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Abstract:

This article describes how a fiber-optic turbidity probe may be
used as an inferential sensor to aid in the control of commercial-
scale batch crygtallizations. The discussion focuses on several
unseeded crydtallization examplesinvolving cooling or cooling plus
addition of antisolvent. In atypical control scheme, thefiber-optic
probe is used to detect an initial nucleation event, to control a
subsequent digestion step for fines dissolution with the potential
for modification of nucle size, number, and purity, and then to
monitor a growth period. During the digestion step, temperature
isincreased and adjusted to achieve a desred reduction in the
fiber-optic Signal in order to control the extent of digestion. Within
Dow, thisapproach has proven to berobust and cogt-effective for
numer ous commer cial-scale batch crystallizationsincluding those
with highly fouling or corrosive environments.

Introduction

Over a 20 year period, The Dow Chemica Company
developed and has utilized an in situ fiber-optic turbidity probe
to monitor and control commercia-scale batch crystalliza-
tions 8 In this article, we describe the Dow methodology
involving use of asimple and robust fiber-optic probe to control
an unseeded crystdlization process. Depending on the applica
tion, this methodology can provide a cost-effective means to
achieving good results at the commercial scale. This can be
particularly important for cost-sensitive applications such as
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production of generic actives or intermediates for which the

cost of manufacture isa significant factor affecting commercial

feasibility.

The fiber-optic probe measures backscattered light to
generate a real-time turbidity signal indicative of the
amount of solid-phase material present in the crystallizing
slurry. It is used to infer the condition of the crystallization
process rather than directly measure a specific property
of the crystal mass. This inferential approach is similar
in concept to the well-known use of temperature and
pressure measurements to infer composition for cost-
effective control of multicomponent distillation processes’
and the use of inferential sensing techniques in general .1°
A number of probes that are more complicated than the
fiber-optic probe may be used to obtain additional
information, but these probes generally are more costly
to install and maintain in the manufacturing environment.
These include the focused beam reflectance measurement
(FBRM) probe (with its rotating internal parts) used to
measure crystal chord length distribution,'* various video
imaging probes used to determine crystal shape and size
distribution,'>~* as well as various spectroscopy probes
including the attenuated total reflectance Fourier transform
infrared (ATR-FTIR) probe®~1® used to measure solute
concentration in the mother liquor. Commercially available
video imaging probes are similar to the fiber-optic probe
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Figure 1. Fiber-optic probe schematic.

in the sense that many utilize backscattered light and most
have no moving parts. However, at present they are more
difficult to implement at the commercial scale due to their
relatively bulky size and operating temperature limitations.

A fiber-optic probe can be used for a broad range of
applications because the output signal depends only on
the probe’s ability to detect backscattered light; that is,
no specific chemical properties such as molecular absorp-
tion are required. It also can be quite robust; numerous
Dow probes have been in service for more than 10 years
with no degradation in performance and without fouling
problems. The basic Dow design includes a polished
sapphire window, a spring-loaded gasket seal system to
resist solvent infiltration, and fiber-retaining inserts (Figure
1). This design allows for expansion and contraction over
a wide temperature range without breaching the process
seal, yet it maintains precise optical alignment of the fibers
and the window.# The potential for fouling is minimized
due to the absence of flow-through channels that might
be prone to plugging with solids and by designing the
window so that it protrudes slightly from the probe tip to
avoid crevices that might trap solids. A variety of probes
that employ this basic design have been developed in
Dow,* 8 and a number of these are available from Guided
Wave, Inc. (Rancho Cordova, CA, U.S.A.). Fiber-optic
probes are also available from other suppliers including
Mettler-Toledo Ingold, Inc. (Bedford, MA, U.S.A)).

To our knowledge, this article is the first to focus on the
use of fiber optics in commercia-scale crystalizations. Al-
Grafran et a.*° reported using a fiber-optic probe along with
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other probes in a pilot-scae crystallization, and Ansari et al.?°
used a light scattering probe to monitor protein nuclestion and
crystallization in laboratory-scale hanging drop experiments.
Control schemes that are similar to ours include methods
described by Chew et a.** and by Lewiner et a.®> These studies
were carried out at the laboratory scale using other types of
probes (FBRM or ATR-FTIR). In contrast with some other
published approaches involving dissolution of fines throughout
the batch crystalization process,?t~23 the fines dissolution or
digestion methodol ogy we describe normally modifies only an
initial crop of primary-nucleated crystals, although multiple
digestion steps can be employed. In principle, our methodology
also may be applied to a seeded crystdlization to modify the
initial crystal mass prior to growth.

General Goncepts

Turbidity. The classical definition of turbidity refers
to the attenuation of light as it passes through a transparent
medium containing dispersed particles.?* Turbidity is
caused by absorption and scattering mechanisms that
reduce the amount of light traveling in a straight line.
Scattering may be caused by solid particles, liquid drops,
or gas bubbles dispersed within a liquid phase due to a
difference in the index of refraction at the boundary
between the dispersed and continuous phases. When a
detector is placed in line with the incident beam (termed
transmission mode detection), the transmittance of the
sampled material often follows a Beer—Lambert relation-
ship:

1 g 1)

where transmittance is defined as the ratio of the measured
intensity (1) to the intensity of the light source (lo), 7 is
an empirically derived attenuation coefficient sometimes
used to characterize turbidity, and | is the detected light’s
path length through the material. The value of 7 is a
function of particle size and concentration. For small
particles at low concentrations it tends to vary in direct
proportion to the concentration of scattering particles, but
this relationship becomes nonlinear at sufficiently high
concentrations. When the detector is placed at a 90° angle
from the incident beam to directly measure the light
scattered at this angle, the technique is called nephelom-
etry. This configuration is particularly useful for measuring
turbidity at low concentrations of solids because it involves

(20) Ansari, R. R.; Suh, K. I.; Arabshahi, A.; Wilson, W. W.; Bray, T. L.;
Del ucas, L. J. A Fiber Optic Probe for Monitoring Protein Aggrega-
tion, Nucleation and Crystallization. J. Cryst. Growth 1996, 168, 216—
226.

(21) Jones, A. G.; Chianese, A. Fines Destruction During Batch Crystal-
lization. Chem. Eng. Commun. 1987, 62, 5-16.

(22) Zipp, G. L.; Randolph, A. D. Selective Fines Destruction in Batch
Crystallization. Ind. Eng. Chem. Res. 1989, 28 (6), 1446-1448.

(23) Shan, G.; Igarashi, K.; Noda, H.; Ooshima, H. Production of Large
Crystals with a Narrow Crystal Size Distribution by a Novel WWDJ
Batch Crystallizer. Chem. Eng. J. 2002, 85 (2—3), 161-167.

(24) Willard, H. H.; Merritt, L. L.; Dean, J. A.; Settle, F. A. Instrumental
Methods of Analysis, 7th ed.; Wadsworth: New Y ork, 1988.

Vol. 13, No. 1, 2009 / Organic Process Research & Development 115



1
0.9 1
0.8 1
0.7 4
0.6 1
0.5 1
0.4 -
0.3 1
0.2 4
0.1 4

0

ts)

Fiber Optic Signal (vol

0 0.05 0.1 0.15 0.2 0.25
Wt% Solids

Figure 2. Example fiber-optic signal versus particle concentra-
tion generated using 0.12 um diameter polystyrene divinylben-
zene beads suspended in water. Thefiber-optic signal has been
conditioned electronically to convert current from the photo-
detector circuit to voltage and then to amplify the resulting
signal with a constant gain.

a true zero background signal that enhances low-level
detection. Backscattering is the term used to describe
detection of light that is scattered approximately 180° back
toward the light source. Like nephelometry, this config-
uration can generate a zero or near-zero background signal.
The Dow probe incorporates a quasi-backscatter design
using optical fibers such that both the light emission and
detection fibers are mounted behind a window at the tip,
allowing for a single-ended probe installation (Figure 1).

For precise characterization of turbidity, various standards
are available for calibration including formazin-based materias
and newer standards such as polystyrene divinylbenzene mi-
crobeads. For crystalization monitoring and control purposes,
however, we smply record the output signa from the fiber-
optic probe as an uncalibrated measure of particle concentration.
The fiber-optic signd is dso affected by particle size, temper-
ature, liquid-phase composition, and to some extent, particle
roughness and shape; thus, the signad provides only an ap-
proximate indication of relative particle concentration. The
signal gainisinitialy adjusted for good response and to ensure
thet the turbidity Signal does not exceed maximum output during
any portion of the batch cycle. The same constant gain is then
used for al subsequent batches. An example of fiber-optic Sgna
output plotted versus the concentration of 0.12 um diameter
polystyrene divinylbenzene microbeads is shown in Figure 2.
This plot smulates signd response a an early stage of
crystallization.

Batch Crydallization Control Strategy. Production of
crystals from solution is driven by generation of super-
saturation, either by changing temperature, by evaporating
solvent, by adding an antisolvent, or by reacting the feed
solute with an added reagent to yield a less soluble
reaction product. General reviews of crystallization phe-
nomena and crystalization technology are available
elsewhere.?>% The nucleation rate (often represented by

(25) Mullin, J. W. Crystallization in the Process Industries, 3rd ed.;
Butterworth-Heinemann: Woburn, MA, 1997.
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an empirical power-law expression) normally dominates
growth at high levels of supersaturation, while the growth
rate (a more linear phenomenon) is the dominant rate at
lower levels of supersaturation.?” The rates of crystal
nucleation and growth affect crystal purity as well as the
crystal size distribution, because the number of crystals
and the rate of crystal growth largely determine the
number of crystal defects that are formed, either as mother-
liquor inclusions or lattice defects. The critical supersatu-
ration level at which nucleation begins to dominate can
vary greatly from one system to another; however, in most
cases, control of supersaturation by careful adjustment of
process variablesis required to meet desired specifications
for the size and purity of product crystals.

Seed crystals may be added at the beginning of a batch
crystallization to help control nucleation, athough this adds
complexity to the operating procedures, requires a process for
preparing suitable seeds, and in the pharmaceutical industry,
can complicate batch-to-batch traceability and record keeping.
In some applications involving solutes that develop high levels
of supersaturation before nucleating or when a specific poly-
morph is required, seeding may be necessary. However, in our
experience with many applications involving crystallization of
pharmeceutica intermediates and actives, agricultural chemicas,
and other complex organic compounds, we have found that an
unseeded protocol, as described in this article, often can be
devised to meet customer requirements while avoiding the
difficulties that seeding can present at a commercial scale.
Unlike conventiona unseeded protocols, the methodology we
describe includes a digestion step that allows greater control of
thein situ produced crop of nuclei. Digestion involvesincreasing
the temperature or manipulating another process variable that
affects solute solubility to modify the initial crystal population
and supply the crystalizer with an appropriate number and
purity of crystas for the remainder of the crystalization.
Temperature and fiber-optic signd profilesfor atypical cooling
crystallization are shown in Figure 3. The fiber-optic signa
profile shows an initia rise after nucleation followed by a
decreasein signal during digestion. The extent of digestion can
be characterized in terms of a corresponding reduction in fiber-
optic signa relative to the maximum signal or peak height. This
provides a means of conditioning the initid crystal massin a
repeatable manner such that improved results are achieved
during the subsequent growth period. The probe can dso be
used during growth to match a desired rate of increase in the
fiber-optic signal. Thus, the control strategy involves use of a
fiber-optic probe to detect the onset of crystal nucleation and
to provide a means of focusing on specific operationa targets
for digestion and growth periods. It can dso compensate to some
degree for normd variability in the feed composition, differences
as to when nuclestion occurs, and other batch-to-batch variations.

Normally a crystallization protocol and the corresponding
fiber-optic profile are first developed in the laboratory. The

(27) Myerson, A. S,; Ginde, R. Crystals, Crystal Growth, and Nucleation
In Handbook of Industrial Crystallization, 2nd ed.; Myerson, A. S,,
Ed.; Butterworth-Heinemann: Woburn, MA, 2002; Chapter 2.
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Figure 3. Typical fiber-optic signal profile and temperature curves. The example is for cooling crystallization of Compound A
using a commer cial-scale (12,000 L) crystallizer. Thefiber-optic signal is plotted as a percent of full scalefirst determined by setting
the gain in an initial batch and then using the same constant gain for all subsequent batches.

laboratory crystallizer may include a number of specialized
probes in addition to afiber-optic probeto aid in gaining a better
understanding of the chemical system and to determine an
effective protocol. These include the FBRM probe,'! red-time
video imaging,*** and the ATR-FTIR probe mentioned
earlier,’™> 18 aswell asthe gpplication of Raman spectroscopy.?
In certain cases, the protocol that yields good results in the
laboratory can then be implemented at the commercia scale
using only the fiber-optic probe. In the examples given in this
article, the main features of the fiber-optic profile determined
in laboratory studies could be replicated a the commercia scae
with similar crystallization results. Asiswell-known, however,
some crystallizations can prove difficult to scale up no matter
what control strategy and instrumentation are used due to
sengitivities to changesin crystalizer capabilities related to the
vessd’ s mixing characterigtics or temperature control, and some
crystallizations may require more sophisticated instrumentation
to obtain desired crystal properties.?®% Furthermore, for afina
pharmaceutical product it may be necessary to follow a
crystallization operation with a milling operation to deagglom-
erate or adjust the final crystal size®

Digestion. The digestion step can involve simple dis-
solution of the crystals or it can involve Ostwald ripening,
in which case relatively large crystals grow larger at the
expense of dissolving smaller crystals,3-%? or both phe-
nomena may play a role. The rate of simple dissolution
is a function of the available solid surface area and the

(29) Fujiwara, M.; Nagy, Z. K.; Chew, J. W.; Braatz, R. D. First-principles
and Direct Design Approaches for the Control of Pharmaceutical
Crystallization. J. Process Control 2005, 15, 493-504.
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1900, 34, 495-503.

difference in Gibbs free energy (AG) between the solid
and the dissolved solute such that®®

3

%DD (surface area) x f(AG) 2
where d represents an average particle diameter. For a crystal-
lization involving change in temperature, the Gibbs free energy
term in eg 2 may be gpproximated by the change in solute
solubility, AXT, obtained by heating the durry. Ostwald
ripening, on the other hand, is the phenomenon by which a
population of crystals ages over time such that crystals smaller
than a certain critica size become smaller or disappear, and
crystals larger than the critical size grow larger.?” It is driven
by an increase in particle solubility as particle size decreases
within this range. In the limit of low particle volume fraction
and assuming no particle agglomeration occurs, the rate a which
the average particle diameter increases is approximated by
classical Lifshitz—Slyosov—Wagner theory such that

d&0_ oVaCD .
dt RT )

where g isinterfacia tenson, Vi, isthe molar volume of solute
i, G isthe equilibrium solubility of i in the bulk liquid phase,
D is the diffusivity of solute i in the liquid phase, R is the
universal gas constant, and T is absolute temperature.*-36
For cooling crystallizations, digestion normally is carried out
by dowly heating a crystal durry for a period of time, or

(33) Luttge, A. Crystal Dissolution Kinetics and Gibbs Free Energy. J.
Electron Spectrosc. Relat. Phenom. 2006, 150, 248-249.

(34) Lifshitz, I. M.; Slyosov, V. V. The Kinetics of Precipitation from
Supersaturated Solid Solutions. J. Phys. Chem. Solids 1961, 19 (1—
2), 35-50.

(35) Wagner, C. Theory of Precipitate Change by Redissolution. Z.
Elektrochem. 1961, 65, 581-591.

(36) Lindfors, L.; Skantze, P.; Skantze, U.; Rasmusson, M.; Zackrisson,
A.; Olsson, U. Amorphous Drug Nanosuspensions. 1. Inhibition of
Ostwald Ripening. Langmuir 2006, 22, 906-910.
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optionally by heating and holding the crystallizer at a constant
temperature, to modify crystal size and population. This may
also result in significant purification of the crystal mass. An
example is described by Cobley et a.¥ for purification of (R)-
2-methylenesuccinamic acid crystals suspended in isopropanol .
In this example, heating the agitated crystal durry to 40 °C
and holding for an hour increased purity from 98.0% ee to
>99.5% ee. Ostwald ripening may be particularly important
for purification because overdl purity will increaseif the number
of defects present in the new growth of larger crystals is less
than that in the dissolving fines. Moreover, for some applica-
tions, an additiona degree of purification may be achieved due
to an annealing-like effect similar in concept to the “ swesting”
step used to purify a crystal mass produced by crystallization
from the melt.3 With sweating, a degree of crystal purification
isachieved dueto rejection of impurities as crystals are partialy
melted, washing the remaining crystal mass of mother liquor
residue and to some extent reducing crystal defects through
annedling.

The relative rates at which these processes occur can vary,
depending on the system, but it is expected that in many
cases the relative rates are likely to order as follows:
dissolution > Ostwald ripening > annealing. The rate of
annealing due to solute diffusion in solid phases is
extremely slow; however, solute diffusion along solid-
phase boundaries may be sufficiently fast to play a role,
particularly for those applications in which the initial
crystal mass is produced with a fair number of impurity-
rich defects such as mother-liquor inclusions caused by
rapid nucleation.

Growth Period. During the growth period of a cooling
crystalization, the process often is controlled so that the
temperature rate of change increases as the batch is cooled in
a near-parabolic cooling curve. Figure 3 shows a typica
example. Thisis done partly because at lower temperatures the
change in solubility that results from a given step change in
temperature typically is less than that obtained at the higher
starting temperature. Also, the batch can tolerate higher cooling
rateswhile still favoring growth as more and more solute comes
out of solution and the total crystal surface area available for
growth increases. Use of an increasing-rate cooling curve is a
well-known strategy for minimizing cycle time® Similar
strategies may be useful for other types of crystalizations
involving different ways of generating supersaturation.
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(40) Paul, E. L.; Midler, M.; Sun, Y. Mixing in the Fine Chemicals and
Pharmaceutical Industries In Handbook of Industrial Mixing: Science
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Wiley: Hoboken, NJ, 2004; Chapter 17.

(41) Atiemo-Obeng, V. A.; Penney, W. R.; Armenante, P. Solid Liquid
Mixing In Handbook of Industrial Mixing: Science and Practice, Paul,
E. L., Atiemo-Obeng, V. A., Kresta, S. M., Eds.; Wiley: Hoboken,
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Mixing Characterigticsand Scale-Up. An important aspect
that needs to be considered for scale-up is the kind of mixing
that can be achieved in the large-scale crystallization vessd.
We have obtained good results on scaling from 4 L in the
[aboratory up to volumes aslarge as 12,000 L in the plant using
high-volume, low-shear axial-flow mixing impellers for good
circulation with minimal secondary nuclegtion or crystal bresk-
age or attrition. Although this magnitude of scale-up can be
risky and is not appropriate for all applications, the use of the
fiber-optic probe can help to reduce the scale-up risk. Guidelines
forgoodmixingdesignwithincrystalizersaregivend sawhere 042
In addition to its effect on crystallization phenomena and the
hesat-transfer capability of ajacketed vessdl, the mixing design
should ensure that the probe, which normally isinserted through
a dip pipe that enters the vessal from the top, is sensing a
representative volume of the vessel contents. Additiondly, the
signa response can change, depending on the direction the fiber-
optic probeis pointed relative to the flow field. Findly, it should
be understood that satisfactory mixing is not ways achieved
inacommercial-scale vessd, particularly in glass-lined vessels
that typically are under-baffled and often utilize nonoptimal
agitator designs. Careful attention to modifying the mixing
characterigtics of an existing vessal often is warranted.

Compounds and Equipment

Compounds. Batch crystalization results are reported for
various proprietary organic compounds manufactured using
multistep batch processing methods typical of the pharmaceuti-
ca and specidty chemical industries. These compounds, identi-
fied in this article only as Compounds A—D, are complex
organics with molecular weightsin the range of 150—600 g/mol.

Equipment. Crystallizations were carried out using well-
mixed jacketed stirred-tank vessels with batch volumes of 1 L
to 12,000 L. The specific sizes and operating conditions used
to crystallize the various solutes are described in Examples. The
data were generated using various Dow-designed fiber-optic
backscatter probes. The probe design details are given
elsawhere!™ In typica ingtallations, a 0.500 in. (12.7 mm)
diameter probe was ingtalled through a dip pipe that entered
the crystalizer vessd from the top, typicaly through a4 to 8
in. diameter nozzle for 212,000 L (3000 ga) vessdl. Engineer-
ing calculations for stress and mechanical moment* were used
to specify a dip pipe design strong enough to withstand the
bending forces generated in the crystallizer. Many different dip
pipe configurations may be used including free-standing heavy-
wall dip pipes or concentric dip pipes (a pipe within a pipe) or
dip pipes integrated into baffle-plates for support. In other
applications, a combined fiber-optic probe and temperature
sensor® may be inserted through athermowell nozzle at the side
of the vessdl or into a circulation loop.

Examples
Coaling Crydallization Strategies. Figure 3 shows the
fiber-optic signal profile and corresponding temperature versus

(42) Green, D. Crystallizer Mixing: Understanding and Modeling Crystal-
lizer Mixing and Suspension Flow In Handbook of Industrial Crystal-
lization, 2nd ed.; Myerson, A. S, Ed.; Butterworth-Heinemann:
Woburn, MA, 2002; Chapter 8.

(43) Dally, J. W.; Riley, W. F. Experimental Stress Analysis, McGraw-
Hill: New York, 1978; p 20.



Table 1. Batch crystallization results for Compound A

batch crystallizer batch size, crystallization

specific filtration wetcake moisture final crystal

number digestion total weight (kg) batch time (h) filtration time (h) time (min/kg feed slurry)  content (wt %)  assay (%)
1 no 389 134 48.3 7.46 25 95,5
2 no 580 11.7 14.0 1.30 12 99.3
3 yes 548 17.6 6.0 0.54 6 99.9+
4 yes 579 125 3.6 0.26 4 99.9+
5 yes 907 14.6 5.0 0.16 3 99.9+
6 yes 877 15.5 35 0.13 3 99.9+

time curves for a commercia-scale cooling crystlization of
Compound A. In this example, the goa was to produce easily
filtered crystals with good purity while minimizing the total
batch cycle time including filtration. The process was begun
with the batch held at a temperature that assured complete
dissolution of the feed material. Cooling the solution at about
8 C°/h gave good nucleation results. This cooling rate was
achieved in the manufacturing plant by controlling the vessel’s
jacket temperature at aconstant AT of 10 C° below the contents
temperature. Controlling the jacket AT generdly is preferred
over direct control of the contents temperature to avoid large
ATs and wall temperatures that are either too cold or too hot
(depending on the point in the batch cycle), because this can
cause unwanted nucleation or fouling at the wall and severely
limit the jacket’s heat transfer capability. When the fiber-optic
signal began to rise, indicating that nucleation had occurred,
the batch was then heated at a rate of 6 C°/h to begin the
digestion step. This heating rate was accomplished by control-
ling the jacket temperature at a AT of 7 C° above the contents
temperature. Heating was continued until a desired reduction
in the fiber-optic signal was obtained. As shown in Figure 3,
the signa rose from about 3% output to about 45% output
during nucleation. Digestion was stopped at about 9% output,
when about 85% of the rise in signd due to nucleation (above
the 3% basdline) had been reduced. At that point, asow cooling
profile was begun to generate a level of supersaturation
sufficiently low to promote crystd growth and production of
eadly filtered crystals, yet not so dow as to require an
unnecessarily long period of timein the crystallizer. In generdl,
the appropriate cooling curve can be determined in laboratory-
scale experiments, or with the aid of a fiber-optic probe, can
be developed and optimized at full production scale.

Table 1 summarizes the results achieved by crystallizing
Compound A at the commercia scae. Batches 1 and 2 were
made using a parabolic cooling profile without a digestion step
and without the aid of a fiber-optic probe. Batches 3—6 were
made using the probe to facilitate a digestion step as described
above, followed by a cooling curve similar to the one used for
the initial batches. The temperature curve used to crystalize
Batch 1 is shown in Figure 4. This poorly controlled crystal-
lization yielded smdll crystals that were dark in color and high
in impurities, and the resulting durry was difficult to filter on
a standard centrifuge, requiring two days to finish. In compari-
son, the better-controlled batches yielded larger, lighter-colored
crystals, and significantly higher purity. These batches filtered
and deliquored easily and quickly, as indicated by a dramatic
decrease in filtration cycle time and a much lower moisture
content of the filter cake (Table 1).

These reaults, as well as the results we have obtained with
other crystallizations, show that the digestion methodology can
be used to affect both particle size and purity of thefind product.
They aso show how the use of digestion in an appropriate
control scheme, even one that increases the crystallizer batch
time, can yield a dramatic reduction in the overal cycle time
including filtration. In general, the basic control scheme may
be adapted to modify the properties of a given crysaline
product within certain limits. If higher purity is needed, more
digestion is carried out, followed by a dower growth curve. If
smdler crystals are desired, the extent of digestion is reduced,
and a faster cooling curve is used. Also, a hold step may be
added during digestion to provide additional time for Ostwald
ripening.

Another cooling crystallization profile, this one designed to
generate small crystals of Compound B, is shown in Figure 5.
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Figure 4. Unseeded Compound A crystallization profile (12,000 L scale) without use of a fiber-optic probe and no digestion

step.

Vol. 13, No. 1, 2009 / Organic Process Research & Development 19



o o

(=]

Temperature (°C)
Fiber Optic Probe (%)
N W s g &

o o

(=]

= Contents
= = Jacket
—— Fiber Optics

30

60 |

90
120
150 -

T
[=]
w0
-

210
240 -
270
330

Time (minutes)
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scale (12,000 L) crystallizer.
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will pass through an 80 mesh screen.

This crystallization was implemented primarily to adjust the
find product’s crystal size distribution. Higher purity was not
the primary goa in this case, because most of the required
product purification had aready been accomplished in an
upstream operation. In this case, the profile that gave the desired
results did not require adigestion step. The cooling profile could
be initiated immediately following nuclestion, as soon as this
was detected by the fiber-optic probe. The results of implement-
ing the profile shown in Figure 5 are summarized in Figure 6.
In this example, the percentage of particles after milling that
would pass through an 80 mesh screen in aquality control test
at the plant could be brought into much better control. This
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dlowed the plant to more reliably meet the customer’s
specifications.

Effect of Scaleon the Fiber-Optic Signal Profileand Final
Crydtallization Results. In the next example involving cooling
crystalization of Compound C, we provide more detailed
information about the crystallization and show how the main
features of a desired fiber-optic signd profile can be replicated
on scale-up to obtain similar crystallization results (Figures 7
and 8). This example illustrates replacement of a seeded
crystallization protocol with an unseeded one and demonstrates
robust particle size reproducibility on scale-up from 1 L to
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Figure 8. Typical cooling curves and fiber-optic signal profiles at various scales (Compound C).

12,000 L (3000 gal). In this case, crystdlization was followed
by a mild milling operation to break up agglomerates.

An existing seeded crystalization protocol involved initiating
nucleation by seeding at a specified temperature, waiting for
the relief of supersaturation, and then ramping down the
temperature to a final set point, thus growing the mass of
crystals that developed after seeding the batch without any
modification. This procedure produced large and reasonably
pure crystals, however, much smaller (yet till pure) crystas
were needed for the final product formulation. A milling study
showed that the aggressive energy input necessary to reduce
particle size to the desired target (beyond breaking agglomer-
ates) would melt the compound in a standard impact mill. This
unsuccessful attempt is labeled “ Seeded Crydtalization 300-
gal (with aggressive milling)” in Figure 7. In response to this
Stuation, an effort was initiated to develop anew crystallization
procedure that could produce smaller crystals and still achieve

the necessary purification while aso diminating the use of
seeds. Theinitia cooling ramp was extended and followed by
aholding period if needed to allow for spontaneous nucleation.
A heat-back digestion step was included following nucleation
to control particle size and improve purity. Subsequent adjust-
ment of the digestion parameters allowed precise control of
particle szewithin the desired range. The 1 L scalework served
as the proof-of-concept to justify further development work at
the 300-gal scale which was needed to demonstrate and optimize
the deagglomeration milling operation at 1/10th the commercial
scale. The same crystallization protocol developed at the 1 L
scale was used at the larger scales; only the milling parameters
were varied in the “300-gal Scale Milling Optimization” time
period shown in Figure 7. This period of milling optimization
was the only time during which out-of-specification particle size
was produced with the unseeded crystallizer control strategy.
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Figure 10. Crystallization of crude Compound D from ethanol/water at the 3000 gal scaleto achieve desired purity and filterability.
For addition of water, the amount has been divided by 50 to fit the scale.

Typical signal profiles and heating/cooling curves used to
crystallize Compound C are shown in Figure 8 for the different
scales of operation. These cooling curves alowed high recovery
of the product compound and good productivity per batch, since
the solubility of the product is reasonably high at the starting
temperature and low &t the final temperature (Figure 9). The
data provided in Figure 9 aso illustrate the metastable zone
width for this application. Starting with a product concentration
of 20 wt % and aninitial cooling rate of about 15 C°/h to induce
nucleation gave good results. The fiber-optic probe enabled
precise control of digestion by (1) detecting the nuclestion event,
(2) providing a measure of the number of nuclel produced (in
terms of a subsequent rise in the fiber-optic signal), and (3)
providing a measure of the degree to which heating the batch
during digestion reduced the number of nucle (in terms of a
resulting decrease in the fiber-optic signal). The target dissolu-
tion was taken to be 50% of the increase in fiber-optic signa
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following nucleation. Once that target was achieved, the cool
down was begun, resulting in growth of the adjusted crysta
mass. In preparing Figure 8, the fiber-optic probe signals were
zeroed and normalized to the same maximum value to provide
a convenient indication of the degree to which the 50%
dissolution goa was achieved during digestion. Clearly there
is variation within this small set of data. The process actualy
ran with 40—60% reduction of the fiber-optic probe signal, but
this variability did not significantly affect the find results, as
shown in Figure 7. The use of adigestion step in this procedure
not only yielded a more tightly controlled particle size distribu-
tion, but also resulted in faster filtration rates, a factor that is
particularly important for production of products requiring small
crysta size.

Finally, as the process was scaled up, the use of the
fiber optic probe allowed some compensation for differ-
ences in nucleation points as well as differences in the
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heat transfer capabilities and mixing intensities at the
different scales. In Figure 8, the temperature curves and
fiber-optic signal profiles have been plotted so they all
align at a point in time corresponding to the initial
nucleation event. This represents the start of the crystal-
lization and helps to highlight some of the differences
between these batches. Note that the temperatures at which
nucleation occurred were not the same in each case: 1 L
scale at 32 °C; 300-gal scale at 40 °C; 500-gal scale at
36 °C; and 3000-gal scale at 42 °C. Thus, spontaneous
nucleation generally occurred sooner (at a higher tem-
perature) as scale was increased, and thisis representative
of our experience with all the batches. This may be due
to an increase in the maximum shear rate experienced by
the batch as scale was increased due to use of higher power
per unit volume to maintain the crystal suspension. In any
case, the fiber-optic probe could be used to adjust the
process to compensate for these differences. Regarding

differences in heat transfer capabilities, in this example
the 1 L laboratory-scale batch was heated at the fastest
rate during digestion and the 3000-gal commercial-scale
batch was heated at the slowest rate, with the other scales
in between. This was due to a decrease in heat transfer
capability with increasing size of jacketed vessel. Simi-
larly, the temperature curve for the 3000-gal scale did not
decrease as fast as the others toward the end due to the
larger vessel’s lower heat-transfer capability. This par-
ticular system was able to tolerate all of these differences
with little effect on the final results. Furthermore, in Figure
8 the different fiber-optic signal profiles do not line up
exactly in the same region of the plot because of
differences in the time taken between the detection of
nucleation and the start of heating for digestion. The
profile for the 500-gal batch in particular stands out with
an extended wait step. This extra time was simply due to
a need to wait for the operator to complete other more
pressing activities. This profile was included in Figure 8
to further illustrate how the profile could vary and still
yield the desired results.

Application to Antisolvent-Addition Crystallization. Con-
trolling a batch crystallization to achieve a desired fiber-optic
signal versus time profile is a strategy not limited to cooling
crystallizations but can be applied to other types of crystliza-
tion aswell. An example involves two crystalizations used in
the manufacture of Compound D at the 12,000 L (3000 ga)
scale. In this case, the product was crystallized from solution
in ethanol by addition of water as an antisolvent as well as by
cooling. Addition of the antisolvent improved product recovery
by reducing product solubility to lower levels than could be
achieved by cooling aone. Thefirgt crystallization was carried
out to achieve the desired crystal purity, and this was followed
by asecond crystdlization or recrystallization to control specific
surface area (SSA) to meet final product specifications for a
product that was not milled downstream. Specific surface area
was measured using the Brunauer—Emmett—Teller (BET)
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method* to characterize crystal size, because the product
compound formed a needle-shaped crystal, and obtaining a
direct measure of particle size was problematic. Also, it is
important to note that implementing crystallizations involving
addition of antisolvent or for reactive crystallizationsinvolving
the addition of a reagent, the mixing achieved in the large-
scale crystallizer can have a dramatic effect on the results.® In
these cases, successful application of the fiber-optic probe
control methodology requires that careful attention is given to
the design of mixing equipment in order to obtain good results
on scde-up. In this example, the water was added through a
dip pipe near thetip of an axid flow impeller for rapid dispersal
of the antisolvent.

Inthefirst crystallization of crude Compound D (Figure 10),
a predetermined amount of the antisolvent (water) was added
early in the batch, while Compound D was in solution. After
the initial water addition, the batch was cooled to nucleation
and then digested by hesating. Then, a water addition profile
was followed, adding the antisolvent more dowly at first and
then more rapidly. During this antisolvent addition step, the
jacket temperature was set equa to the contents temperature.
After the water addition was complete, anear-parabolic cooling
profile was followed. For thefind product crystalization (Figure
11), asimilar control scheme was followed, but the digestion
was less subgtantial, and the water addition rate was faster
(Figure 11). This yielded smdler crystas with the required

(44) Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in
Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309-319.

(45) Frank, T. C.; Fort, W. S.; Jones, C. M. Treat Precipitation Reactions
as Reactive Crystallizations. Chem. Processing 2005, 68 (12), 37—
41.
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specific surface area. The relationship between specific surface
area and the extent of digestion in terms of the change in fiber-
optic signd is shown in Figure 12.

Summary

We have provided examples illustrating the use of a fiber-
optic turbidity probe to monitor and control unseeded batch
crystallization processes. The probe is used to detect an initial
nuclestion event, to control asubsequent digestion step designed
to modify the initial crop of crystal nuclel, and then to monitor
acrysta growth period. The generd control strategy involves
adjustment of process variables that affect generation of
supersaturation to match a desired fiber-optic signal versustime
profile or pattern. The extent of digestion can be characterized
in terms of the reduction in fiber-optic signal observed during
the digestion step. Theinitia crop of nuclei may be conditioned
in a repestable manner by focusing on a specific operational
target quantified in terms of a desired change in the fiber-optic
signa relative to the maximum signal value observed after
nucleation is first detected. One of the examples we discuss
(for Compound C) aso shows how the probe can aid in the
scale-up of a crystalization process.

Acknowledgment

We gratefully acknowledge Nick Gipson, Pat Gipson, and
Mark Nitz for many valuable discussions and thank Alison
Beatty and Earl Soules for supporting this work.

Received for review June 25, 2008.
OP8001504





