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Constant Supersaturation Control of Antisolvent-Addition Batch Crystallization
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Abstract: following factors; solubility, supersaturation, seed loading,
We have developed a simple method to design antisolvent-  crystal shape factor, agitation, growth rate kinetics, nucleation
addition crystallization by using a numerical simulation. To rate kinetics, agglomeration kinetics, étmcorporation of

design the reasonable conditions, e.g. the profile of antisolvent  all possible factors into a model can lead to the need to
addition, seed loading, and minimum time cycle, a numerical estimate many parameters. In practice, it is convenient to
simulation was applied using kinetic parameters obtained from describe a crystallization process using as few parameters
experiments. ReactIR was used for on-line monitoring, which as possible while retaining a reasonable degree of model
enabled the concentration, supersaturation, and growth rate accuracy. Our purpose is to develop a simple numerical
to be monitored throughout the crystallization process. This simulation of crystallization to understand and design a
model takes into account only growth and ignores nucleation,  crystallization process with practical accuracy.
agglomeration, and breakage. The results of the numerical There have been only a few reports on antisolvent-addition
simulations agreed well with the corresponding experimental crystallizatioi—> Tavare (1995) briefly described an optimal
results and assisted in the design of a suitable crystallization  antisolvent-addition profilé€ Otherwise, there have been no
process. reports on general optimization methodologies. He treated
antisolvent-addition crystallization in a similar manner as
cooling crystallization, and obtained an antisolvent concen-
tration curve by maintaining a constant supersaturation, as

1. Introduction described in eq 1:

Antisolvent-addition batch crystallization, sometimes re-
ferred to as dilution crystallization, is commonly used for U — Uinitial t |4
the small-scale production of fine chemicals, active phar- m= (tfinal) @)
maceutical ingredients (API), and their intermediates. Ro-
bustness and accurate quality control are required to manu- This curve was derived under the following assump-
facture these compounds. Especially in the production of final tions: no seed, linear solubility relation, and simple power-
API crystals, the quality requirements with regard to purity, law growth and a nucleation rate that is independent of the
size distribution, and crystal form are very high. We are solution composition. Unfortunately, these assumptions are
working on APIs in the preclinical development stage where not in agreement with our compound of interest, for which
we often need to develop and scale up crystallization the growth rate is a strong function of solvent composition
processes in a short period of time for on-time bulk supply and the solubility is not linear. Therefore, we cannot use
and for larger-scale manufacturing. Therefore, an easy andthis curve for our compound.
quick procedure to develop a robust and proper crystallization  In this, we describe a sequence of experiments and a
process is needed. simple numerical simulation that predicts the experimental

The crystallization process for the compound of interest results, and we also calculate the ideal antisolvent-addition
had several key objectives, such as impurity rejection and profile. Through the recent development of an in situ
polymorph control. Of these issues, polymorph control was monitoring techniqué;® it has become easier to obtain
the primary driving force in this study, since the solubility
of one undesired polymorph was only-1R0% higher than 1) g/loulin, J. W. Crystallization, 4th ed.; Butterworth-Heinemann: London,
that of the desired polymorph. For this compound, introduc- (2) Gabas, N.; Laguérie, C. Batch CrystallizatioroeKylose by Programmed
tion of the undesired polymorph must be avoided. Therefore, =~ Cooling or by Programmed Adding of Ethan@hem. Eng. Scil992,47,
an initial goal was to keep the supersaturation below a certain (3 ?I’Dloki,. N.; Kubota, N.; Yokota, M.; Kimura, S.; Sasaki, S. Production of

level throughout the process to avoid nucleation of the Sodium Chloride Crystals of Unimodal Size Distribution by Batch Dilution
; Crystallization.J. Chem. Eng. Jpr2002,35, 1099—1104.
undesired pOIVmorph' . i . . . (4) Holmbéck, X.; Rasmuson, A. C. Size and Morphology of Benzoic Acid
Although crystallization is a common subject of investi- Crystals Produced by Drowning-out CrystallizatidnCryst. Growth1999
gation, considerable experimental trial and error is still 198/199, 780—788.

.. (5) Kaneko, S.; Yamagami, Y.; Tochihara, H.; Hirasawa, |. Effect of Super-
needed to deve|0p a robust process due to the Comple)“ty saturation on Crystal Size and Number of Crystals Produced in Antisolvent

and variety of crystallization behaviors displayed by organic Crystallization.J. Chem. Eng. Jpr2002,35, 1219-1223.
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kinetic data. We can quickly and reliably design a reasonable

crystallization process with minimal experiments using on-
line monitoring tools. This method can be applied to the
antisolvent-addition batch crystallization of a wide range of
compounds.

2. Modeling
The model is based on basic crystallization equations.

AC = (In(CICY)? )

8)

Equation 8 presents the well-known power law form;
however, it was not suitable for this study. When eq 8 is
used instead of eq 7, there is so much variatiorOnr-(Cs)9
with changes inC and Cs over a wide range that the value

AC=(C—C)°

From a practical perspective, to maintain a reasonable degre&’ Ks is unstably dispersed.

of accuracy, the model was simplified by making the
following assumptions:

e size-independent crystal growth

e N0 nucleation

e N0 agglomeration

¢ no breakage

¢ self-symmetrical crystal growth

o uniformity within the vessel

2.1. Liquid Phase.Concentration (C) and solubility ¢C
are shown in units of [g/g(total solvent weigWf)], which
simplify the calculation since there is no need to know
volume or density. The dissolved solute weight (M) is thus
the product of concentratiorC§ and total solvent weight
(W).

M=WC

()

The solubility is expressed as a function of solvent
composition (Q) at a constant temperature.

weight of water
total solvent weight

Q =
C=C(QT)

®3)
(4)

The rate of solute decrease, equal to the crystal growth

rate, is proportional to the crystal surface aréy énd the
driving force of supersaturationAC), where the crystal
growth constantl() is a function of solvent composition
(Q), temperature, agitation, size, etc. In this study, all
experiments were carried out at the same temperature an

agitation speed, and by assuming size-independent growth;

we consideredk; to be a function of only the solvent
composition (Q).

‘11_’\:' = —KAAC (5)
k, = ky(Q.T agitation,size,...) (6)

We used eq 7 for the driving forc\(C) for crystalliza-
tion, as suggested by Mohan and Myerson from a thermo-
dynamic perspective and in combination with the Burton
Cabrera—Frank crystal growth modél.

(8) Togkalidou, T.; Tung, H.-H.; Sun, Y.; Andrews, A.; Braatz, R. D. Solution
Concentration Prediction for Pharmaceutical Crystallization Processes Using
Robust Chemometrics and ATR FTIR Spectrosc@pyg. Process Res. De
2002,6, 317—-322.

(9) Yu, L. X,; Lionberger, R. A.; Raw, A. S.; D'Costa, R.; Wu, H.; Hussain,
A. S. Applications of Process Analytical Technology to Crystallization
ProcessesAdv. Drug Delivery Rev2004,56, 349—369.

(10) Mohan, R.; Myerson, A. S. Growth Kinetics: A Thermodynamic Approach.
Chem. Eng. Sci002,57, 4277—4285.
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2.2. Solid Phase.The weight of crystal ) can be
calculated from the initial solid weighPg, equal to the seed
amount), the initial solute amouniklg), and the dissolved
solute (M)

P=Py+My—M 9)

The surface area of the crystal is expressed as eq 10, based

on the assumption of self-symmetrical crystal growth.

)

2.3. Simulation Algorithm. We made a simulation
program based on the above model. Given the initial
conditionsPy and My, and a solvent composition profile as
a function of time Q(t)), this program can be used to predict
the concentration(), supersaturation ¢ — Cy)/Cy), and
growth rate (dM/dt). The simulation program consists of
simple step-forward calculation. At each moment, the change
in solute weight AM) over a small-increment time-stefxt)
can be calculated from eq 11, in which all values are derived
from eqs 2—4, 6, 7, 9, and 10.

(10)

AM = —kAAC-At
M(t + At) = M(t) + AM

(11)
(12)

The program calculates repeatedly until the end and gives
the profiles ofC, supersaturation, andviddt throughout the
process.

. Experimental Section

Typical Crystallization Procedure. Crystallizations were
carried out in a 1-L jacketed glass vessel equipped with
ReactlR (Mettler-Toledo K.K.), FBRM (Mettler-Toledo
K.K.), a thermocouple, and an overhead blade stirrer.
Compound P (50 g) was dissolved in solvent (410 g) and
heated to 60C. The solution was cooled to 5C, resulting
in a ca. 15% supersaturation solution. Seed (1.0 g, 2 wt %,
surface area= 3.0 n¥/g), was introduced and the mixture
was stirred for 30 min. Water (200 g) was added as an
antisolvent for several hours at a controlled rate, as described
in the next section. The temperature and stirring speed were
kept constant at 50C and 500 rpm throughout the process.
The slurry was filtered and washed with water (10&@ @).
The cake was blown with Nand dried overnight under
vacuum at 50°C. Particle sizes were analyzed with MI-
CROTRAC (model 9320-X100). Crystal forms were ana-
lyzed with X-ray powder diffraction (X'Pert PRO MPD),
and the peaks of undesired form were not detected in all
experiments.



400 moderate supersaturation at the seed point, the initial

350 o concentration of compound P was set at 0.122 g/g.
300 - 4.3. Antisolvent Spiking Addition Experiment To
20 Obtain k, To obtain ky throughout the entire process,
= 200 antisolvent spiking addition experiments were carried out.
150 Some amount of water was added in one minute to attain
100 15—30% supersaturation. The de-supersaturation curve was
% o then monitored for a couple of hours. This procedure was
° 0 01 02 03 04 repeated at several points over the entire range of solvent
H20 wt ratio composition. From each de-supersaturation cugyat each
Figure 1. Growth rate constants (k) obtained from an solvent composition was calculated based on eq 5 (Figure
antisolvent spiking addition experiment and power curve fitting. 1.). The results were fitted to a power function curve to give

, an equation fokg as a function of Q (eq 14). This relation
The batch was monitored by ReactIR and FBRM every was used for the following simulations.

two minutes. Small aliquots were also sampled intermittently

for HPLC analysis. IR absorbance data were processed, kg(Q)=4.23Q_1'54 (14)
second-derivatives were taken, and smoothing was applied,

and the results were calibrated with concentration data 4.4. Continuous Antisolvent-Addition Experiments.To
obtained from HPLC. One of the peaks that showed a nice verify the simulation program, three experiments with
linear relation to the concentration was used to convert IR different antisolvent addition profiles were carried out. The
absorbance to concentration. Please see Supporting Informaeoncentration was monitored with ReactIR, and the results

tion for detailed data processing. were compared to the corresponding simulation output. In
all three experiments, no significant nucleation was observed
4. Results and Discussion on FBRM, and crystals seemed to grow smoothly. The three

4.1. Introduction. Compound P is a typical pharmaceuti- experiments had the same initial and final conditions as
cal organic compound with a molecular weight of ca. 400 described above, i.e. the same amounts of solvent (410 g),
and both aromatic and heteroaromatic rings. It dissolves well compound P (50 g), and seed (1.0 g) were used, and the
in polar organic solvents and scarcely dissolves in water. same amount of antisolvent (200 g) was then added at
Thus, in this study, the compound was first dissolved in polar different rates.
organic solvent, and then water was added as an antisolvent. Case 1: Addition ove 3 h in One Step. To a

Some of the physical properties of compound P need to supersaturated solution, seed (1.0 g) was added, and the
be obtained from experiments for the model calculation. mixture was stirred for 30 min. Antisolvent (200 g) was then
Agglomeration and nucleation were neglected in this study, added at a constant rate for 3 h. The experimental results
and thus only the growth rate constakg)(and solubility are shown in Figure 2. Supersaturation exceeded 30% in the
(Cy) are required. First, we measur€d and outlined the  early stage due to a sharp drop in solubility at a low water
crystallization process: start, seeding, and end points (sectiorcomposition. The dashed line in Figure 2 shows the output
4.2.). Next, throughout the entire crystallization procégs, of the simulation. The results agree nicely with the experi-
was obtained from an antisolvent spiking addition experiment mental results. Thus, from the initial conditions and the
(4.3). Using the obtained physical properties, simulations antisolvent-addition profile, the simulation program could
were carried out under various conditions, and the results accurately predict the experimental results.
were compared with the corresponding experimental results  Case 2: Addition ove 3 h in Three Steps.The initial
(4.4). In addition, the ideal antisolvent-addition profile to conditions and seeding were the same as in case 1, but
maintain a constant supersaturation was calculated based oantisolvent was added in three phases at different rates over
the same model, and minimal time cycles were estimateda total of 3 h. The rate of addition was initially slow (30
under several conditions (4.5). g/h) and then increased (60 and 110 g/h). The experimental

4.2. Solubility Measurement and Outline of the Pro- results are shown in Figure 3. Supersaturation was kept
cess.Excess compound P was placed in a series of vials of constant at about 20% throughout the addition of antisolvent.
various solvent compositions. The resulting vials were stirred The corresponding simulation results (dashed line in Figure
overnight at 50°C and the supernatants were analyzed by 3) agreed well with the experimental results. With the slow
HPLC. The results are shown in Figure 1. A fourth- addition of antisolvent at the initial stage, solubility drops
polynomial curve was fitted to the experimental points and moderately, and thus the rapid increase to a high supersatu-

the correlation betwee@s andQ was obtained. ration, as observed in case 1, is avoided. Although the same
amount of antisolvent was added over the same time period
C{(Q)=8.0004d — 12.16403 + 7.1961G + 1.9982Q+ as in case 1, supersaturation remained low in case 2. In case

0.2251 (13) 2, the possibility of nucleation is lower than in case 1 for a
lower supersaturation. Accordingly, the profile for case 2 is
From the solubility curve, we chose the start and end preferable to that of case 1 for avoiding nucleation.
points atQ = 0.08 and 0.35, respectively, where the Case 3: Addition over 5 h in Five Steps.The initial
solubility decreases from 0.107 to 0.004 g/g. To achieve conditions and seeding in case 3 were again the same as in
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Figure 2. Experimental and simulation results for case 1.
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Figure 3. Experimental and simulation results for case 2.
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Figure 4. Experimental and simulation results for case 3.

cases 1 and 2. Antisolvent was added in five phases atis relatively large, therefore, the error of substance concentra-
different rates over a total of 5 h. Addition was started at a tion seems large in the later stage of each case. Although
slow rate and then gradually accelerated (10, 20, 30, 50, ancthe effects were not observed in these three cases, above a
90 g/h). The total amount of antisolvent added was the samecertain level of supersaturation, nucleation and agglomeration
as in cases 1 and 2, but the addition occurred over a longerannot be ignored and may deteriorate the accuracy of the
period. The experimental results are shown in Figure 4. The simulation. While this is certainly a limitation of this model,

simulation results (dashed line in Figure 4) roughly cor- . : L
. . e would try to avoid such a high supersaturation in our
respond to the experimental results. Supersaturation was kep o o . .
crystallization process to minimize nucleation. Thus, this

constant at about 15% throughout the addition of antisolvent. ™. T ) .
simulation is not intended to be used under such conditions.

With the initial very slow addition and longer addition period, X - . .
the supersaturation profile was preferable to those in cases Farticle size data obtained with MICROTRAC and FBRM

1 and 2 with respect to the avoidance of nucleation. at the final stage of each experiment are shown in Table 1.
As described in the above three cases, the experimentaASsuming neither nucleation nor aggregation, the calculated

and simulation results showed good agreement. The signal-value of ideal growth from 4m seed crystals was 14um.

noise ratio of IR signal at low substance concentration range The mean values of the resulting PSDs in case8 Were
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Table 1. Particle size information

Table 2. Estimation of the batch cycle time under various
conditions

MICROTRAC?2 FBRM chord length
0, i 0, i
mean  d95% _ SD no weight length wt entry seed (wt %) supersaturation (%) time (h)
(um)  (um)  (um) mean (um) mean (um) 1 2 15 43
seed 4 8 2 g g ig g %
case 1 16 32 9 23.9 39.9 4 4 10 6.5
case 2 17 36 10 21.8 36.6 5 4 20 20
case 3 16 35 10 20.3 34.4
model 14.7
. . . kept constant at 15% under the same initial conditions as in
aDispersed with sonication K . L
the above three experiments (section 4.4). At the beginning
. of the process, the solubility curve in the region of low water
012 = - = = =C (g/g) simu 1 60 .
N Ce (4/9) content is steep, and the crystals have a small surface area.
0.10 v - - - (CCS)/Cs (%) simu {50 = Therefore, the program indicated that the antisolvent should
« = = =dM/dt (g/h) simu E be added very slowly to gradually decrease the batch
5] = = =H2O (wi%) simu 4 g g solubility. In a later stage, the solubility curve with higher
& — wi B water content is flatter and the surface area is greater, and
3 53 thus antisolvent can be added more rapidly. If the process
0.04 20 g‘ follows this antisolvent-addition profile, supersaturation will
TR i o’ e A, ) Sl e be kept constant at 15%, and hence it shows a minimal batch
Ll Tl L time cycle under this restriction and the initial conditions.
b | ! o In practice, the addition curve can be approximated by
0.0 1.0 20 0 40 50 several steps of linear addition, as in case 3 in section 4.4.

Antisolvent-addition profiles were calculated under vari-
ous conditions (Table 2). While the initial amounts of solvent
and solute were the same as in the above experiments, the
close to that of the ideal growth model, which suggests that amount of seed and supersaturation were altered. The seed
there was no significant nucleation in these experiments. is assumed to have the same surface area per gram as the

4.5. Calculation of Antisolvent-Addition Profile To seed used in the above experiments. Entrie8 h Table 2
Maintain a Constant Supersaturation. Procedures for the ~ compare differences in the amount of seed at the same
crystallization of APl compounds are usually required to supersaturation level. The duration of antisolvent addition
reproducibly yield uniform-quality crystals in a minimal time  is reduced with an increase in the amount of seed. Entries
cycle, i.e., contamination by undesired polymorphs must be 2, 4, and 5 show the antisolvent-addition time with varying
avoided, and they should always give a similar particle-size allowance of supersaturation. When supersaturation is limited
distribution. To achieve these characteristics, nucleation to 10%, antisolvent addition takes 6.5 h, whereas in the case
should be avoided. If a compound has polymorphs, the of 20% supersaturation, it takes only 2 h. If the metastable
nucleation of some forms may occur above a certain level zone is wide and no nucleation occurs, the use of a high
of supersaturation, and crystals contaminated with the supersaturation can shorten the process cycle time.
undesired polymorphs may be obtained. When nucleation
occurs, the particle-size distribution becomes irregular and 5. Gonclusion
is difficult to control. The antisolvent-addition crystallization of API was studied

To avoid nucleation, supersaturation should be kept in by using a simple simulation program. This process was
the metastable zone throughout the process. However, it isdesigned to avoid nucleation by keeping supersaturation
usually very difficult to find the metastable zone for below a certain level. This process was successfully scaled
secondary nucleation. While a very low supersaturation canup to a pilot-plant scale and gave more than 100 kg of API
be used to avoid nucleation, it can be very time-consuming crystals. In pilot-plant production, an antisolvent-addition
and impractical. Accordingly, it is reasonable to maintain procedure was designed to keep supersaturation under 10%
moderate supersaturation throughout the process to avoido minimize the risk of generating wrong polymorphs which
nucleation and minimize the time required for the process. have only 16-20% higher solubility under these experimen-

The present model was used to calculate the rate oftal conditions. As a result, crystals of the desired form were
antisolvent addition to maintain a constant supersaturation.obtained exclusively, and similar particle-size distributions
Given the initial conditions,Cs is calculated under the were obtained reproducibly.
restriction that supersaturationC((— Cg)/Cs) is constant. As described above, a rapid procedure for the constant
Next, Q is calculated from a polynomial function @(Q). supersaturation control of antisolvent-addition crystallization
The subsequent sequence is the same as that described was established. In conventional process development, many
section 2.3. Thus, we obtain a concentration profit)) experiments are needed to identify a good process, which
and an antisolvent-addition profile (Q(t)). Figure 5 shows may not be optimal. In this study, by measuring the growth
the results of the calculation when the supersaturation wasrate constant and solubility curve in just a few experiments,

Figure 5. Calculated ideal antisolvent-addition profile to
maintain supersaturation at 15%.
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we obtained an ideal antisolvent-addition profile by using a P weight of compound P in the solid phase (g)
simulation. We were also able to estimate the batch cycle p, weight of seed (g)

time under arbitrary conditions. This procedure can be easily 1
applied to develop a crystallization process for a wide variety U

of compounds.

Notations

GLOSSARY
total surface area of crystal &n
surface area of seed crystalqm
concentration (g/g(solvent))
solubility (g/g(solvent))
growth rate order
growth rate coefficient (g/h)
weight of compound P dissolved in solution (g)
weight fraction of antisolvent

sozxre poP >

weight of solution (g)
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temperature
antisolvent concentration
subscript O initial condition
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