boundary and regularity conditions, as

well as the mass balance can be formulated similarly to Eqs. 3

and 4, respectively.

Filtration unit

As this work is not focused on modeling the continuous fil-

tration unit precisely, we make the simplistic assumption that

the filtration unit perfectly separates crystals from the mother

liquor. As can be seen from the flow sheet in Figure 3, part of

the mother liquor is recycled to the crystallizer in order to

increase the overall yield of the process. The remaining part of

the mother liquor is purged from the system, therefore pre-

venting the build up of any impurities (and solvent).

Constitutive equations

The above description of the process equations is kept rather

general. However, in order to arrive at a specific process

example, constitutive equations for the solubility, as well as

the growth, dissolution, and breakage kinetics are necessary.

In this article, a case study on the conglomerate forming sys-

tem of (2S,3R)- and (2R,3S)-threonine crystallized from water

will be presented for which some of the necessary data are

already available in the literature. In the equations above and

the following considerations, we designate the superscript S to

(2S,3R)-threonine and the superscript R to (2R,3S)-threonine.

Where appropriate kinetic data are not available from the liter-

ature, we specify the assumptions we made to complete the

process model. Note that the constitutive equations are the

same for both enantiomers, but their arguments (e.g., the

supersaturation) differ. The constitutive equations are

explained individually in the following subsections and are

also summarized in Table 1, where all necessary kinetic

parameters are included.

Solubility. To describe the solubility of both enantiomers

in the three-phase region of a conglomerate forming system of

enantiomers, it is sufficient to know the solubility at racemic

composition for different temperatures, c?;racðTÞ. To obtain a

continuous description, we fitted a second-order polynomial

through previously reported data points34

c?;racðTÞ5kc11kc2T1kc3T2 (7)

where kci are parameters. The solubility line for each enan-

tiomer, cj
?ðT; cpÞ, is given by the straight line connecting the

solubility at racemic composition and the corner of the ternary

phase diagram representing the pure enantiomer; as can, for

example, be seen in Figure 1a. It follows that the solubility of

enantiomer j depends on the concentration of the counter-

enantiomer p.

Crystallization and Dissolution Kinetics. For the growth

and nucleation kinetics, we will largely use the kinetic model

for (2S,3R)- and (2R,3S)-threonine reported by Qamar et al.,24

however, as we are primarily interested in the process

flow sheet and its features, we have taken the liberty to sim-

plify some of the expressions for convenience. The growth

and nucleation kinetics and the relevant kinetic constants are

reported in Table 1. For the dissolution kinetics, we assumed
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that they follow a simple linear dependence on the
undersaturation

D5kd S21ð Þ (8)

Breakage Kinetics. Crystal breakage occurs in the sus-
pension mills through collisions of crystals with each other
and by intensive contacts of the crystals with parts of the
mill. Clearly, the specific type and extent of breakage
depends on the type of mill used and its operating parame-
ters. However, for the sake of this study, we assume that par-
ticle breakage can be described as a binary breakage process,
that is, original particles break in exactly two fragments, but
the fragments are allowed to be of different sizes. Such a
breakage process can, for example, be described using a U-
shaped daughter distribution that is symmetric in volume
space20

dðk;LÞ53L2ð2kb111Þ 2

k3

� �2kb111

L32
k3

2

� �2kb1

(9)

where kb1 is an integer parameter; the larger the value of kb1

the bigger the difference in size between the two fragments
formed from the original particle. For our case study, we have
assumed that kb157, that is, the particle breakage is attrition-
like. The breakage kinetics are completed by specifying a
size-dependent breakage rate, K(L)

KðLÞ5kb2Lkb3 (10)

Results and Discussion

Racemic feed streams

Determination of Steady States and Their Stability.
According to a degree of freedom analysis of the overall
flow sheet and following the assumptions made in the Pro-
cess Model Section, it is only necessary to specify some of
the streams in the flow sheet, while all other quantities can
be calculated using the model equations above and addi-
tional material balances over individual process units and
parts of the flow sheet. For the purpose of our case study,
we choose to specify the following flow rates: the feed flow
rate to each crystallizer ( _mSCi), the exchange flow rate
between the crystallizers ( _mCiCq), the flow rate from each
crystallizer to its attached mill ( _mCiMi), as well as the flow
rate from each crystallizer to its filtration unit ( _mCiFi). We
also specify the composition of the feed stream (i.e., the
mass fraction of both enantiomers, wj

SCi), the size of each
processing unit (in terms of the suspension mass it contains,
e.g., mCi), as well as the temperature in each processing unit
(e.g., TCi).

To investigate the behavior of the processing flow sheet in
Figure 3, we introduce two case studies with different proc-
essing parameters. For the first case study, all processing
parameters are introduced in Table 2. Note that we chose to
keep the processing parameters for both sides of the flow
sheet equivalent, so that only the specifications for the left
side (Crystallizer 1, etc.) are given in this table. The second
case study uses the same processing parameters with the
exception of the exchange flow rate between the two crystalli-
zers. In Case Study 1, we have selected a substantial
exchange flow rate between the two crystallizers, while in
Case Study 2 we chose to decouple the two crystallizers by
setting the exchange flow rate between them to zero (i.e.,
_mC1C25 _mC2C150).

To investigate the transient behavior of the process for these
two case studies, we ran a series of dynamic simulations with
the process model described in the Process Model Section. It
is also necessary to specify the initial conditions in each proc-
essing unit. This entails specifying the PSDs of the seed crys-
tals of both enantiomers, as well as the initial composition of
the solution in all processing units. The PSDs of the seed crys-
tals in the crystallizers are assumed to follow normal distribu-
tions with modal size 100 lm and standard deviation of 20 lm
(with the tail of the distribution extending to negative particle
sizes cutoff). The number of seed particles is adjusted to
achieve a certain initial enantiomeric excess and a certain total
seed mass. In all simulations presented in this article, we
choose to specify the seed PSDs in the mill and the crystallizer
on the respective side of the flow sheet to be the same. Fur-
thermore, we specify the initial conditions to be “mirror-
symmetric” across the two sides of the flow sheet. To properly
specify the enantiomeric purity of the seeds, we define the
time-dependent solid-state enantiomeric excess in crystallizer
i as

Table 1. Substance Data Used in the Threonine Case Study
a

Solubilityb

C�;rac5 kc11 kc2T 1 kc3T2

kc1 5.139 3 1021

kc2 3.848 3 1023 K21

kc3 8.067 3 1026 K22

Crystal growthc

G5kg1expð2 kg2

T ÞðS21Þkg3 ð11kg4LÞkg5

kg1 4.968 3 107 m s21

kg2 9.086 3 103 K
kg3 1.192
kg4 2.021 3 104 m21

kg5 0.407

Primary nucleationc,d

Jprim5kp1Texp 2
kp2

T

� � ffiffiffiffi
qc
c?

q
ðSc?Þ7=3

exp 2
kp3ln

qc
c?ð Þ

3

lnðSÞ2

� �

kp1 6.412 3 1027 kg21 s21

kp2 1.874 3 103 K
kp3 4.300 3 1023

Secondary nucleationc,d

Jsec5ks1exp 2 ks2

T

� �
ðS21Þks3 ðl3Þks4

ks1 2.380 3 1023 kg21 s21

ks2 7.677 3 103 K
ks3 4.800
ks4 3.026

Dissolution

D 5 kd (S – 1)
kd 1.00 3 1026 m s21

Daughter distribution

dðk; LÞ53L2ð2kb111Þ 2
k3

� �2kb111

L32 k3

2

� �2kb1

kb1 7

Breakage rate

KðLÞ5kb2Lkb3

kb2 8 3 1024 kg21 s21

kb3 1

Shape factor

km 0.122

Crystal density

qc 1250 kg m23

aAll expressions made consistent with dimensions used in this article.
bExpression fitted through data points reported by Sapoundjiev et al.34

cSimplified from original expression reported in Qamar et al.24

dNote that J5Jprim1Jsec.
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�s;CiðtÞ5
lR

3;CiðtÞ2lS
3;CiðtÞ

lR
3;CiðtÞ1lS

3;CiðtÞ
(11)

Using this definition, the specifications on the seed PSDs
become

�s;C1ð0Þ52�s;C2ð0Þ

lR
3;C1ð0Þ1lS

3;s;C1ð0Þ5lR
3;C2ð0Þ1lS

3;C2ð0Þ

lj
3;Mið0Þ5lj

3;Cið0Þ

(12)

The initial composition of the solution in all vessels is taken
to be the same as in the feed stream (cf. Table 2), that is, in
this case it is racemic and supersaturated.

Now that we have specified all particulars of Case Studies
1 and 2, we can investigate the dynamic behavior of the flow
sheet in both cases in order to investigate potential steady
states and their stability. To this end, we report the evolution
of the solid-state enantiomeric excess in Crystallizer 1,
�s;C1ðtÞ, starting from initial values of �s;C1ð0Þ5f1; 0:7; 0:5;
0:33; 0g (from enantiomerically pure seed material to racemic
seed material) in Figure 4. Focusing first on Case Study 1
(Figure 4a), where we specified a substantial solution
exchange flow rate between the crystallizers, we see that the
solid-state enantiomeric excess approaches unity for all cases
except for the case where we started in perfectly racemic
conditions (�s;C1ð0Þ50, solid blue line). As the flow sheet is
completely symmetric in this case, this indicates that we can
obtain the pure desired enantiomer from Crystallizer 1 and
the pure counter-enantiomer from Crystallizer 2. Note that in
all cases with an initial solid-state enantiomeric excess we
first observe a decrease in enantiomeric excess before the sys-
tem recovers and reaches the pure steady state. This is caused
by the selection of the initial solution state. As it is racemic,
but strongly supersaturated, crystals of both enantiomers
nucleate initially, which decreases the enantiomeric excess. It
is especially noteworthy that under these conditions the flow
sheet is able to reject large amounts of enantiomeric impur-
ities that are present in the initial seed material. From this
analysis, we can surmise that there must be (at least) two
steady states for Case Study 1: a stable steady state yielding
the desired and counter-enantiomer in pure form from the
respective crystallizer and an unstable steady state yielding
both enantiomers in racemic composition from both crystalli-
zers. This inherently stable behavior stands in stark contrast
to any batch process using preferential crystallization. In such
batch processes even a slight amount of enantiomeric impu-
rity in the seed material alters the trajectory significantly for
the worse; especially when secondary nucleation kinetics are
significant.

Turning our attention now to Case Study 2 (Figure 4b),
where we specified the crystallizers to be decoupled (without
solution exchange between them), we see that all trajectories
are converging to the racemic steady state, except for the one
that already starts at full enantiomeric purity (i.e., �s;C1ð0Þ51,
solid black line). Thus, the steady-state stability in this case
study is exactly reversed from Case Study 1: the racemic steady
state is the stable one, while the enantiopure steady state is the
unstable one. Additionally to the process simulations shown in
Figure 4b, we have also conducted simulations for much longer
times (>400 h) with only minor amounts of enantiomeric impu-
rity (<1 wt % of total seed mass) present in the initial state.
Even in these cases, the simulations converged to the racemic
steady state. Note that while the steady-state behavior is exactly
reversed in Case Studies 1 and 2, the dynamic approach to the
respective steady states occurs generally much faster in Case
Study 2 at comparable levels of enantiomeric impurity. From
this investigation, we conclude that a significant exchange rate
between the two crystallizers, which racemizes the composition
of the solution phase and therefore reduces the supersaturation
of the counter-enantiomer in each crystallizer, is able to stabi-
lize the enantiopure steady state significantly. We consider
operating the process in such an inherently stable fashion to be
highly beneficial when aiming for enantiopure products via
continuous preferential crystallization.

Time to Steady State. In the previous section, we identified
that different seed purities alter the time required to reach the
enantiopure steady state in Case Study 1. It seems evident that
also the overall seed mass added to the processing units will
influence the time required to reach steady state. To further
investigate this effect, we now report simulations with varying
enantiomeric excess in the feed material and varying total seed
mass, while all other conditions are kept as in Case Study 1. We
converged all these process simulations to their enantiopure
steady state and report the time to steady state as the last time at
which the enantiomeric excess in the solid phase is smaller than
0.99 in Crystallizer 1 (and thus greater than 20.99 in Crystal-
lizer 2). The resulting data are shown in Figure 5, where the
time to steady state (color scale) is reported with respect to the
relative seed mass (normalized by the expected yield at steady
state) and the enantiomeric excess present in the seed material.

From that figure, we can see that a high enantiomeric purity
in the seed material yields a much shorter time to steady state.

Table 2. Specification of Processing Parameters for Case

Study 1

Quantity Value

mC1 10 kg
mM1 1 kg
TC1 283 K
TM1 298 K
_mSC1 131023 kg s21

wR
SC1 0.2

wS
SC1 0.2

_mC1M1 331023 kg s21

_mC1F1 7:6331023 kg s21

_mC1C2 2:2131021 kg s21

Table 3. Specification of Processing Parameters for

Simulations Involving Enriched Feed Streams

Quantity Value

mC1 10 kg
mM1 1 kg
mC2 s mC1

mM2 s mM1

TC1 283 K
TM1 298 K
TC2 283 K
TM2 298 K
_mSC1 131023 kg s21

_mSC2 0 kg s21

wR
SC1 0.2

wS
SC1 varies (cf. Eq. 14)

_mC1M1 331023 kg s21

_mC2M2 s _mC1M1

_mC1F1 5:2631023 kg s21

_mC2F2 s _mC1F1

_mC1C2 s32:2131021 kg s211s _mSC1

_mC2C1 s32:2131021 kg s21
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The total seed mass on the other hand does not change the time
to steady state significantly. This is a consequence of how we

have defined the time to steady state: we have exclusively

focused on the time that is required to obtain an enantiomerically
pure solid product from the two crystallizers, while we have cho-

sen to neglect all liquid phase properties in the crystallizers. If
massive amounts of seeds are supplied to the crystallizers, the

supersaturation in the crystallizers crashes to a low value and

only slowly recovers to its steady-state value (something that
one might term “over-seeding”). Vice versa, if the seed amount

is chosen to be small, the supersaturation in the liquid phase
takes longer to sink to the steady-state supersaturation, which

could be referred to as “underseeding.” However, our definition

of the time to steady state does not include such considerations
because we are focusing on the enantiomeric purity in the

obtained product streams exclusively.
Identification of Process Parameters that Yield Enantio-

pure Products. In the Determination of Steady States and
Their Stability Section, two possible outcomes of steady-state

stability of the overall flow sheet were identified by changing
the exchange flow rate between the crystallizers. It would seem

logical that the residence time in the crystallizers, which is

chiefly affected by the outlet flow rate to the filtration units
( _mCiFi), will influence the stability of the steady states as well.

To show this effect, we have carried out additional process simu-
lations varying these flow rates at otherwise identical conditions

to Case Study 1 (cf. Table 2). For this analysis, we have con-

ducted process simulations starting from an initial solid state
enantiomeric excess (�s;C1ð0Þ50:5 and �s;C2ð0Þ520:5) and

have varied the exchange flow rates ( _mCiCp) and outlet flow rates
from the crystallizers to the filtration units ( _mCiFi) and subse-

quently determined the stable steady state for these process con-

figurations. The results are reported in Figure 6a where we
indicate the processing conditions that lead to enantiomerically

pure products as the green region and the processing conditions

that yield a racemic solid-state product as the gray region. To
create this plot, we ran 400 simulations for a total process time

of 50 h with the relevant flow rates distributed on a linear
grid. Note that for some of these flow rate combinations the sim-

ulations did not yet converge to either the racemic

(�s;C1ðt550 hÞ � 0:01) or the enantiopure steady state
(�s;C1ðt550 hÞ � 0:99). While there was a clear tendency to
which outcome would eventually prevail in these simulations,
we refrain from assigning them to either the gray or the green
region and report them as the striped region in 6a. By extending
these simulations to longer processing times, we could eventu-
ally determine their outcome, but we deemed the computational
effort for this exercise to be unreasonably high. Furthermore,
such process conditions, where the steady state is approached
very slowly, are inherently unattractive and should be avoided.
Regardless, from Figure 6a we gather that there is a considerable
range of processing conditions where an enantiopure product

Figure 4. Transient behavior of the solid-state enantiomeric excess in crystallizer 1 for two case studies (as speci-
fied in Table 2): (a) Case Study 1 (with solution exchange between crystallizers), (b) Case Study 2
(decoupled crystallizers).

The different lines correspond to simulations starting from different initial solid-state enantiomeric excesses (different purity of

seed particles), that is, �s;C1ð0Þ5 1; 0:7; 0:5; 0:33; 0f g for the black solid, magenta dash dotted, green dotted, red dashed, and blue

solid lines, respectively. Note that the time scale in the two figures is different. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Time to steady state for varying total seed
amounts and varying enantiomeric purity of
the seed material.

All other parameters are kept as in Case Study 1, cf.

Table 2. Note that the total seed mass has been normal-

ized with respect to the expected yield at steady state

and is plotted on a logarithmic scale. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

AIChE Journal September 2015 Vol. 61, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2817

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(green region) can indeed be obtained; including processing con-

ditions with reasonable values for all flow rates. Two further

points are worth making with respect to the shape of the green

region in Figure 6a: first, we could identify that there is a thresh-

old exchange flow rate between the two crystallizers which ena-

bles obtaining enantiopure products. However, this threshold

occurs at increasingly small residence times of the particles in

the crystallizer (large outlet flow rates). One could conjecture

that the threshold exchange flow rate might be asymptotically

decreased to zero for even larger outlet flow rates. As this condi-

tion is equivalent to a short particle residence time in the crystal-

lizer, these process conditions would involve increasingly

massive recycle flow rates for the mother liquor if an acceptable

yield were still to be obtained. Hence, such processing condi-

tions are impractical. Second, the exchange flow rate required to

obtain an enantiomerically pure product at small outlet flow

rates (large particle residence times in the crystallizer) increases

rapidly. This indicates that a similarly impractical behavior for

long particle residence times exists as well, that is, for these long

particle residence times an increasingly large exchange flow rate

is needed to stabilize the process sufficiently.
To investigate the effect of further processing conditions,

we also varied the temperature and size of the suspension

mills, as reported in Figures 6b–f. Raising the temperature in

the suspension mills affects the process by providing a higher

driving force for the dissolution of fine particles and increasing

the size of the mills increases the residence time in the mills

(therefore, allowing more time for particles to get milled and

more time for nuclei to dissolve). Both of these effects should

impact the stability of the process positively, however, these

changes also negatively impact the productivity of the process

(if the recycle/purge ratio for the mother liquor is kept con-

stant). Indeed, in the aforementioned additional subfigures of

Figure 6, we see that the green region, where enantiomerically

pure products can be obtained, changes its position in the

exchange flow rate vs. outlet flow rate plane. However, it is

noteworthy that the same general behavior for the shape of the

green region is observed, therefore, further substantiating the

observations made before. Further analyzing the data shown in

these figures, we see that an increase in the suspension mill

temperature shifts the green region toward lower outlet flow

rates and lower exchange flow rates (lower left of the plane),

which indicates that a wider range of realistic flow rates allows

obtaining enantiomerically pure products. An increase in the

mill’s size (increase in residence time in the mill) on the other

hand shifts the green region toward lower exchange flow rates,

but higher outlet flow rates (bottom right corner of the plane).

This indicates that providing the additional residence time in

the mill at temperatures higher than in the crystallizer might

help with the dissolution of undesired nuclei of the counter-

enantiomer, but it also allows more time for small particles of

the desired enantiomer to dissolve, which at the same time are

produced in greater numbers because there is also more time

for particle breakage in the mill.

Investigation of enriched feed streams

In the cases discussed so far, we have always supplied a

racemic feed stream to the processing flow sheet and showed

Figure 6. Parameter study to identify regions where enantiopure products can be obtained when varying exchange
flow rate between crystallizers and outlet flow rate from crystallizer to filtration unit.

Green regions refer to processing conditions where enantiopure products are obtained; gray regions refer to racemic products;

striped regions refer to cases where the eventual steady state was not reached within the total process simulation time of 50 h. The

size and temperature of the suspension mills is varied from subfigure to subfigure. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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that enantiopure products can be obtained from such streams
in a wide range of processing conditions. However, the feed
stream supplied to a crystallization process might already have
undergone some kind of enrichment in the desired enantiomer
(e.g., by asymmetric synthesis or another separation process).
Therefore, it seems reasonable to investigate the performance
of our continuous preferential crystallization flow sheet for
these cases as well. Hence, we introduce process simulations
with enriched feed streams with compositions that still lie
within the three-phase region of the ternary phase diagram at a
given temperature. At this point, it is noteworthy that such an
enantiomerically enriched composition can always be shifted
into the two-phase region for a conglomerate by either increas-
ing the temperature or removing solvent selectively (e.g., by
distillation). To illustrate this in Figure 7, we have drawn the
case where we have increased the temperature (red phase
boundaries) for a batch vessel in such a way that the initial
feed composition (green circle) lies at the border of the two-
phase region. In this case, the optimal yield of a batch crystal-
lizer operated in such a fashion is indicated by the orange
square in the diagram. Note that this is the only thermody-
namically stable fashion to operate a batch crystallizer that
guarantees obtaining an enantiomerically pure product (bar-
ring any nonidealities, such as inclusions of the counter-
enantiomer in the crystals). Solvent removal by distillation on
the other hand might not be desirable due to potential thermal
degradation of the product or simply because of the additional
energy requirements that such a process entails.

In contrast, the continuous preferential crystallization process
can be operated in a stable fashion in the three-phase region of
the diagram (as already shown for racemic feed streams above)
and is thus allowed to operate at a lower temperature (blue
phase boundaries). Ideally, the continuous process would there-

fore be able to reach the steady-state condition at the gray trian-
gle (which is just barely supersaturated at the lower
temperature), that is, potentially leading to a higher yield.

Operating the continuous preferential crystallization flow
sheet in Figure 3 with enantiomerically enriched feed streams
entails altering the way the crystallizers are fed. Specifically,
introducing the enriched feed stream exclusively into the crys-
tallizer producing crystals of the enantiomer in which the feed
stream is already enriched is preferable (so that no feed stream
enters the second crystallizer, i.e., _mSC250). The second crys-
tallizer producing the crystals of the counter-enantiomer is then
fed by an increased exchange flow rate from the first crystal-
lizer, that is, we specify _mC1C2 > _mC2C1. Consequently, as a
lower amount of counter-enantiomer needs to be removed, the
processing units that produce crystals of the counter-enantiomer
can be scaled down. In the following, we will scale down the
size of the processing units involved in the production of the
counter-enantiomer crystals with a scaling factor s defined as

s5
mC2

mC1

(13)

We will further use the same scaling factor to scale the flow
rates on that side of the flow sheet. For the outlet flow rate
from the primary crystallizer to its filtration unit and the
exchange flow rate between the crystallizers, we would like to
select values that lie within the green region determined for
the racemic feed streams (cf. Figure 6). However, at low val-
ues of s (i.e., a small crystallizer for the counter-enantiomer
producing side), it becomes unrealistic to draw significant liq-
uid streams from it (even though it becomes replaced by an
appropriate incoming stream), as this would result in unrealis-
tic short liquid phase residence times in the small crystallizer.
Consequently, we decided to scale the exchange flow rates
between the crystallizers with the scaling factor as well. An
overview of processing parameters for the simulations using
the enriched feed streams resulting from these considerations
is reported in Table 3.

Toward a Scaling Law for the Process. In the following,
we investigate the steady-state outcome of the continuous crys-
tallization flow sheet for different feed enantiomeric excesses
and different scaling factors using the scaled process streams
and sizes of processing vessels reported in Table 3. For this pur-
pose, the feed enantiomeric excess, �f , is defined as

�f5
wR

SC12wS
SC1

wR
SC11wS

SC1

(14)

In Figure 8, we report the solid state enantiomeric excess at
steady state obtained in the main crystallizer (C1) vs. the scal-
ing factor s for feed streams with different enantiomeric
excesses, �f . Focusing first on the case with a modestly
enriched feed stream (�f50:125; blue triangles), we see that an
enantiomerically pure product can only be obtained with scal-
ing factors near unity, that is, the processing units producing
the counter-enantiomer are required to be of almost equal size
to the processing units producing the desired enantiomer. Fur-
ther downscaling of the processing units on the r.h.s. in the
flow sheet leads to a drop in solid-state enantiomeric excess
obtained at the steady state. Note that we only report the solid-
state enantiomeric excess at the steady state for the larger crys-
tallizer in Figure 8, however, the smaller crystallizer reached
enantiomeric purity as well (with respect to the counter-
enantiomer, i.e., �s;C2ðtssÞ � 20:99). Additionally, we report
the solid-state enantiomeric excess that would be obtained from

Figure 7. Qualitative ternary phase diagram of a con-
glomerate forming system with an ideal batch
and a continuous process drawn into it.

The solid blue lines are phase boundaries at a low tem-

perature, the dashed red lines are phase boundaries at a

high temperature. The symbols indicate the initial/feed

point of the process (green circle), the ideal operating

point of the continuous process operated at the lower

temperature (gray triangle), and the ideal final point of a

batch crystallization process operated in the two-phase

region at the higher temperature (orange square). [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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a batch crystallizer reaching the thermodynamic equilibrium as
the dashed lines in that figure. The continuous process on the
other hand does not reach the thermodynamic equilibrium, that
is, the steady state is slightly supersaturated for both enantiom-
ers. This leads to higher solid-state enantiomeric excess in the
continuous process even when the processing units on the
counter-enantiomer side of the flow sheet are scaled down
beyond the minimum scaling factor that guarantees enantiomeri-
cally pure solids. Focusing now on the additional lines at higher

feed enantiomeric excesses (�f5 0:250; 0:375; 0:500f g; red
green and black symbols, respectively), we see that the minimum
scaling factor leading to enantiomerically pure solids decreases
with increasing feed enantiomeric excess, as one might have
expected.

Performing this investigation for additional values of the
feed enantiomeric excess, we can obtain a series of minimum
scaling factors, smin. We report these minimum scaling factors
extracted from this extended series of simulations as the data
points in Figure 9. These data points can be well described by a
second-order polynomial, which is reported in the same figure.
This polynomial can be used as an empirical scaling rule for the
process flow sheet to decide the minimum size of the processing
vessels for the counter-enantiomer side of the flow sheet, which

still guarantees enantiomerically pure products. Note that this
scaling rule is only valid for the crystallization and breakage
kinetics listed in Table 1 and the processing and scaling condi-
tions reported in Table 3. Altering these parameters or the
kinetics will result in a modified scaling law as well.

Comparison with Batch Crystallization. The viability of
the new continuous process flow sheet in Figure 3 is clear for
racemic feed streams for a conglomerate forming system of

enantiomers as a batch process cannot reach enantiomeric
purity in that case, that is, in its thermodynamic equilibrium
the batch process will always yield equal amounts of both
enantiomers (apart from any seed material that is introduced)
when starting from a racemic initial point. However, as
detailed previously (cf. Figure 7), the application of the
designed continuous flow sheets to enantiomerically enriched
feed streams needs to be justified, because a crystallization
process carried out in a batch can always be shifted to the two-
phase region of the ternary phase diagram by increasing the
temperature. This begs the question: In which cases is running
the continuous preferential crystallization flow sheet beneficial
for enantiomerically enriched feed streams? To give an answer
to this question, we will define the efficiency of the overall
continuous process as

gcontinuous5
kvqcl

R
3;C1ðtssÞ

mC11mM11mC21mM2

(15)

That is, we define the efficiency gcontinuous as the mass of
desired enantiomer obtained in Crystallizer 1 at steady state
divided by the mass of suspension in all processing vessels in
the flow sheet. The efficiency defined in this way is a proxy for
the mass of solvent needed to obtain a given mass of the desired
enantiomer in enantiopure form. Similarly, we can define the
efficiency of an ideal batch process (as defined above) as

gbatch5
kvqcl

R
3;batch

mbatch

(16)

which can be calculated assuming that a batch operated just
inside the two-phase region eventually reaches the thermody-
namic equilibrium. Using the scaling rule presented in the pre-
vious section, we can determine the efficiency for the
continuous flow sheet at various enantiomeric excesses and
likewise for the batch by determining the temperature rise

Figure 8. Solid-state enantiomeric excess obtained in
Crystallizer 1 at steady state for different
feed enantiomeric excesses vs. scaling
factor.

Symbols: Data points obtained from the simulations;

solid lines are merely a guide to the eye. The dashed

lines represent the enantiomeric excess of the solid

phase in the thermodynamic equilibrium. Note the loga-

rithmic scale for the scaling factor s. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Minimum scaling factor that still yields enan-
tiomerically pure solids vs. feed enantiomeric
excess.

Square symbols represent simulation results; the dashed

line is a second-order polynomial fitted to the data

points.
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required to reach the two-phase region of the phase diagram
(which is concomitant with a yield loss). We report the result-
ing efficiencies in Figure 10. One can see that the continuous
flow sheet outperforms the batch process at low to moderate
enantiomeric excesses in the flow sheet (up to �f � 0:35). For
higher enantiomeric excesses, an ideal batch process is the
more efficient processing variant. Note that the efficiency
curves should not be extrapolated to racemic feed streams/ini-
tial conditions (�f50), as the thermodynamically stable opera-
tion of a batch crystallization process becomes infeasible for a
racemic starting condition, that is, the continuous preferential
crystallization process outperforms batch crystallization proc-
esses by definition at this point. While the results shown in
Figure 10 suggest a potentially higher efficiency for the con-
tinuous preferential crystallization process presented in this
article when compared to an ideal batch crystallization pro-
cess, the continuous process also comes at the expense of an
increased operational complexity. Obviously, this added com-
plexity needs to be carefully balanced with the gain in effi-
ciency together with the gain in productivity due to steady
continuous production of the desired enantiomer.

Practical considerations and alternatives

At this point, we would like to point out some practical con-
siderations with respect to an experimental implementation of
the proposed continuous flow sheet and present some addi-
tional alternatives. First, the proposed flow sheet requires
pumping suspensions, which can be challenging when a sub-
stantial residence time is required in the crystallizer and the
mill. For a laboratory scale or low tonnage production scale
implementation, the challenge stems from the associated small
volumetric flow rates. In wide pipes, this would lead to a small
flow velocity, which could lead to the settling of particles in
the pipes (and eventual blockages). Narrower pipes with
higher flow velocities would, however, also likely be subject
to clogging, as the diameter to particle size ratio becomes too
small. However, this problem can be circumvented without
severe consequences on the “steady-state” behavior using
intermittent flow.35,36 Second, piping, where undesired nuclea-
tion or dissolution could occur, would need to be appropriately
insulated or temperature controlled. On a laboratory scale, this
could be accomplished by a tube-in-tube configuration, as, for
example, demonstrated by Galan et al.25 Third, it is notewor-
thy that there exist several alternatives to our proposal using
heated mills and filtered exchange streams between the crys-
tallizers. Instead of generating new particles by breaking exist-
ing ones in a mill, one could also use an ultrasound source in
the crystallizer to induce crystal fragmentation.37 One could
also imagine to promote secondary nucleation of the desired
enantiomer. However, the dissolution of undesired nuclei of
the counter-enantiomer would still need to be accomplished to
achieve the process stability observed in the implementation
presented in this manuscript. This could, for example, be
accomplished by a heated fines dissolution loop. Instead of
using filtered exchange streams between the crystallizers, one
could rely on sequestration based on the hydrodynamics of the
crystallizer; a strategy that has recently been realized for Gri-
gnard reactions in continuous stirred tank reactors.38

Concluding Remarks

In this article, we have presented a novel continuous prefer-
ential crystallization process using two crystallizers that are
coupled by exchanging their clear liquid phases with each

other. Furthermore, the flow sheet involves the in situ genera-
tion of seed particles using suspension mills (or an equivalent
device), which concomitantly may act as fines dissolution
units. We have shown that this flow sheet leads to enantio-
merically pure products in both crystallizers and that it can be
operated in an inherently stable fashion, that is, an enantio-
merically pure steady state can be obtained even from impure
initial states. This suggests that the presented process is self-
regulating because it will also recover from the sudden appear-
ance of undesired “seeds” of the counter-enantiomer in the
crystallizers, which is a phenomenon encountered from time
to time in industrial crystallizers due to scale formation at the
crystallizer walls. The presented process can therefore be con-
sidered to be inherently stable if the processing parameters are
correctly chosen. To this end, we have further identified
parameter regions that allow obtaining the desired enantiomer
in pure form.

While these findings are clearly dependent on the particulars
of the specific case study (e.g., the crystallization and breakage
kinetics), the presented flow sheet is highly adaptable and
should allow overcoming adverse kinetics by tuning the mill-
ing intensity, temperatures, and so forth. While tuning the
many degrees of freedom in the flow sheet blindly in experi-
mental studies is clearly ill advised, the process model pre-
sented in this article may be used as a tool to understand how
the process might react to changes in these parameters, there-
fore, enabling a proper design and deeper understanding of the
underlying process.

For the case of enriched feed streams, we revealed a scaling
law for the process and have shown that the continuous pro-
cess outperforms a batch crystallization process (operated in a
thermodynamically stable fashion in the two-phase region of
the phase diagram) in terms of solvent consumption per mass
of enantiopure product. However, this finding is only true in a
limited range of feed enantiomeric excesses and comes at the
expense of a higher operational complexity. Nonetheless,

Figure 10. Efficiency (cf. Eqs. 15 and 16) per suspen-
sion mass for a batch crystallizer operating
in the two-phase region and the continuous
preferential crystallization flow sheet in
dependence of the feed/initial enantiomeric
excess.
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unveiling and appreciating these tradeoffs enables an informed

decision, which is desirable per se.
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Notation
c = concentration (mass solute per mass of solvent), kg kg21

c? = solubility (mass solute per mass of solvent), kg kg21

d = daughter distribution, m21

D = dissolution rate, m s21

G = crystal growth rate, m s21

J = nucleation rate (per mass of clear liquid), kg21 s21

k = kinetic/thermodynamic parameters, varies
K = breakage rate, s21

L = crystal size, m
m = suspension mass, kg
n = number density distribution (per mass of suspension), kg21 m21

_m = mass flow rate, kg s21

s = scaling factor
S = supersaturation
t = time, s

T = temperature, K
w = weight fraction
� = enantiomeric excess
g = efficiency
k = size of parent particle, m

l3 = third moment of PSD, m3 kg21

qc = crystal density, kg m23

Superscripts
j = enantiomer
p = counter-enantiomer

Subscripts
Ci = ith crystallizer

f = feed
Fi = ith filtration unit

Mi = ith milling unit
min = minimum

O = outlet (solids)
prim = primary

P = purge (clear liquid)
q = processing unit on opposite flow sheet side

rac = racemic
s = solid state
S = source (feed vessel)

sec = secondary
ss = steady state
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