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ABSTRACT: Recent advances in in situ measurement technology and automation of batch crystallizers have enabled the development
of batch crystallization recipes in which the desired supersaturation profile is followed by feedback control. This paper describes a
new approach for following supersaturation setpoints for antisolvent crystallizations that is easy to implement for the tried crystallization.
Simulations and application to a proprietary drug compound demonstrate how this combination of automation and in process
measurements enables the rapid development of batch crystallization processes in the pharmaceutical industry.

1. Introduction

IR & Tor %S

Increasing emphasis is being placed on designing and e
operating pharmaceutical crystallization processes to produce
a consistent crystal produin industry, the batch crystallization
recipe is usually designed to follow a temperature or antisolvent
addition profile. Rigorous determination of an optimal batch

Concentration (C)

recipe requires accurate growth and nucleation kinetics, which
can be determined in a series of continuous or batch experi- curve (C7)
ments?>~* For aggregating and other complex crystallization

systems, it can be time consuming to construct models and Supersaturation
determine kinetics that are accurate enough to compute an setpoint (AC)

optimal batch recipe. This has resulted in the common industrial
practice of trial-and-error experimentation to design batch

recipes for pharmaceutical crystallization. An alternative ap-

proach that does not require accurate kinetics or trial-and-error
experimentation is to control the crystallizer so that it follows Figure 1. Schematic of concentration control. Solution concentration
a supersaturation profile in the metastable zone based on'S estimated from IR absorbances and temperature (for cooling
concentration measurement The advantage of this approach cry_stalll_zatlon) or % solvent (for antisolvent crystallization) using thg

S b ) . g_ PP calibration model. The next temperature or % solvent setpoint is
is its low sensitivities to most practical disturbances and t0 cajculated from the concentration, solubility, and user-defined super-
variations in the nucleation and growth kinetics and that this saturation setpoint.

method does not require the extra time needed for the deter- ) . .
mination of crystallization kinetic. This paper describes an approach for the concentration control

of antisolvent crystallization, which is implemented so that the
antisolvent addition rate is an algebraic function of the super-
saturation defined by the setpoint profile. The implementation
in Visual Basic was designed so that the metastable zone
determination and batch recipe design can be operated in an
automated manner while providing a graphical user interface
so that the user can make adjustments based on level of
expertise. Application of the automated system to a proprietary
drug compound enabled the rapid testing of various supersatu-
ration profiles, which indicated that following a constant relative
supersaturation profile, rather than a constant supersaturation
profile, resulted in reduced secondary nucleation without
compromising batch time for the particular crystallization system
studied here. This study demonstrates how this combination of
automation and in process measurements enables the rapid
development of crystallization processes in the pharmaceutical
* Corresponding author. Phone: 217-333-5073. Fax: 217-333-5052. industry. A preliminary (i.e., less automated) version of the

This paper describes a concentration control system and its
application to following setpoint supersaturation profiles in the
metastable zone for batch antisolvent crystallization. This
extends past studies in cooling crystallization, in which auto-
mated systent$19 were implemented that determine the
metastable limit and the solubility curve from in situ laser
backscattering (Lasentec FBRM)!1or attenuated total reflec-
tion Fourier transform infrared (ATR-FTIR) spectroscSgy. 16
In the concentration control systems, the supersaturation is
calculated from the in process solution concentration measure-
ment (using ATR-FTIR spectroscopy) and the previously
measured solubility curve. In antisolvent crystallization, the
crystallizer follows setpoint supersaturation profiles by adjusting
the addition rate (see Figure 1).

E‘Tf\‘/:'e:ré’kr"’gtéo@”:‘r’]g-ed“- methodology described here was implemented on the antisolvent
* University of lllinois at Urbana Champaign. crystallization of paracetamol (acetaminophen) from acetone
§ National University of Singapore. waterl?
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2. Theory 180 -

The previously published methods for operating cooling _ 160 1
crystallization, which use PI contfabr cascade contr8lrequire £ ..
tuning of feedback controller parameters, whose values depend g
strongly on the unknown crystallization kinetics, to follow the  § 120 4
setpoint supersaturation. An approach that does not require E 100 -
controller tuning, except at a lower level to track the reactor §
temperature or antisolvent addition rate, is described here. A § 801"
commercially available circulator bath and a syringe pump were © 60 -
used in this study, which had the capability to track setpoint
temperature and pump rate, respectively. The setpoint is in terms 40 T : : r r

of the supersaturation defined As = ¢ — c*, wherec is the 0 10 20 30 40 50
solution concentration and* is the solubility, although the Temperature (°C)
approach also can be applied to any other supersaturation

definition (e.g., defined in terms of activities or relative 55 180
concentrations). Replacing the measured solution concentration 5o - Temperature | | 160 —
Cmeas for ¢ and an algebraic function for the solubility as a  __ - Concenaton E
function of temperaturd for c* gives e 41 1140 8
£ 40 <
C*(T) = Creas— AC D g + 120 %
g9 :
Solving this equation foT gives the temperature setpoint. The  § 30 - + 100 §
successful implementation of this approach on a cooling * 8
crystallization of a proprietary pharmaceutical compound to 25 T 80
follow a constant supersaturation profile is shown in Figure 2. 20 60
The simplest extension of this approach to antisolvent crystal- 0 50 160 11'-_’0 200
lization is obtained by substitutingwith % solvent (%, solute-
free basis): Time (min)
2000
C*(%S) = Cpeas— AC (2
.r\n"/"‘
The antisolvent addition rate is calculated by solving the \@Q . ) m,—w)w
equation for the % solvent setpoint,24This equation can be g T -’”\«-»-N-\um,«\,_._w-'”““"‘”"'""
improved by taking the effect of dilution into account: E 1000
(%9 = (%S100)Myy,dS — Ac ®) Z
'S
wheremsote is the mass of solute arfglis the mass or volume 500 4
of solvent.
Figure 1 is a schematic of the concentration control imple- .
mentation. A control engineer would refer to this approach as = " " )
-50 0 50 100 150 200

nonlinear state feedback contf8l,because the controller
determines the value for the manipulated variable based on a Time (min)

nonlinear function (eqs 1, 2, or 3) of the measurement of a _ ) .

process state. Although the control egs3Lhave no tuning Figure 2. The concentrationtemperature profile (top) and the

. - corresponding time profiles for concentration, temperature (middle),
parameters and are functions of only the solubility curve and and FBRM counts (bottom) during the seeded cooling crystallization

the supersaturation setpoint, it is seen below that the approachyf 4 pharmaceutical compound using a constant supersaturation setpoint
leads to fast setpoint tracking. While most process control (Ac= 10 mg/mlsuen). The metastable limit was measured at a cooling
systems have their setpoints specified as an explicit function of rate of 0.4°C/min. The time of 0 min is defined as the start of

time 19 this is not true for the above control implementation. concentration control.
The speed at which the process moves along the supersaturatlogupersaturation affect the relative rates of crystallization pro-

setpoint trajectory (€.g., see top plot in Figure 2) and the total ¢ggges, resulting in some variation in the crystal size distribution
batch time are determined by the crystallization kinetics. and the total batch time.

Small errors in the concentration measuremendas or the An alternative interpretation of the control scheme in Figure
expression for the solubility*, result in small errors in the 1 is that egs +3 merely provide a setpoint to a lower level
implemented supersaturatiol\c, due to the relationships  coniroller that tracks the reactor temperature or antisolvent
_betvl/een the variables in eqs-3. More specifically, with errors 5 qgition rate. Commercially available circulator baths, such as
in ¢* and Cmeas the true implemented supersaturation can be 4 ysed in this study, have a pretuned embedded feedback
computed from eq 1: controller that stably follows a user-specified temperature.

Similarly, commercially available syringe pumps such as that
* — ~F — — — —
C* = CGrue T €c+ = Cineas™ ACuesired™ (Crue + €0) used in this study stably follow a user-specified pump rate.
ACqesired ACiue = Ciue — Cirue = ACqesired— €c T € (4) The approach taken in this manuscript can quickly determine
near-optimal supersaturation trajectories. Several papers argue
Hence errors irc* and cneashave the same magnitude effect that constant supersaturation profiles are close to optimal for
on the implemented supersaturation. Such small errors in themany crystallization systeni&;22 which suggests the initial



894 Crystal Growth & Design, Vol. 6, No. 4, 2006

a)

0.15 .
h —— solute conc
\ — set pt conc
30‘14'5?\\ - - sat conc
= T
e - -j\\%___x
g o13f Tl e 1
8 T~ \‘\
S N
©“ p12- ) R
o1 L L L
0 2000 4000 6000 8000
time {s)
b)
0.15 r
—— solute conc
- — set pt cone
= 014} “‘-\\ ~ — - sat conc
£ T T
2 013 AN ]
3] Tl e
2 . e
3 -\
@ p12f TN 1
C N
o1 L L L
0 2000 4000 6000 8000
time (s)

Zhou et al.

f (no./m}

crystal size {m)

Figure 3. The supersaturation profiles and product crystal size distributions during the simulated seeded antisolvent crystallization of paracetamol

in acetone-water mixture. Results from eq 2, which ignores the dilution

effect (a), and eq 3, which considers dilution effect (b), are compared. The

simulation uses a sampling time= 60 s, a constant supersaturation setpainit= 0.004 KgoudKGwater+acetone and a seed amount of 1.586 g/kghacetone

over a batch time of 2 h.

operation of the batch crystallizer for various constant values
of the supersaturation. Without extensive modeling studies, it
is not possible to determine a priori tbptimalsupersaturation

profile for a particular complex crystallization process; however
analysis of the experimental data obtained from constant-

situ solution concentration was constructed by using partial least-squares
(PLS) and various principal component regression (PCR) methods
applied to mean-centered normalized experimental ‘détaFifty
percent of the experimental data were used for calibration, and 50% of

' the data were used for validation, following the procedure described

in ref 16. The Matlab implementations of PLS and the PCR methods

supersaturation trajectories can be used to move towardwere validated by comparison to calibration models obtained by

trajectories that are closer to optimality. A nearly optimal
trajectory can be reached more quickly by using several
crystallizers in parallel (e.g., via the MultiMax Art 1250, Mettler

Toledo, Inc., Columbus, OH).

The implementation of eqs 2 and 3 in simulations of the
antisolvent crystallization of paracetamol in an acetewater
mixture is shown in Figure 3 (see Appendix for details on the
simulation model and experimentally determined kinetic pa-
rameters and solubility). Equation 3, which considers the effect
of dilution, follows the supersaturation setpoint profile more
closely (see Figure 3) and hence was implemented on the
antisolvent crystallization of the proprietary pharmaceutical
compound described in the next section. Note that in practice

the difference may not be noticeable depending on the extent

of measurement noise.

3. Experimental Methods

The temperature of the crystallizer was controlled with a Pt100
thermocouple connected to a circulator bath (Haake F8). The solvent
and the antisolvent were added by programmable syringe pumps
(Harvard Apparatus PHD 4400). ReactlR 4000 software (Mettler
Toledo, version 3.0) was used to collect the ATR-FTIR spectra every
minute. The calibration model relating the spectra and % solvent to in

Unscrambler (CAMO, Inc.). Solution turbidity was measured every 5
s with Lasentec FBRM (Mettler Toledo) for counts in the-BD um

size range. The graphical user interface for the automation of data
collection, solubility measurement, and concentration control was
written in Microsoft Visual Basic 6.0. The Visual Basic interface calls
a progrant®written in Matlab (The MathWorks, Inc.) for calibration
model development using chemometrics and calls the Matlab program
rootsto obtain solutions to egs 1 and 3 for polynomial functi@hs
Figure 4 shows the schematic of the apparatus and instrument setup.
The solvent was toluene, and the antisolvent wdseptane. For
isothermal batch antisolvent crystallizations, the initial solvent volumes
were 123-125 mL (100% solvent), depending on the batch, and the
seed crystals were aged forl h before antisolvent addition.

4. Results and Discussion

4.1. Calibration and Solubility. ATR-FTIR spectroscopy has
been used for in situ concentration measurement during anti-
solvent crystallization3324 To reduce the time and labor for
data collection for the calibration of IR spectra to concentration,
an automated method was developed. The IR spectra for
calibration were collected automatically by sequentially adding
the antisolvent and solvent to the initial solution to cover a range
of concentration and solvenaintisolvent ratio (see Figure 5).
The endpoints for antisolvent and solvent additions are based
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Figure 5. The path of concentration vs % solvent for collecting the
IR spectra for constructing the calibration model: schematic (top) and
experimental results (bottom). The unit for concentration iscn
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on data from the FBRM or a combination of user-defined target
values and FBRM data, depending on the extent of the user’s
prior knowledge of the crystallization system. IR spectra were
collected while the solution remained clear based on FBRM
data (i.e., while particle counts were below a user-specified
threshold value). During the antisolvent addition stage, the

metastable limit can be detected by an increase in FBRM counts,
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Figure 6. Sample IR spectra at various concentrations and sotvent
antisolvent ratios for a pharmaceutical compound.
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Figure 7. Solubility of the pharmaceutical compound at 30 for
various solventantisolvent ratios.

values were such that the operations were completely within
the metastable zone, and the metastable limit was not detected.

The IR spectral frequency range 798524 cnt! was used
to build the calibration model relating ATR-FTIR spectra to
solution concentration (see Figure 6). Temperature was not
incorporated into the calibration model because it remained
constant at 50C. A PLS model with standard error of cross
validation (SECV) of 0.3 mg/mL and prediction interval of 1.1
mg/mL was selected. The number of principal components used
for this model was 7. The solubility of the pharmaceutical
compound at 50C was determined from the calibration model
and the IR spectra of the slurry equilibrated at various sotvent
antisolvent ratios (see Figure 7). The solubility data were fit to
a cubic function of % solvent (9.

4.2. Concentration Control. Seeded antisolvent crystalliza-
tions were carried out using the concentration control eq 3 to
follow various supersaturation profiles. A range of constant
supersaturation profilesA¢ = 10, 20, and 30 mg/mL) were
investigated (see Figure 8). The antisolvent addition rate
increases as the crystallization progresses (see Figure 9) due to
increase in the crystal surface area as expected from previous
results?® This is similar to cooling crystallization, where the
cooling rate increases as the crystallization progresses (see
Figure 2). For the antisolvent crystallization followinye =

which indicates nucleation. For this study, the user-defined target10 mg/mL, there was a disturbance in the concentration
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nucleation (see Figure 10). This excessive secondary nucleation
(compared toAc = 10 mg/mL) is consistent with nucleation
theory, which indicates that the nucleation rate is a strong
monotonic function of the supersaturati#Because secondary
nucleation increases with crystal ma&she secondary nucle-
ation rate increases as the crystallization proceeds at constant
absolute supersaturation. The use of a constant relative super-
saturation Ac/c* setpoint was motivated by the idea that
decreasing the absolute supersaturathanduring the batch
would compensate for the effect of increased crystal mass on
the secondary nucleation rate to reduce excessive secondary
nucleation.

As shown in Figure 10, secondary nucleation was not
observed with a constant relative supersaturathafic* = 0.15,
which hadAc = 22 mg/mL at the beginning of the run that
decreases tadc < 10 mg/mL as the crystallization progresses
(see Figure 8). The absolute supersaturation decreased
sufficiently fast during the batch to avoid significant secondary
nucleation, and for a similar value for the finalc, the

% Solvent crystallization starts at higheéxc, which reduced the batch time

Figure 8. Various supersaturation profileA¢ = 10, 20, and 30 mg/ compared to .supersaturatlon prof_m: =10 mg/m_L.

MLsowventt antisoivent AC/C* = 0.15) followed during the seeded antisolvent For the antisolvent system studied here, following a constant
crystallization of a pharmaceutical compound from a mixture of toluene relative supersaturation was a better strategy than following a
andn-heptane with 3% seed loading. constant supersaturation. Constant relative supersaturation re-
measurement that occurred around 330 min at 94% solvent fromsulted in less secondary nucleation compared to following
which the system recovered. Unlike cooling crystallization constant supersaturation (see Figure 10). The disadvantage of
where the temperature can move up or down depending on theusing relative SUpersatUratlon is that any error in the concentra-
concentration, a crystallization setup in which only antisolvent tion measurement is amplified as the crystallization progresses

can be added cannot move to a higher % solvent setpoint. Thissince c* becomes smafl.Other possible methods to reduce
limits the response of the System to Suppressing some distur_secondary nucleation include heating the antiSO'Vent, which
bances. The system can be easily programmed so that botHequires modification in the experimental setup, and the use of
solvent and antisolvent can be added during crystallization, the @ mixture of solvent and antisolvent in place of the antisolvent,
drawback being an increase in the total amount of dilution that Which results in extra dilution of the system.

occurs during the batch crystallization.

Higher constant supersaturationsc(= 20 and 30 mg/mL)

The concentration control approach described here demon-
strates an automated approach for the systematic investigation

resulted in shorter batch times with excessive secondary of different supersaturation profiles in the search for optimal

Ac =10 mg/ml Ac =20 mg/ml
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Figure 9. The % solvent, concentration, and addition rate profiles over time for the various supersatutationsd, 20, and 30 Mg/Mivent antisolvent
Acl/c* = 0.15) followed during the seeded antisolvent crystallization of a pharmaceutical compound from +toltlepane mixture.
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the crystal sizer( and time ), ro is the size of a nucleated
crystal, and) is the Dirac delta function. Equation A6, rewritten
on a mass basis, was solved by a high-resolution finite-volume
semidiscrete central scherffe:

d

SkV A
s = e ) = )“]{—Gﬂm [fj + ), } +

G2 |:fj—1 +%(fr) j—1:|+ B } (A7)

j=0

wherek, is the volumetric shape factor and the cell-averaged
crystal mass is evaluated as

: ck,f;
_ li+12 3 _ sV
fuj=c, [ Tty dr ==

(r41"* = (122" (A8)

antisolvent addition rate profiles. This enables promising batch wheref is the average population density in tik cell. The

recipes to be quickly identified for optimizing various product

derivatives, f);, are approximated by the minmod limif&The

crystal properties such as crystal size distribution, crystal shape,solute mass balance can be obtained by summing eq A7 for

and polymorphismreducing the overall time for process
development.
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Appendix: Simulation Model for the
Paracetamol-Water—Acetone System

The nucleation and growth kinetics and the solubility curve
for the paracetamelwater—acetone system were estimated from
the experimental results of Granberg et2&k?

B = 8.560 80x
" 33
10° exp| —1.228 50x 10*3(”](05/C (kg/m3)) (A1)
(In(c/c*)?
G = kAc?, Ac=c—c* (A2)

ky=4.010 67x 10°* — 1.761 98x 10 °w + 5.781 35x
10°° (w> 30%) (A3)

g=—4.22536x 10w+ 1.77428 (> 30%) (A4)

c* = —5.019 02x 10 WP + 1.697 67x 10 °w° —
2.467 65x 10 ‘W* + 2.192 62x 10 “w® — 1.270 18x
10 WA + 3.426 14x 10 2w + 7.960 86x 10 2 (A5)

whereB = nucleation rate (no. of particlesfs®), G = growth
rate (m/s),cs = solid crystal density (1293 kgfp c* =
saturation concentration (kgacetamdKOwaterracetond, C = solute
concentration (KghracetamdKOwaterracetond, andw = antisolvent
mass % on a solute-free basis.

The well-mixed batch crystallization was modeled by the
population balance equatidf2?

o , UGN

p o =Bo(r —ry)

(A6)

where the particle number density functidipié a function of
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