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The desired bioavailability and the method of drug administration and delivery can require stringent

control on the crystal size distribution. Optimal control strategies are proposed to manufacture crystals

with a targeted size distribution by combining controlled seeding by impinging jet crystallization with

a batch crystallizer operating at a controlled constant growth rate. The same strategies apply if the
impinging jet crystallization is replaced by any process equipment that can continuously provide crystal
seeds, typically through the application of high supersaturation, to the batch crystallizer. Limitations to

the achievable crystal size distributions and sensitivity to process operations are analyzed. Simulation

results indicate that one of the strategies has promise for manufacturing pharmaceutical crystals of

a desired size distribution.

Introduction

The control of crystal size distribution (CSD) in a batch or
continuous crystallization process is critical for efficient down-
stream processing®*? and satisfying company internal and
governmental regulatory demands for product consistency.*! In
addition, the desired bioavailability and the method of drug
administration and delivery, for example pulmonary delivery,
can demand stringent control on the crystal size distribu-
tiOn.37’42’46

The control of a batch crystallization process typically
involves following a pre-determined optimal cooling or anti-
solvent addition trajectory,3®#3#5485438 o1 ysing feedback
control, with on-line monitoring, to maintain a constant super-
saturation during the crystallization process.'*!*?7-> Reviews of
various types of crystallization control strategies are avail-
able.13:51:3%52 The mass, size distribution, and addition time of the
seed crystals have a significant impact on the final crystal size
distribution such that the quantity and distribution of the seed
crystals can be optimized for a given product
quality.”-17-18.23.28:44.48.4.25 {Jgyally these control and optimization
strategies are targeted towards the production of large crystals of
narrow unimodal size distribution for efficient downstream
processing.

The large crystals typically produced from batch crystallizers
require further milling to increase the surface area to meet
dissolution, tableting, and bioavailability requirements. The
undesirable effects from milling’* motivates the development of

“Department of Chemical and Biomolecular Engineering, University of
Hllinois at Urbana-Champaign, 600 South Mathews Avenue, Urbana, IL,
61801. E-mail: braatz@mit.edu; Fax: +617-258-0546; Tel: +617-253-8410
*Department of Chemical and Biomolecular Engineering, National
University of Singapore, 4 Engineering Drive 4, Singapore 117576
“Institute of Chemical and Engineering Sciences, 1 Pesek Road, Jurong
Island, Singapore 627833

“Genome Institute of Singapore, 60 Biopolis Street, #02-01, Genome,
Singapore 138672

“Department of Chemical Engineering, Massachusetts Institute of
Technology, 77 Massachusetts Avenue, Cambridge, MA, 02139

crystallization processes to directly produce small particles with
narrow distribution. Current state-of-the-art includes impinging
jet crystallization,>!1:19-26:32:34 an(d crystallization using supercrit-
ical fluids.?364%46¢ The development of these processes to their
full potential requires a thorough understanding of the processes,
which can be achieved by modeling!®** and experimentation
combined with imaging, light scattering, and other measurement
techniques.® This paper will show how to use this understanding
to develop an optimal control strategy to precisely tailor the
crystal size distribution specific to the bioavailability require-
ments of an active pharmaceutical ingredient (API).

This paper proposes three control strategies whose goal is to
produce crystals with a target crystal size distribution (CSD), that
are combinations of optimal control and an impinging jet crys-
tallizer. Analysis of the first control strategy indicates that the
CSDs obtainable by an impinging jet crystallizer by itself are
limited. However, the other two control strategies that combine
the impinging jet with an aging vessel controlled at constant
supersaturation show greatly enhanced controllability of the
CSD compared to past academic studies and current industrial
practice. Simulation results for the Lovastatin system indicate
that even square and multimodal distributions can be obtained,
with selected size ranges and distribution peaks and widths.
Sensitivity and controllability analyses indicate a high control-
lability of the CSD with moderate to low sensitivity to distur-
bances.

Trying to tailor CSD by combining crystals produced
at different jet velocities

Based on simulation studies,> the crystal size distributions
obtained from confined impinging jets are shown in Fig. 1. Fig. 2
shows the increase in the mean crystal size and distribution width
with a decrease in jet velocity.

Optimization formulation

The crystal size distributions obtained by varying the jet velocity
of a single impinging jet or multiple impinging jets in parallel can
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Fig. 1 Simulated crystal size distribution of Lovastatin from confined

impinging jets.
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Fig.2 Effect of impinging jet velocity on (a) the mean crystal size and (b)
the width of the distribution (equals to maximum crystal size since
minimum crystal size is 0 pm). The maximum crystal size is defined as the
crystal size when f/u, becomes < 1 x 1073,

be combined to tailor the crystal size distribution. The propor-
tions of crystals produced at each jet velocity can be obtained by

solving the optimization:
2
min dL

w;i=0

F(L) - Y wi(L)

w;=0 -
i

‘F(L) - Z w,.f,.(L)H = min T

(M

where F(L) is the target crystal size distribution, f{L) is the
crystal size distribution for a given jet velocity v;, w; is the weight

of the corresponding crystals, and || -|| is an appropriately defined
norm. The weight w; is proportional to the time running the
impinging jet at velocity v;, for operations in which the temper-
ature is constant. In this formulation, the set of jet velocities are
fixed while the weights of the crystal size distribution corre-
sponding to each jet velocity are optimized. A nearly continuous
range of jet velocity can be considered by including a very large
number of velocities in the formulation.
Eqn (1) can be expressed as

% o

min J[F(L)]zdL - 22’; Wi Jf,'-(L)F(L)dL
0 . @)

YD waw Jﬁ(L)ﬁ(L)dL

which can be solved with a quadratic programming solver (e.g.,
“quadprog” in Matlab) that can be initialized by the uncon-
strained solution of (2) to produce (3) [on the top of the next
page]:

Obtainable crystal size distributions

Fig. 3 shows the crystal size distributions obtained based on two
different target distributions and the respective weights of crys-
tals for six different jet velocities. While one target CSD could be
obtained approximately by combining crystals from operating
the impinging jet at 2 and 3 m s', the second target CSD could
not be obtained. To gain some insight into this, the CSDs
obtainable by combining crystals from an impinging jet oper-
ating at the six different velocities are quantified in Fig. 4. The
maximum crystal size, or width of the distribution, is specified by
the crystals obtained at the lowest jet velocity. From Fig. 1 it is
seen that this holds regardless of how many different inlet
velocities are used within the range of operation (1-6 m s™").

Another general observation is that the shape of the overall
CSD is fixed to be monotonically decreasing since all of the CSDs
produced by the impinging jet are monotonically decreasing.
Combining crystals from different inlet velocities does not give
a significantly larger variety of CSDs than obtainable by oper-
ating the impinging jet at one inlet velocity (see Fig. 4b). The
second target CSD in Fig. 3b is not monotonically decreasing
and so can not be obtained by combining crystals from different
inlet velocities. Although this study utilized CSDs from a simu-
lation model, experimental studies also have reported similar
monotonically decreasing CSDs for the full range of inlet
velocities,*! in which case there is little control over the target
CSD by combining crystals at different inlet velocities.

Tailoring CSD by optimal seeding into an aging vessel

An impinging jet crystallizer can be used to tailor the crystal size
distribution by sending the crystals to an aging vessel to grow.

Optimization formulation

In this approach, crystals of the narrowest distribution (jet
velocity = 6 m s7') from the impinging jet are quenched, filtered,
and dried. Subsequently, various weights of crystals are dropped
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Fig. 3 Crystal size distributions obtained by optimally combining
crystals obtained from impinging jets operating at six inlet velocities for
(a) monotonic and (b) nonmonotonic target CSDs, with corresponding
optimal combinations of continuous seeding in (¢) and (d), respectively.

into an aging vessel for further crystal growth for various times.
In other words, this strategy optimizes a seeding time profile
based on the target distribution, using seeds of narrow distri-
bution, for the operation of a batch crystallizer confined to
operate under constant growth conditions:

min HF(L) — Z Wi farowi (L) H

w;=0

tgrow,z'zo

= min HF(L) - Z wif (L = Glgow.)

w;=0 7

tgrow,izo

4)

where fgrow,i is the crystal size distribution of the crystals after
growing for the time interval #gow,; The time to drop in the
crystals, t4rop,;; Of weight w; can be determined from the total
batch time for the crystallizer, tpqicn:

tdrop,i = Ibatch — tgrow,i (5)

The minimum batch time is given by fpach = max{terow,;}-
1

To simplify the formulation, a constant growth rate, G, was
used, which can be easily achieved by constant supersaturation
control,*3 which is optimal or nearly optimal for most crys-
tallizers.?” In this case the term, fiL — GZgow,), can be evaluated
by shifting the crystal size distribution along the crystal size axis
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Fig. 4 (a) Widths of crystal size distribution and mean crystal sizes, and
(b) crystal size distributions obtainable from single jet velocities or by
combining crystals from impinging jets operating at jet velocities between
Ims'to6ms.

(that is, the method of characteristics®). In cases where
secondary nucleation, agglomeration, and/or breakage cannot be
avoided, a full population balance model that includes the rele-
vant kinetics can be used to determine fgrow,;. Note that judicious
control and adjustment of the supersaturation and agitation
rates, as well as choice of solvents, can reduce the extent of
secondary nucleation, agglomeration, and breakage.'?

Eqn (4) is similar to the optimization formulation frequently
used in the deconvolution of peaks in chromatograms,*’-#5
which can be solved using any nonlinear least-squares optimi-
zation solver (e.g. “Isqonlin” in Matlab). Thus, eqn (4) can be
re-written for least-squares optimization as

N 2
min Z F(L/) - Z WifgroW,i(Lj) (6)
W,-20 j=1 i

tgrow,fzo
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where F(L;) and fyow {L;) are the cell-averaged population
density discretized along the growth axis of the crystal. The
nonlinear solver can be initialized by the unconstrained solution
of (3) with the approximation f (L) = ad(L), where 6(L) is the
Dirac delta function and « is a scalar:

min

w;

F(L) — Z W,‘Ol(s (L — Gtgrow.i) H

w
min
Wi
0

% ©

min? | [F(L)’dL — 2 " wi | 6(L — Glgrows) F(L)AL
i 0

Wi
0

2
F(L) — Z w,-a(S(L - Gtgrow,i):| dL

+a? Y Yy J 5(L = Gtygon)3(L = Gigon)dL
i
0

wi

min { J[F(L)]zdL —2a Z WiF (Glyow;) + o Z w?
0 i i
(M

©

d
dTV,‘ J‘[F(L)}ZdL —2a zl: M}I'F‘(Gtgl’ow,i) + 0(2 z]: W? =

0

0
®)

= = 2aF (Glgow,) + 20%w; =0

= W= (I/a)F(Gtgrow,i) = (I/a)F(G(tbatch - tdrop,i)) (9)

Hence a plot of the optimal weights w; as a function of the drop
time should look like a “flipped” version of the target crystal size
distribution. In addition, f40w,; can be initialized by:

1

lgrow‘i = LI/G and Li = ;_T] (Lmux - Lmin)

+ Ly, fori =

(10)

where 7 is the number of times to drop in the seed crystals, and
Liin and Ly, are the minimum and maximum crystal size of the
target distribution, F(L).

Obtainable crystal size distributions

Fig. 5 shows the optimal crystal size distribution and times for
dropping in the crystals with the corresponding weights for two
target distributions. The growth rate was 2 um min~'. Fig. 5
illustrates how this method allows great flexibility in specifying
the shape of the distribution in addition to the crystal size and the
width of the distribution. This approach has the capability of
tailoring any crystal size distribution of any shape, including flat-
top and multi-modal distributions such as shown in Fig. 5, as
long as the target CSD does not have characteristics narrower
than the narrowest CSD produced by the impinging jet. More
specifically, the CSD based on the optimal seeding profile will
deviate from that of the target CSD when the width of the target
CSD is narrower than the crystal size distribution from the

impinging jets, and when there is a decrease in number density
along the crystal size axis that is much sharper than that of any
CSD produced by the impinging jet (see Fig. 6 for examples,
focusing on where the deviations between the target and optimal
CSD occur).

Tailoring CSD by optimal control of jet velocity

This section describes another strategy in tailoring the crystal size
distribution by combining the operation of an impinging jet
crystallizer with a batch aging vessel.

Optimization formulation

In this approach, the crystals from the impinging jet crystallizer
are quenched (to freeze the crystal size distribution) and directly
sent to an aging vessel. Similar to the previous strategy, the
supersaturation in the aging vessel is controlled such that
the growth rate remains constant. By varying the velocity from
the impinging jets with time, the crystal size distributions that are
added into the aging vessel varies with time, and can result in
different product size distributions at the end of the aging run.
Hence, this offers an opportunity to tailor the crystal size
distribution towards a target distribution by optimizing the time-
profile of crystal size distributions from the impinging jet crys-
tallizer. In other words, this involves the optimal control of the
jet velocity with time:

min - [IF(L) ~ faa(L))dL )
Viee (1)
Eq. (12)

where f.,q is the crystal size distribution obtained at the end of
the batch, which is evaluated by solving the population balance
equation (PBE)

df(L,1) | df(L,1)
dt +G dL

:fjet(Lv 5 Vjet(t)) (12)

where fic, is the production rate of crystals from the impinging jet
crystallizer in the units of #/um s~'. The distribution fi¢; can be
varied throughout the batch run by adjusting the jet velocity of
the impinging jets. To illustrate the approach, the growth rate, G,
in the batch aging vessel is held at a constant value by using
supersaturation control, at a low enough supersaturation that
secondary nucleation is negligible. It is also assumed that the
mixing blade(s) and baffles are well-designed and the agitation
intensity adjusted so that agglomeration and breakage in the
batch aging vessel are negligible. Generalization of the approach
to include secondary nucleation, agglomeration, and breakage
increases the modeling and simulation requirements but is
otherwise straightforward.

Eqn (12) can be solved using any PBE-solver; high-resolution
finite-volume methods have the advantage of being easy to
implement, having both a low numerical diffusion and dispersion
compared to other methods for discretizing the PBE, and in
being applicable to other crystallization phenomena such as
aggregation, secondary nucleation, and breakage. For G > 0, the
semidiscrete central scheme®* discretizes the population balance
equation along the crystal growth axis as:
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where f; is the cell-averaged population density, fic; is the cell-
averaged population density from the impinging jet in the units

of #/um s7!, and the minmod limiter is defined by
ml_in {a;} if ;>0 Vi
minmod (ay, ay, ...) = max {os}  if ;<0 Vi (14)
0 otherwise

Eqn (13) can be solved by any solver of ordinary differential
equations (e.g., odel5s in Matlab 7.0.1).

The optimization (11), coupled with the population balance
(12), defines the inlet velocity profile of the impinging jet crys-
tallizer, vj(). To solve the optimization (11), vi(t) was
parameterized by treating the velocity as constant in variable
time intervals with the following constraints:

Viet,min = Viet,j = Viet,max

At;>>time for impinging jets to reach steady state

(15)

(=10 x residence time of the impinging jets)

where Viegmin and Viegmax are the minimum and maximum jet
velocities for the impinging jets. The constraint that fi, is
obtained from an impinging jet crystallizer running at steady-
state simplifies the formulation while having an insignificant
effect on the optimal solution to eqn (11). This constraint is
that the time interval should be long enough for fi; to be
nearly at its steady-state value throughout the time interval.
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Fig. 7 Crystal size distributions obtained by optimal control of impinging jet velocity followed by growth in aging vessel for (a) smooth and (b) sharp
target CSDs, with the corresponding optimal jet velocity profiles in (¢) and (d), respectively.

The residence time for an impinging jet is in the order of 0.01
s, hence, setting the second constraint as Af; = 1 s is suffi-
cient.

Instead of using discrete velocities as in the previous two
formulations, here fj; is fit to a continuous function of jet
velocity, e.g., based on the distributions presented in Fig. 1 or

measured for an impinging jet for a range of inlet velocity. Note
that eqn (11) is written on a number fraction basis (that is,
normalizing the number density by the total number of particles,
Oth moment). The desired number of particles can be achieved by
running multiple impinging jets in parallel or by changing the
length of the run.

(a) (b)
o1 T v T v - 01 .
Target CSD Target CSD
- w4 Optimal CSD | =0 # ~e-dee Optimal CSD
L J : -.* .
8 0.06 @ 0.06 4
g g |i
g 0.04 « 004 .
(1]
g g
Z 0.02 3 0.02 .
i b et Pstiaiiocadnad 0 LI S PP O P S Ty G Y
30 40 S0 60 30 40 30 60
Crystal size (um) Crystal size (um)
(c) (d)
& - ——t——+ 6t W
] 5
2 g
E 4 E &
= =
g3 83
2 2
T2 w2
= =
1 1
U L i i i i L i * 0 I 1 L
1] 05 1 1.5 2 25 3 3.5 4 o 1 2 3 4 ]

Time (min)

Time (min)

Fig.8 Crystal size distributions obtained by optimal control of impinging jet velocity followed by growth in aging vessel for narrow (a) smooth and (b)
sharp target CSDs, with the corresponding optimal jet velocity profiles in (¢) and (d), respectively.
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Obtainable crystal size distributions

Here the above approach is applied to several target crystal size
distributions. The growth rate used in the computations was 2
um min~' and the number of time intervals was 15. Fig. 7 shows
that the optimal control of jet velocity is capable of achieving
target distributions that have gradual changes in the number
density along the crystal size axis. A limitation in the shape of the
target crystal size distribution is that the number density must
smoothly decrease towards its minimum and maximum size.
Similar to the previous optimal seeding approach, the width of
the target distribution is limited by the width of the crystal
size distribution from the impinging jet crystallizer (compare
Fig. 7a and 8).

Overall, the optimal control of impinging jet velocity in
a combined impinging jet-batch aging vessel is effective in
obtaining a much wider variety of crystal size distributions than
for an impinging jet crystallizer on its own. The mean size of the
crystals can be further increased by stopping the impinging jet
crystallizer and allowing the crystals to grow in the aging vessel.
Moreover, multi-modal distributions can be obtained by
“switching off” the impinging jet crystallizer for a time period,
which determines how far the modes are apart. The optimal
velocity—time profile can be computed using the above optimal
control formulation for each individual mode by shifting the
target crystal size distribution of each mode to start at 0 pm.

Controllability and sensitivity analysis

The approach of combining impinging jets with an aging vessel
to achieve crystals of desired size is commonly used in the
pharmaceutical industry. However, the manipulation of jet
velocity to target a specific crystal size distribution (CSD), as
discussed above, has yet to be implemented. In this section, we
will study, in further detail, the controllability and robustness of
this process. Fig. 9 shows the variation of the CSD at the end of
the batch of 30 min, where crystals from the impinging jet,
operating at different jet velocities, are continuously added into
the aging vessel with controlled constant growth rate of 2 um
min~'. The plot illustrates that operating at different jet velocities
does result in a range of size distributions at the end of the batch;
given the dynamics of the CSD, these differences would increase

Averagef (no./um)
&

: S
0 50 10 150
Crystal size (um)

Fig. 9 CSD at the end of the batch with continuous addition of crystals
from the impinging jet, with constant jet velocity, into a supersaturation-
controlled tank (growth rate in tank = 2 um min~', batch time = 30 min).

as the batch time increases (and larger crystals are obtained).
Hence there is significant controllability of the CSD obtained by
varying the velocity of the impinging jets from low to high values.

As the CSD from the impinging jet converges at high velocities
(see Fig. 1), the distribution at the end of the batch converges to
the same distribution at sufficiently high velocities. This indicates
that operating at high jet velocity gives very low sensitivity to
disturbances in the jet velocity, while having much less control-
lability. Lower jet velocities result in higher controllability of the
crystal size distribution, without having larger, but not exces-
sively large, sensitivity to disturbances in jet velocity. To more
fully understand the controllability of the process, various jet
velocity profiles were applied to see their effects on the final CSD
(see Fig. 10). As illustrated, the shape of the distribution varies
widely with the jet velocity profile. For example, a narrower
nearly-parabolic CSD was obtained for a linearly decreasing
profile (second plot in Fig. 10), while a bimodal distribution was
obtained for a convex parabolic profile in inlet velocity (fourth
plot in Fig. 10). Thus, it is possible to optimize the control of the
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Fig. 11 Change in CSD due to perturbations of the growth rate in the
aging vessel and the velocity of the impinging jets based on the optimal jet
velocity profile in Fig. 7c.

jet velocity profile with time to produce crystals with a wide range
in size distributions.

The sensitivity of the process to the variations in the super-
saturation, hence growth rate, in the aging vessel and the jet
velocity based on the optimal profile in Fig. 7 (left) is shown in
Fig. 11. A slower growth rate results in a narrower size distri-
bution, while a faster growth rate results in a wider size distri-
bution. Note, however, that a 20% variation in growth rate
corresponds to much larger variations in supersaturation than
reported in past studies that demonstrated the robust feedback
control of concentration in batch crystallization.'* Since the
solution concentration can be measured quite accurately and
reproducibly,'? such a large variation would be the result of
a significant shift in the kinetics or solubility due to a shift in the
contaminant concentrations in the chemical feedstocks. Varia-
tion in the solubility can be corrected with each new batch of
chemical feedstocks by applying automated solubility measure-
ment'>2"5% at the production site.

Fig. 11 indicates that the crystal size distribution is relatively
insensitive to shifts in jet velocity, since a 20% shift in inlet jet
velocity is much larger than what would be obtained in practice.
Comparing with Fig. 10 indicates that the overall shape of the jet
velocity versus time profile has a greater impact on the final CSD,
than the absolute values of the velocities of the jets. Overall, the
analysis in this section shows that this control strategy is a prom-
ising approach for tailoring specific crystal size distributions.

Conclusions and future directions

This paper illustrates, in principle, three different approaches for
the optimal control of an impinging jet crystallizer to produce

crystals with a target crystal size distribution. The results indicate
a great increase in the controllability in targeting crystal size
distributions for an impinging jet coupled with an aging vessel.
The main limitation is that the minimum width of the distribu-
tion is limited by the narrowest crystal size distribution produced
from the impinging jet. The key inputs into the optimization
process are:

1. The crystal size distributions as a function of jet velocity
from the impinging jet crystallizer, which can be obtained from
experiments®! or simulations validated by experiments.>?

2. The growth kinetics of the crystallization system so as to
determine the supersaturation profile to achieve the desired
growth rate. Unlike nucleation kinetics, crystal growth rates can
be estimated or directly measured with high accuracy.®13:2943:48:54

The results indicate that the optimal control of impinging jet
crystallizers is a promising strategy to produce a target crystal
size distribution, providing a level of CSD control far beyond
what is achievable using the batch and continuous “well-mixed”
vessels that currently dominate the industry. This level of CSD
control is good enough to consider the development of
a systematic approach for crystal product engineering, in which
a desired crystal product is determined by product design,'® when
the approach taken in this paper is used to design the process to
manufacture that desired product. The next step is to implement
the control strategies on laboratory experiments to fully evaluate
the feasibility of the approaches. Constraints identified from
experiments can be incorporated into the optimization algo-
rithms and further improvements can be explored.
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