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Abstract

The polymorph selection in a continuous crystallization process combined with
wet milling is investigated. To this end, a dimensionless population balance equation
model accounting for secondary nucleation, crystal growth and breakage is formulated
and solved numerically. We show that a surprisingly small number of dimensionless
parameter groups (combinations of kinetic parameters and operating conditions) is
decisive to control the polymorphic outcome. Specifically, we show how the operating
region where the stable polymorph is obtained can be enlarged by tuning the milling
intensity, feed concentration, and residence time. We further rationalize the dependence
of the mean size of the particles obtained, the fraction of solute recovered and the
productivity of such a process on the dimensionless variables. We showcase this for the
model system L-glutamic acid crystallized from water and show that our analysis is in
agreement with previously reported experimental studies. Summarizing, the analysis

approach introduced here can be used to identify operating spaces for single stage



16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

continuous crystallization processes where the right polymorph is reliably obtained

and where size, solute recovery and productivity are guaranteed to desired levels.

1 Introduction

Polymorphism is the ability of a given compound to crystallize in at least two different crystal

structures in which the crystal’s building blocks, e.g., molecules, can adopt different packing

13 Since polymorphs are structurally different, their

arrangements and/or conformations
stability (and therefore their solubility), as well as a multitude of other properties can vary
substantially. For example, differences in hardness*, crystal shape®, electrical and optical
properties®, dissolution and bioavailability behavior”®, have been reported. In the case of
differences in crystal shape, surface properties, and hardness, downstream processes, such as

5,9-11

filtration, drying and tabletting, are potentially impacted by polymorphism . Due to its

effect on bioavailability and dissolution behavior, polymorphism occurring in the context of
pharmaceuticals can also affect the efficacy, market competitiveness and ultimately a prod-
uct’s safety 3. On this account the design of controlled processes that ensure the consistent
production of a desired polymorph with best performance properties is an important goal in
the manufacturing of crystalline solids 4 6.

Consequently, numerous accounts in the literature have considered the influence of different
operating conditions on polymorph selection in batch processes, such as solvent selection'”,
supersaturation'®, temperature!'®, seed crystals?’, templating?', and additives??. Kinetic
and thermodynamic insights gained from such studies have been amalgamated into efficient
strategies that control the polymorphic outcome of batch crystallization processes, where,

most often, the stable polymorph was targeted?327.

28,29 reported the

For polymorph selection in continuous crystallization processes, Lai et al.
possibility to selectively produce the targeted polymorph in a mixed suspension, mixed

product removal crystallizer (MSMPRC) via stable steady-state operation for L-glutamic
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acid (LGA) and p-aminobenzoic acid polymorphs, where they reported operating conditions
that reliably yield either the stable or metastable polymorph. Similarly, Agnew et al.3° suc-
cessfully produced the metastable polymorph (form II) of paracetamol with high polymorph
selectivity in two different continuous crystallization platforms. Motivated by the observa-
tions of Lai et al.?%?% Farmer et al.?!' elucidated these results through steady state analysis.
That work has shown that the polymorphic outcome in an MSMPRC process that is domi-
nated by crystal growth and nucleation can be accurately predicted once two dimensionless
stability groups—modified Damkohler numbers—are known. In essence, these dimension-
less groups represent ratios of the characteristic time for nucleation and growth, the process
time (residence time of the crystallizer) and the feed concentration. Their results are there-
fore valid for any polymorphic crystallization process conducted in an MSMPRC, as long
as nucleation and growth are the dominating kinetic phenomena occurring in the process.
Subsequently, the same authors have extended their analysis to cases where agglomeration
occurs®?,

While agglomeration is tunable only to a certain degree in a crystallizer (by changing the
hydrodynamics, supersaturation, solvent and temperature), the reverse process, i.e., crystal
breakage can be induced in a targeted manner and with widely different degrees of intensity.
It therefore represents an attractive “handle” to tune a process towards a desired outcome.
Wet milling has been used successfully for a variety of purposes in continuous crystallization

processes, such as the in situ generation of seeds through attrition/secondary nucleation333°

36:37 " Since crystal breakage affects the number,

and for reducing the mean size of crystals
size and therefore the surface area of crystals, it is not too surprising that an effect should
be visible on the steady state behavior of a continuous crystallizer. Processes manufacturing
polymorphs are no exception to this. Surprisingly, the effect of crystal breakage on the
polymorphic outcome of a continuous crystallization process seems to have received limited

attention so far. In this context, Kollges and Vetter3® operated a continuous crystallization

process with wet milling (equivalent to the one depicted in Figure 1) and have shown that
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the use of wet milling allows to achieve the manufacture of the stable # polymorph of LGA at
operating conditions (feed concentration, crystallizer temperature and residence time) that
would lead to the metastable o polymorph without milling. It was also shown in that paper
that the use of milling increases the productivity of the overall process considerably.

While the study by Kollges and Vetter®® provided a case study on a specific substance, an
in-depth study into how this phenomenon depends on the kinetics of the major mechanisms
occurring in the process (nucleation, crystal growth and breakage) is still absent from the
literature. To explore this, we present in Section 2 a dimensionless population balance
equation and explore how the polymorphic outcome of the continuous process depicted in
Figure 1 depends on key parameter groups that are amalgamations of kinetic constants, as
well as operating parameters. Apart from the previously mentioned modified Damkohler
numbers, we identified a surprisingly small number of additional dimensionless groups that
describe the breakage intensity. The resulting model therefore allows predictions about
the polymorphic form obtained in the presence of milling. In Section 3, we show how the
operating space in which a desired polymorph can be reliably manufactured, changes in
dependence of these dimensionless groups. Furthermore, we explore the influence of these
parameters on additional product and process characteristics, such as the mean size of the
crystals, as well as product recovery and process productivity. Conclusions are presented in

the final section of this article.

2 Population balance model for continuous process in
the presence of wet milling

In order to model the evolution of the particle size distribution of different polymorphs

occurring in the process depicted in Figure 1 the population balance equation (PBE) frame-

I 39,40

wor is used. The PBEs for both polymorphs are coupled to a solution phase mass

balance describing the evolution of the liquid phase composition over time. Treating the
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Figure 1: Process flow sheet of a continuous crystallizer with wet milling.

combination of crystallizer and mill as one well-mixed processing unit (which we will, for
simplicity still refer to as MSMPRC in the remainder of this article)3344! the population

balance equation model for polymorph ¢ can be written as:

ORLY  fLY)
ot T

0fz Lt +/Kl (D) fi(0 ) A\ — Ky(L) fi(L,t) (1)

where f;(L,t) is the number density distribution for polymorph i in the MSMPRC, L is the
characteristic size of the crystals, ¢ is time, 7 is the residence time of the MSMPRC, G; is
the size-independent growth rate, K; is the breakage rate of the crystals, and d; represents

the distribution of fragments resulting from breakage334142. The PBE is subject to initial
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and boundary conditions as follows:

filL=0,t) = é for ¢ > ceati
filL=00,t) = 0 (2)
fi(Lat = 0) = fseed,z‘(L)

where J; is the nucleation rate, c is the solute concentration in the liquid phase, cgt,; is the
solubility of polymorph i at the conditions in the MSMPRC and fieea (L) is the particle size
distribution of the seed crystals. The PBE formulated in this way therefore accounts for
crystal growth, nucleation, transport of particles out of the crystallizer through flow, as well
as crystal breakage (induced by the mill and any other cause of breakage). Note that the
boundary condition at L = 0 only applies when the current solution phase concentration in
the MSMRPC is above the solubility of polymorph i (i.e., the solution is supersaturated with

40143 When this is not the case G; becomes a dissolution rate

respect to that polymorph)
(G; < 0) and particles crossing L = 0 cease to exist. In such a case, a correct description of
the dynamics of the process would require the implementation of a dissolution rate for that
polymorph. However, in the present work we are exclusively interested in the steady state
behavior of the single stage process depicted in Figure 1. At steady state concentrations at
or below the solubility of polymorph ¢, the particle size distribution of this polymorph is zero,
i.e., no particles of this polymorph are present in the crystallizer. For numerical convenience,
we have thus not modeled the dissolution rate of the undersaturated polymorph (we set
G; = 0) and merely let it wash out of the crystallizer through the flow term. While this does
affect the time the system requires to reach steady state, it neither affects the value of the
steady state nor its stability (as others have realized and argued for already?®2%3)2. The

benefit of this simplified treatment is that numerical solutions of the PBE can be attained

quicker. To track the change of solution concentration over time, the mass balance for the

#This is the case for a single stage MSMPRC process; for cascades the dissolution rate can affect the
steady states obtained.
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liquid phase is written as:

o0

de(t) _ co —Tc<t> 3Y kG, / L2fi(L,t) dL (3)

dt

where ¢y is the feed concentration, k,; indicates the volumetric shape factor, which is a
dimensionless constant relating particle volume to the cube of its size?® and p; is the crystal
density of polymorph 7. In the context of this work, we are considering a system with two
polymorphs, denoted a and [, where the 8 polymorph is the stable one at all conditions.
The constitutive equations used to describe the rate laws occurring in Eqs. (1) and (2) are

summarized in Table 1. In summary, we are using power laws to model the crystal growth

Table 1: Constitutive equations used in the population balance equation model*
mechanism equation
nucleation Ji = kni (Cs&t - 1) i 2.
gi
crystal growth G; = kg, (C - 1)
breakage rate K;(L) = ky; ( > l
daughter distributi d;(\, L) = 3L(2 2t (s _ 2\
aughter distribution (A L) = (2g; + )( ) -5

* 119, is the second moment of the particle size distribution of polymorph ¢, defined as:

M25 = fLszdL
0

—e i
P Lo, is a scaling factor which is defined as: Lg; = k, ;7 (M> (see below for the

Csat,i

motivation behind this scaling factor).

rates of the polymorphs and we are assuming that nucleation proceeds through secondary
nucleation exclusively. The breakage rate is assumed to scale with the size of the crystals
and the fragment size distribution assumes that two fragments are formed in each breakage
event (i.e., fo)\ d(\, L) dL = 2). The daughter distribution can be tuned to represent attrition
(formation of a large and small fragment, high ¢; values) and fragmentation (formation of
fragments of similar size, low ¢; values).

For the purpose of reducing the number of parameters in the model, we now express the



135 model in dimensionless form. In order to enable a comparison with the earlier work of Farmer
13 et al.?! we closely follow their selection of scaling constants. Hence, the following variables

137 representing dimensionless concentration (y) and dimensionless time () are introduced:

C — Csat,8

y= ST g ]
Co — Csat,8 (4)
t

£==
T

138 Since Farmer et al.3! considered only nucleation and crystal growth, they were able to obtain
130 solutions to their model by formulating dimensionless moment equations. However, since
1o breakage is considered in this work, we require solutions for the full particle size distributions
11 occurring in the MSMPRC (at least with the constitutive equations we have chosen). We thus
12 formulate dimensionless characteristic sizes (z;) and dimensionless particle size distributions

1z (h;) as follows:

L
Z; = i
kgiT <coc_s?ia'tﬁ>gz
, )
4 4(00_Csat,8> Z( pi ) fi(L,t)
hilwn€) = Skuiky T — =2 ) o | Al
( 5) g, Csat,i Co — Csat,8

e Inserting these quantities into the PBE of each polymorph (Eq. (1)) and into the mass

s balance (Eq. (3)) leads to their dimensionless equivalents:

Ohy (24, Oho(q,
PRtE) i, €) = (g L)
> (6)
+ kpaT /EZ“da(ea,xa)ha(ea, &)deq — 12 ho (T, €)
Ohs(xs, Ohy(xs,
55;? $_ —hg(z,§) — y%—ﬁa(ig ‘)
e ) (7)
+ kb7 /%ﬁdﬁ(% xg)hs(ep, §)des — x5 hg(wg, §)
g
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dy
d¢ 1—y—(y+7)"wsa — yPwss (8)

where the dimensionless group 7 is introduced that reads as:

C, — Cq
N = sat, sat,a <0 (9)
Co — Csat,

In Eq. (8) we have used the second moment of the dimensionless particle size distribution of
polymorph %, wy;, which is defined by:

o

Wa; = /x?hz‘(fﬂuf) dz; (10)

0

At conditions where the solution is supersaturated with respect to a given polymorph,

Egs. (6) and (7) are complemented with dimensionless boundary conditions:

1
ha(ta = 0,§) = 5Daa(y +7)" " w20 (11)
1 .
ha(zs = 0,€) = 5Dagy"™ P uwyg (12)

Here, we have used the modified Damkohler numbers, Da;, as already introduced by Farmer
et al.3!:

_ 2gi+n;
Da; = 2ky ik} ,7° (M> >0 (13)

Csat i
Using the dimensionless population balance equations and mass balance defined above, it is
easy to show that—for the case without breakage, i.e., ky, ;7 = 0—the dimensionless moment
equations formulated by Farmer et al.3! can be recovered.
The dynamic stability of steady states in an MSMPRC governed by the above equations
is therefore in general dependent on the following dimensionless parameters or parameter
groups: 7, ¢;, ni, Day, ky,;7, b;, ¢; (for two polymorphs this amounts to 13 parameters). This

is obviously still a large number of parameters, but represents a reduction from the non-
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dimensionless model (21 parameters). Furthermore, by obtaining numerical solutions to the
above equations, we will show that some of the dimensionless parameter (groups) are more
important than others. In order to obtain the numerical solutions, we have implemented a

numerical procedure based on a finite volume technique following the works by Qamar et

4], 4445 6

and Kumar and Kumar“®. The derivation of this procedure and further numerical

details are given in the supplementary information.

3 Results and discussion

3.1 Validation of the numerical scheme for the case without break-
age

Farmer et al.®' provided analytical solutions for moment equations resulting from the above
dimensionless model when considering the case without breakage (ky ;7 = 0). They have
shown that the polymorphic outcome of the process can be represented when two dimen-
sionless parameter groups, ®, and ®g, are known. The definitions of these stability groups

read as follows:

-1 -1
o, = {Daﬁf“"“ — 7} (14)

1 —1
(Dﬂ = |:Da;gﬁ+n6:| (15)

Hence, the values of ®, and ®4 are amalgamations of the model parameters Da;, g;, n;, and
~. In order to validate the numerical solution procedure we are using in the remainder of this
article, simulations have been run for different ®, and ®4 values in the absence of breakage.
Each simulation was started with a mixture of a and [ crystals present in a solution that
is supersaturated with respect to both polymorphs. Hence, the simulations are guaranteed
to converge on the dynamically stable steady state, provided they are run to sufficiently

high values of the dimensionless time . The simulation results are illustrated in Figure 2

10
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where the color of the dot in the (®,,®g) plane indicates the polymorph obtained (yellow
dot for  polymorph, blue dot for a polymorph; only polymorphically pure steady states
were observed for the ®; values indicated). The analytical stability boundaries obtained

1.31 are shown as the black solid lines. Their analysis showed that pure j3

by Farmer et a
polymorph is obtained at the dynamically stable steady state for &3 > &, and ®; > 1, while
the o polymorph is obtained for ®, > ®3 and ®; > 1. In the trivial region of ¢, < 1 and
®5 < 1, no crystals exist in the crystallizer at steady state because the mass deposition rate
for crystallization is smaller than the mass removal rate through the outflow of particles
from the crystallizer. When ®, = ®3, mixtures of the o and 3 were obtained. The figure

therefore indicates that our numerical results are in excellent agreement with the analytical

results of Farmer et al.3!.

3.2 Mean size of crystals obtained at steady state in the case

without breakage

Apart from determining which polymorph occurs at steady state in the continuous crystal-
lization process, the value of ®; can be used to gain further information about the process
steady state as well, such as the concentration at steady state and average particle size.
Based on the definition of ®;, the dimensionless steady state concentration, ¥, is equal to
the reciprocal value of ®;, where form 7 is the steady state polymorph. Therefore, increas-
ing ®; results in a decrease of y., which means a larger fraction of solute will be recovered
from the solution (as discussed later). The dimensionless average size of the steady state
polymorph, wy;/ws;, depending on which is the steady state polymorph, can then be found

asP:

© =4 (Yo + )" =4 (—ﬂ)ga (16)

Wap g < 1 )95
—E =4y =4 — 17
oy 3, (17)

PThe detailed derivation is presented in the supplementary information

11
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Figure 2: Stability diagram for polymorph selection without breakage. Here, each dot rep-
resents one simulation result which was run under corresponding ®, and ®4. Yellow dots
indicate pure [ polymorph, while blue dots represent pure o polymorph. For simulations in
the trivial region, there are no crystals produced at steady state.

for o and (3, respectively.

Displaying Eqs. (16) and (17) in the (®,, ®5) plane, one obtains Figure 3, where the dimen-
sionless average size is shown using a colormap. In the region where the o polymorph is
dynamically stable, the dimensionless average size wy /w3 is exclusively dependent on the
parameters @, g, and . On the other hand, for the region of the § polymorph, only ®45 and
gs are required to determine the dimensionless average size. As demonstrated in Figure 3,

the value of dimensionless average size wy;/ws; is constant for constant ®; in the region

12
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Figure 3: Dimensionless average size wy;/ws,; obtained in a continuous crystallizer at steady
state for different ®, and ®3. The colorbar represents the value of wy;/ws,;. The dashed
isolines represent the points with the same wy;/ws;, as labelled. This figure shows a case
with the following parameters: v = —0.1, g, = g = 1.5.

2. where form ¢ is dynamically stable; i.e., it does not depend on ®; (k # i). Furthermore, the

-

2

=

s value of the dimensionless average size wy;/ws; decreases as ®; increases. Besides, for the
2z same value of @, and ®g, the dimensionless average size wy;/ws,; will always be smaller for

27 polymorph « (if g, = g, like in the case shown in Figure 3) due to the presence of v in

-
=

s Eq. (16). 7, shown in Eq. (9), is a parameter to weigh the solubility difference between the

2

=

219 stable and the metastable polymorph; in the way it is defined, it always yields a negative

-

20 value. As a consequence, the red dashed isolines in Figure 3 illustrate that to obtain the

13
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same value of wy /w3 and wyg/ws g, the required value of ®; is smaller for polymorph o
compared to polymorph 3. However, it is crucial to highlight that the actual average size
does not only depend on the dimensionless average size; their relationship, indeed, is the

following

9i

M4 Co — Csat, Wy i

Lmean = — = kg’ﬂ' —— e (18)
M3, Csat,i W3

Therefore, 7 and ¢q also play a major role in the value of the actual average size for polymorph
7 in an MSMPRC at steady state at a defined temperature. The dimensionless average size
and actual average size in the (®,,®3) plane will be discussed and compared below when

evaluating these relationships for a specific model system.

3.3 Results for the case with breakage

After validating the robustness of our model for the case without breakage, we now turn to
the situations with breakage. As described before, the dynamic stability of steady state in
an MSMPRC is in general governed by the following dimensionless parameters or parameter
groups: v, ¢;, n;, Da;, ky;7, b;, and ¢;. Reasonable ranges for these parameters were investi-
gated to test the sensitivity of the stability boundary against changes in these parameters.
v = —0.1, —0.2 and —0.3 were used in the simulation process based on its expression in
Eq. (9). ¢; and n; are exponents occurring in the power law expressions for growth rate
and nucleation rate respectively. Ohara and Reid*” compiled different crystal growth mod-
els in which g; mainly varied from 1 to 2. Therefore, we obtained simulation results for
g € {1,1.5,2} in our work. Tseng and Ward*® showed an overview of different substances
and parameters of power law expression for nucleation. In light of that work, the values of n;
were selected as 1.5, 2.5 and 3.5 to cover the majority of nucleation cases. Surveying different

literature sources?6-49:50

, one can see that ky;, the breakage rate prefactor, can take a large
range of values. Here, k;, ;7 was combined together, as a dimensionless group, to represent

different levels of breakage in an MSMPRC. The range of ki, ;7 was selected from 0 to 7.5;

14
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this range of values should be well attainable in typical suspension mills for many substances.
Indeed, we will show below that the mean particle sizes obtained from our model take re-
alistic values when specifying £y, ;7 in the mentioned range. b; is the exponent occurring in
the power law expression for breakage rate; we tested values of 1, 1.5 and 2 for it. ¢; is the
integer parameter to adjust the size of the two fragments produced by breakage, for which
values of 2, 5 and 10 were chosen. This covers cases from particle fragmentation, where two
roughly equal-sized fragments are formed in a breakage event (¢; = 2), to attrition, where
the two fragments formed by a breakage event have a large size difference (¢; = 10). The
parameters for the base case used in our simulations are listed in Table 2. In the following
we will in detail investigate the effect of Ay, ;7 on the polymorph selection occurring in the
MSMRPC (as well as the influence of both ®;), because it plays a major role in describing
the intensity of the breakage process. The effect of the other parameters listed in Table 2 is

detailed in the supplementary information.

Table 2: Parameter values for the base case®P

parameter value
9i 1.5
kyiT 2.5
qi 2
b; 1
¥ -0.1

& All parameters here are dimensionless values.
b3 is for both o and 3 polymorph.

We start our discussion by assuming that the two polymorphs break equally, i.e., kpoT =
kypT. The stability boundaries resulting in this case are displayed in Figure 4(a). The
black lines indicate the stability boundaries of the reference case without breakage. The
red lines show the stability boundaries obtained at increasing values of ky, ;7 (holding all
other parameters constant). One major trend is that the stability region of the o polymorph

shrinks for increasing values of the breakage parameter—even though the two polymorphs

15
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288

are breaking equally. That means that the operating region where the stable polymorph
(8 polymorph) can be obtained becomes larger. In addition, one can see that the low ®;
area is more sensitive to this trend compared to areas of high ®;. Interestingly, the area
of the trivial steady state (where no particles are present at steady state; 0 < &, < 1
and 0 < ®5 < 1) is strongly affected by introducing breakage as well. In order to identify
the position of the boundaries of this trivial area from our numerical solutions, we have
identified the combination of ®; values where the dimensionless steady state concentration,
Yss, becomes larger than 0.999°. From the inset in Figure 4(a), we can see that the trivial
region shrinks with increasing values of the breakage parameter. Ultimately, at high enough
values of ky,;7, the trivial steady state disappears completely from the (®,,P3) plane. Since
breakage introduces an additional way to generate particles in the crystallizer (in addition
to nucleation) and it increases surface area (at constant particle mass), it makes sense that
lower ®; values lead to steady states with a sustainable particle population when breakage
is present.

Since the two polymorphs can have different morphologies and mechanical properties, it is
likely that they break with different rates. We are investigating this more general case in
Figure 4(b)—(c). Investigating the extreme case where only one of the two polymorphs breaks
(either B or ) yields the stability boundaries reported in Figure 4(b) and (c), respectively.
When only the stable polymorph undergoes breakage (Figure 4(b)), the behavior of the
stability boundary with respect to increasing ky, g7 is qualitatively similar to the case where
both polymorphs break equally. However, the same value of ky, g7 shifts the boundary deeper
into the « region. Conversely, when only the metastable o polymorph breaks (Figure 4(c)),
the stability region of the a polymorph expands at low ®; values, while it remains similar to
the case without breakage at high ®; values. When both polymorphs break, but at different
rates, cases such as the one depicted in Figure 4(d) are obtained, where we have kept ky g7

constant, but varied kyo7. Here, the stability boundary is shown to be able to cross the

°In other words, this means that we have identified the position of these boundaries to within 0.001 in
the (4, ®p) plane.
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Figure 4: Maps of polymorph stability in the (®,,P5) plane for different breakage intensities.
(a) Both polymorphs breaking with equal rates (ko7 = kp g7 € {0.25,0.5,0.75,2.5,5,7.5}).
(b) Only the 8 polymorph breaks (ki o7 = 0, ky g7 € {2.5,5,7.5}). (¢) Only the a polymorph
breaks (ky g7 = 0, ko7 € {2.5,5,7.5}). (d) Both polymorphs break, but with different rates
(kb sT = 2.5, kp o € {2.5,5,7.5}). The black lines show the stability boundaries for the case
without breakage in each subfigure. The inset in (a) shows the trivial region enlarged.

®, = @3 line. Furthermore, in such cases the influence of breakage on polymorph selection
at low ®; values becomes dependent on the specific combination of values used, while the
behavior is again dominated by the stable polymorph at larger ®; values.

As illustrated in Figure 4(a), the trivial region, in which no crystals are present at steady

state, shrinks with increasing breakage intensity (increasing ky, ;7). To investigate this fur-
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ther, we will now consider the case where new crystals are solely formed through breakage,
i.e., we investigate how this trivial region behaves when setting the nucleation rates of both
polymorphs to zero (k,; = 0, which also means Da; = 0). The results of such simulations are
shown in Figure 5. There is a trivial region (where no crystals are present) in the lower left
corner in both panels (yellow rectangle in (a), white rectangle in (b)). The stability bound-
ary is shown as the black dashed line. In the left panel the colormap shows the dimensionless
concentration at steady state, while in the right panel it shows the dimensionless average size.
One can see that above a specific breakage intensity (above specific values of ky,,;7) steady
states with a sustainable population of either a or 3 crystals are obtained®. This indicates
that the addition of breakage to the process can lead to acceptable process performance even
for very poorly nucleating compounds. Considering the left panel displaying the dimension-
less concentration at steady state in more detail, we see that the contour lines are vertical
in the region where the a polymorph is produced and horizontal in the region where the
polymorph is produced. This indicates again that (apart from the values on the black line)
the steady states obtained are polymorphically pure. Furthermore, as expected, the results
indicate that increasing breakage intensity leads to a process with higher product recovery.
The panel on the right shows the dimensionless average size obtained from the processes. As
expected, we see that the contour lines are vertical /horizontal in the respective regions and

that the particles become smaller the higher the breakage intensity.

3.4 Application to a model system: L-glutamic acid crystallized

from water

To illustrate the approach presented above and supplement it with a case study, we now
study the cooling crystallization process of the model compound L-glutamic acid (LGA)

crystallized from water as a solvent. We will first introduce the case study and illustrate

dThe numerical value of ky,; 7 where this transition occurs depends on the functional forms of the breakage
rate and the daughter distribution, as well as the value of ~.
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Figure 5: Maps of polymorph stability in the (ky, o7, kpg7) plane for the case where neither
polymorph is able to nucleate, i.e., new crystals are solely formed through breakage (k,; = 0,
hence Da; = 0). The black lines indicate the stability boundaries. The yellow region in (a)
and the white region in (b) indicate the trivial region where no crystals are present at steady
state, which is limited by the black solid lines. The colored area below the dashed black line
is the region where the a polymorph is obtained, whereas the 5 polymorph is obtained in
the colored region above the dashed black line. The colormap indicates the dimensionless
steady state concentration in (a), whereas it represents the dimensionless mean size of the
polymorph obtained in (b). Contour lines for specific values of the dimensionless average
size are also shown with red dotted lines in (b).

the region in the (®,, ®5) plane that is accessible for this system (Section 3.4.1), and then
proceed to analyze in which region each polymorph can be manufactured for the case without
crystal breakage (Section 3.4.2) and for the case with crystal breakage (Section 3.4.3). For
the two latter sections, we also analyze the mean sizes, fraction of product recoverable and

process productivity.

3.4.1 Introduction to the case study

LGA crystallizes in two polymorphs; the stable 5 polymorph and the metastable a poly-

morph, which are monotropically related. The kinetics and solubilities of both forms have

28,51-58

been well-reported in the literature Specifically, in the context of continuous crys-

1'28

tallization, Lai et al.?®, as well as Farmer et al.3'3? have presented a contiguous set of

experimental and/or model data. Recently, model and experimental results including break-
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age have been presented by Kollges and Vetter® as well. By choosing the model substance
and specifying the crystallizer temperature (25°C throughout the rest of this work), the
physical properties and the solubilities of both polymorphs become determined. Further-
more, the parameters appearing in the nucleation and growth rate expressions become fixed.
An overview of these values is reported in Table 3. This leaves the feed concentration, the
residence time in the crystallizer, as well as the breakage intensity as operating conditions
that can be chosen. As laid out above, the combination of these values will determine the
polymorphic outcome, the particle size distribution obtained, and in turn the productivity
and product recovery of the process. In a cooling crystallization, the upper bound of the feed
concentration is given by the thermal stability of the solute or the solubility of the solute at
the boiling point of the solvent (whichever occurs at lower temperature). Conversely, the feed
concentration is also subject to a lower bound, because a meaningful crystallization process
has to be fed with a solution that is supersaturated (with respect to at least one polymorph)
at the temperature the crystallizer is operated at. Hence, we have chosen the lower limit
of the feed concentration, ¢, as 10 kg m™ which is slightly higher than the solubility of
the [ stable polymorph at 25°C. The upper limit of the feed concentration was chosen as
50 kg m~3 water (roughly the solubility of the polymorph 3 at 75°C®257; note that LGA
was recently shown to undergo degradation at temperatures in excess of this value®®). The
range of residence times realizable in an MSMPRC is bounded by considerations regarding
the transport of suspension from the crystallizer (e.g., the flow velocity in the outlet pipe
has to be chosen such that size classification does not occur, that particles get transported
efficiently from the crystallizer and, of course, the particles have to fit through the pipes
without clogging them). As such, the feasible range of residence times is indirectly depen-
dent on the scale of the process. Here, we are choosing a generous (i.e., wide) range from
0.1 to 100 h.

With the crystallization kinetics and the physical properties specified and the operating

conditions bounded, the region of operating conditions for LGA can be readily displayed
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Table 3: Nucleation and growth kinetics parameters and LGA crystal properties used in
this work®P<

parameter « polymorph £ polymorph

kg 1.3x10%ms! 1.6 x 1072 m s™!
Ji 1.31 1.10

Kn.i 3.81 x 10* m2s! 795 x 102 m2 s !
n; 2.62 2.81

ky /6 0.01

Pi 1532 kg m~3 1569 kg m~3

Csat,i 11.36 kg m—3 8.51 kg m~3

* Data of ky;, g, h; and k,; were all taken from Lai et al. 28 the value of nucleation rate
pre-factor k,; was obtained by using higher fidelity adjustment factors from Farmer
et al.32.

> The density of polymorph o and 3 were gained from Lehmann and Nunes® and Hi-
rokawa 50, respectively.

¢ The saturated solubility of polymorph a and [ were fitted from Manzurola and Apel-
blat®?, Mo et al.®".

37 into the (®,, Ps) plane, see the green area in Figure 6. Every point in this area can be
18 chosen by specifying the residence time and feed concentration in the crystallizer. The area
10 is bounded by different combinations of the lower and upper bounds of the feed concentration
s0 and residence time, see the blue and red solid lines and their annotations in the figure. We
1 have also drawn lines in the inner part of this region to indicate the movement of the steady
12 state operating point when increasing residence time at constant feed concentration (blue

33 dashed line) and when increasing feed concentration at constant residence time (red dashed

364 line) .

s 3.4.2 Analysis of polymorph stability, product recovery and process productiv-

366 ity for the case without breakage

1.31 it is evident that the stability areas of the a and 3 polymorph

ss7 As discussed in Farmer et a
3s  (their boundaries are given in Figure 6 as the black lines) are accessible by choosing the
w0 residence time and feed concentration, i.e., the desired polymorph can be “dialed-in” in a

s targeted manner.
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Figure 6: Feasible operating points for a single stage MSMPRC process in the (®,, ®3) plane
for the continuous crystallization of LGA from water at 25°C. The green region encompassing
all operating points is limited by different upper and lower bounds set for the residence time
and feed concentration (see annotations). The blue dashed line indicates the movement in
the (®,, ®3) plane when increasing residence time at constant feed concentration; similarly,
the red dashed line shows the movement with increasing feed concentration at constant
residence time. The black solid lines are the boundaries of the different stability regions.

Apart from the polymorph that is obtained at steady state, further characteristics of the
process and of the produced particles may, however, be important. To exemplify this, we
will proceed to consider the mean size of the crystals obtained, the fractional recovery of
the solute, as well as the process productivity obtained from every feasible operating point.
These properties are readily calculated from the dimensionless quantities appearing in the

process model. The equation for the volume-weighted mean size was already given above
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(Eq. (18)). The fraction of product recovered, R, can be calculated from the dimensionless

concentration at steady state and the operating parameters:

R— Co — Css _ (1 - yss)(CO - Csatﬁ) (19)

Co Co

where ¢y is the steady state concentration in the crystallizer. Similarly, the productivity of
the process (mass of crystals produced per process volume per time), P, can be calculated

as:

P— Co — Css _ (1 - yss>(60 - Csat,ﬁ) (20>

T T

Focussing first on the case without breakage, we are reporting the average size and the
fraction of product recovered, as well as the dimensionless average size and the dimensionless
steady state concentration in Figure 7. Figure 7(a) shows the dimensionless average size
(wa/ws,;) for every feasible combination of (®,, ®5), while Figure 7(b) shows the average
size (fa:/p3,). Note that, due to the relationship detailed in Eq. (18), the dimensionless
average size and the average size follow different trends when displayed in the (®,, ®p)
plane. One can see from these figures that manufacturing small particles of the stable
polymorph is difficult with the average sizes that can be obtained from the process being in a
relatively narrow interval of 550-750 pm. Furthermore, the smallest average sizes that can be
obtained for the stable 5 polymorph are located close to the stability boundary. Since kinetic
parameters are typically only known within certain confidence intervals® and the operating
conditions are only controlled to a certain precision, the position in the (®,, ®3) plane is
subject to uncertainty. Aiming for (potentially desirable) small particles of the 5 polymorph
in the process without breakage, i.e., operating close to the stability boundary, is therefore
problematic. Conversely, the average sizes attainable for the a polymorph span a larger
range (roughly between 200 and 600 pm). However, when considering the dimensionless
concentration at steady state and the fraction of product recovery derived from it (Figure 7(c)

and (d)), one can see that the smaller sizes are only accessible when the product recovery is
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small (i.e., at small @, values). This means that the stream exiting the crystallizer would
still be considerably supersaturated, which would potentially lead to downstream processing
problems (e.g., intergrowth of the crystals during isolation on a filtration unit). At larger ®;
values, reasonable product recoveries of up to 80% are feasible. Note that the calculation of
the fraction of product recovered is based on the crystalline product only, i.e., not including
the solute molecules remaining in the mother liquor. A further increase of the fraction of

6263 By combining

product recovered would require recycling (part of) the mother liquor
the information of these figures, one can conclude that reasonable rates of product recovery

are linked with large average particles sizes for the case without breakage.

3.4.3 Analysis of polymorph stability, product recovery and process productiv-

ity for the case with breakage

We will now consider the average size (Lmean), fraction of product recovered (R) and the
process productivity (P) for the single stage MSMPRC process carried out in the presence
of different breakage intensities; the relevant figures are displayed in Figure 8 (to facilitate a
comparison, we have also included the figures for the case without breakage). In this figure,
we have drawn the stability boundaries as black lines (solid for the case without breakage,
dashed for the case with breakage). One can see that the line separating the region where the
« polymorph is obtained from the region where the 5 polymorph shifts downwards and to the
right in the (®,,P3) plane; similarly to the cases discussed before (cf. Figure 4). While the
boundary still falls within the feasible operating region for LGA at k;, ;7 = 2.5, the boundary
has been shifted outside the feasible region for the cases with higher breakage intensities.
Therefore, this analysis indicates that at high breakage intensities only the S polymorph can
be obtained, whatever the feed concentration and residence time selected from the feasible
operating region. This finding is in good agreement with the experimental data reported in
Kollges and Vetter®®, where it was shown that the residence time and feed concentration

range where the 5 polymorph can be obtained in a stable fashion was enlarged through the
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Figure 7: Different product/process characteristics for a single stage MSMPRC operated
without milling depicted in the (®,, ®3) plane. Only results belonging to the feasible oper-
ating region of LGA crystallized from water at 25°C are shown. (a) Dimensionless average
size (wq;/ws;), (b) average size (f14,//13;), (¢) dimensionless steady state concentration, (d)
product recovery. Note that no crystals are present in the region where ®, < 1 and ®5 < 1,
so that the mean sizes (panels (a) and (b)) are left blank in that region. As before, the «
polymorph is found at the dynamically stable steady state when ®, > ®5 (and vice versa)
for the remaining feasible operating points.

use of a suspension mill.
Focussing now on the mean size (left panels in Figure 8), one can, unsurprisingly, see that

smaller particle sizes become accessible for the § polymorph with increasing breakage in-
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tensity (down to a few tens of microns). Conversely, this analysis also shows that small
particles of the o polymorph cannot be obtained in this single MSMPRC process by intro-
ducing breakage, because the stability boundary shifts out of the feasible operating region for
LGA with increasing breakage intensity. That means that, if one operates at a steady state
generating « particles and introduces breakage in order to decrease particle size, one actually
induces a switch in polymorphism—one might obtain small particles in the end, but they
would be of the 8 polymorph! We would also like to point out that there is a discontinuity
in mean size obtained when crossing the stability boundary; this is most visible in panel (d),
but also to a lesser degree in panel (a), which is consistent with earlier observations on the
dimensionless mean size (cf. Figure 5).

In the middle panels of Figure 8, one can see that the fraction of product recovered becomes
higher in large swaths of the feasible region when increasing the breakage intensity. Though,
the maximum value still lies at roughly 80% since the steady state concentration cannot fall
below the solubility of the stable 8 polymorph. Trying to go beyond this thermodynamic
limitation by tuning the operating conditions is a futile exercise. Recovering more of the
solute would require operation at a lower temperature, in a different solvent, or would require
introducing a means for mother liquor recycling®*%3. Considering further the productivity of
the process (right panels in Figure 8; note that the colorscale is logarithmic in this case), we
can see that the process operated with breakage allows obtaining reasonable productivities
for either polymorph as long as the operating point is chosen correctly. For the sake of
making an example, to run the process at high productivity and high fraction of solute
recovery, one could operate the process with feed concentration/residence time combinations
that give ®, ~ 6 and &3 ~ 4 (for LGA, this corresponds to residence times of a few hours
and high feed concentrations, cf. Figure 6). By choosing the breakage intensity, one can then
choose the polymorph obtained (e.g., increasing breakage intensity and moving from panels
(e) and (f) to (h) and (i) yields a switch in polymorph obtained; either one can be obtained at

reasonable values of productivity /recovery). Summarizing the contents of Figure 8, we can
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conclude that the single MSMPRC process gains considerable flexibility when introducing
breakage through a milling loop. As a result, new combinations of polymorph, mean size of

particles, productivity and solvent recovery are enabled.

4 Conclusions

This paper presents a mathematical model for continuous crystallization processes involving
wet milling and investigates the crystallization of polymorphic substances. Similar to earlier
works targeting the elucidation of polymorphic behavior in continuous crystallizers (for cases
of nucleation and growth only3! and for the case of nucleation, growth and agglomeration??),
we have made the resulting population balance equations dimensionless. This led to a
surprisingly small number of parameter groups (combinations of operating conditions and
kinetic parameters) that control the polymorphic outcome of the process. Specifically, we
have shown that introducing breakage (milling) to the process, the polymorph that breaks
more readily can be obtained in a wider range of operating conditions (feed concentration,
residence time) and have analyzed this behavior in detail. In contrast to the earlier works
on this topic, we have also considered additional product/process properties of importance,
namely the mean size of the crystals obtained, the fraction of solute recovered by the process
and the process’ productivity. We have applied the concept to a model system (L-glutamic
acid crystallized from water as a solvent) and have shown that the results obtained are in

28,31 " as well as a recent

good agreement with earlier studies conducted without breakage
study conducted with milling?®.

The parametric analysis of the single stage MSMPRC process presented here generates deep
insight into the process behavior in terms of the features considered, i.e., polymorph gen-
erated, mean size, recovery and productivity. We believe that such an in-depth process

understanding represents a useful stepping stone towards possible future developments for

the design of continuous crystallization processes producing polymorphic materials. For in-
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stance, from our analysis, it is but a small step towards generating process alternatives that
are (Pareto-)optimal in the characteristics considered; for example through the combina-

33,62,65 and appropriate multi-

tion of the attainable region methodology introduced earlier
objective optimization algorithms. When doing so, potential gains available when moving
towards multi-stage crystallization processes should be considered as well, while, of course,

paying attention to the increased complexity that such processes carry with them.
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Figure 8: Volume-weighted mean size (left panels), fraction of solute recovered (middle
panels), and process productivity (right panels) for every feasible operating point in the
(®4,P5) plane for the model system LGA crystallized from water . The breakage intensity
chosen to generate the figures increases from the top row to the bottom row (as indicated in
each panel). The black lines represent the stajoility boundaries (only present in the first two
rows; in the third and fourth row these boundaries would lie outside the region of feasible
operating points). Note that the colorscale for productivity% is logarithmic.
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Roman Letters

fi

fseed,i

number density of polymorph i (per volume of suspension)
number density of the seed crystals for polymorph ¢ (per vol-
ume of suspension)

particle length

dimensionless crystal size of polymorph i

growth rate of polymorph 1

rate constant in growth rate expression for polymorph ¢
exponents in power law expression for growth

nucleation reate of polymorph i

rate constant in nucleation rate expression for polymorph i
exponents in power law expression for nucleation

breakage rate of polymorph i

brekage rate prefactor

exponents in power law expression for breakage rate
scaling factor for partice length

daughter distribution of polymorph ¢

constant in the daughter distribution

volumetric shape factor for polymorph

time

inlet solute concentration

solubility of polymorph i

solute concentration

steady state concentration

modified Damkohler numbers of polymorph ¢
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[kg m™ water]
[kg m~3 water]
[kg m™ water]
[kg m™3 water]

-]



hi dimensionless number density distribution of polymorph i -

y dimensionless concentration -

s Greek Letters

b, dimensionless stability group of polymorph ¢ -]

A size of parent particle [m)]

i crystal density of polymorph i [kg m~3]

T residence time [s]

1 dimensionless time [

vy parameter that quantifies the solubility difference between two  []
polymorphs

[ jth moment of the number density of polymorph 4 [m7 3]

Wi jth moment of the dimensionless number density of poly- [
morph ¢

w0 Abbreviations

w01 MSMPRC mixed suspension, mixed product removal crystallizer
w2 LGA L-glutamic acid
w3 PBE population balance equation
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Polymorph selection by continuous crystallization in the presence of wet milling

Yang Li, Simon O’Shea, Qiuxiang Yin, Thomas Vetter

B polymorph

Synopsis: We explore the ability of combined continuous crystallization-milling processes
(based on a single stage mixed suspension mixed product removal crystallizer) to reliably
produce a desired polymorph and investigate the ranges the combinations of mean sizes,
fraction of solute recovered and process productivity that are feasible in such processes.
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