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Abstract:

Crystallization at production scale is typically a poorly under-
stood unit operation, with little implementation of the first
principles aspect of crystallization in its design, optimization,
and control. Problems with production crystallizers include the
following: (1) inconsistencies of batch-to-batch in terms of the
size and number of crystals produced and (2) the purity profile
(residual impurities in crystals, or wrong polymorph or chiral
purity). This can have a significant impact both on product
quality and downstream process unit operations including
filtration, drying, milling, and product formulation. This
contribution reviews typical problems encountered in produc-
tion crystallization, with case studies, advice, and strategies to
understand and avoid these problems through the use of in situ
crystallization characterization tools.

1. Introduction
Crystallization from solution is a widely applied unit
operation in both the pharmaceutical and bulk chemica

industries for solid—liquid separations. Its extensive use is
based on the fact that this single operation is both a separatio

and a purification process whereby a solid crystalline produc
can be isolated with high purity and with relatively low

capital and operating costs. The production of a solid-phas
material provides a unique opportunity to control both the
size and number of crystals produced. Typically for a

ical Biology, Conway Institutersityi College Dublin,

calculated using the population balahceoupled with
knowledge of the nucleation and growth kinetics and the
prevailing supersaturation level. The population balance
approach plays a large role in crystallization and other
particulate processédvlodeling a crystallization process can
also give insight into the optimum operating conditiéAs.
However, mixing plays an important role in the size of the
particles produced and distributions of solids in the crystal-
lizer,**12 particularly when the scale of the crystallization
process is increased or the crystallizer configuration changes.
A poor mixing environment can promote concentration and
temperature gradients within the vessel, and this can result
in different nucleation rates than those encountered in a
laboratory environmeri A compartmental computational
fluid dynamics approach has been shown to give a good
indication of the size of material produced in a large
crystallizer** Simulations have also been usefully applied
to demonstrate the effect of the cycling of the contents of
an industrial crystallizéf and the effect of attrition in a

| continuous crystallize¥?

While simulations can play an important role in character-
f{zing a crystallization process, from a practical perspective
+ experiments are often vital to help characterize physical

mechanisms such as attrition/breakage and aggregation/
eagglomeration. A scale-down protocol would seem a logical

route to investigate, particularly for pharmaceutical manu-

facturing processes, as ultimately the process will be

pharmaceutical crystallization, the size and shape of the Pérformed in large-batch crystallizers, often with little scope
crystals are very important parameters. Product quality and 0 modify or optimize the geometry of the production vessel.

efficacy are often contingent on adequate control of particle The goal of scaling a process down would be to try and
size and shape in the crystallizer. The size of material MMIC the conditions of shear, heat transfer, and mass transfer

produced in a crystallizer can have a detrimental impact on associated with a large production vessel. Some researchers

downstream unit operations such as the filtration tate,
drying and formulation operatiorfs.

Therefore, it is often desirable to design a crystallization

have attempted to mimic attrition phenomena encountered
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in the plant in laboratory vessels!® There has also been the need for sample dilution or manipulation. FBRM
some success with using a loop reactor as a practical methodneasures a chord length distribution (CLD), which is a
to simulate the long circulation times associated with a large, function of the number, size, and shape of particles under
stirred-tank crystallizet? Laboratory experiments, while not  investigatior?® A more detailed description of the operation
mirroring exactly the conditions of a full-scale production of the FBRM probe is provided in the literatufe’? FBRM
process, can be used to highlight the weaknesses of ahas been successfully applied as a useful tool for detecting
production process and, in this sense, can be utilized to helpa nucleation event and characterizing the metastable zone
in process optimizatioff. width.23341t also offers the advantage that it can characterize

Tracking the supersaturation of the solution can also aid crystal behavior after the nucleation evéntgiving an
in understanding and optimizing a crystallization process. indication, for instance, of growth or agglomeratiSmr the
This has been made easier by the recent advent of sensorsomplex effects of micro- and meso-mixing on a precipitation
that can monitor the supersaturation level in 8t Some process’ FBRM is widely used as a tool for batch and
recent publications have also used in situ tools for monitoring continuous crystallization development and scalé&ip,
and controlling the supersaturation level during a crystal- crystallization controf® and the troubleshooting and opti-
lization 2526 However, monitoring the supersaturation alone mization of downstream processing probleths3 FBRM
is not enough to assess how the crystals are changing in sizénas become popular in the pharmaceutical industry for
and number over time. To give an experimental insight into identifying and helping to solve a variety of crystallization
the influence of operating variables on the actual size and processing problenf$-4” From a crystallization research and
number of crystals produced, a technique is required to sizedevelopment perspective, FBRM has been implemented to
the material. aid in the optimization of an enantiomer separation prob-

The sieve has long been the technique of choice for lem/®in monitoring and understanding polymorphic behav-
particle sizing, but with the advent of modern computers and jour 384 and identifying and understanding process irregu-
more reliable electronics and laser sources, there is now aarities such as phase separati®i®ther researchers have
vast variety of techniques available for particle size analysis. modeled how particle shape affects the chord length distribu-
However, for crystallization applications, few sizing tech- tion 5! and more recently this has been used, under certain
niques offer the ability to size material in s#Off-line ideal conditions, to predict the actual size distribution of
sizing techniques typically rely on good sampling, but with nonspherical crystals in a crystalliZ8iRather than convert
a large-scale production process sampling is often hazardoushe FBRM chord length distribution to a size distribution,
and nonrepresentative. In addition, with many organic other researchers have utilized the FBRM data to directly
crystalline materials forming needles or platelets, shape can
influence the results of many sizing technigét#. these (30) Barrett, P.; Glennon, BRart. Part. Syst.Charact. 1999, 16, 207.
issues can be overcome, an off-line measurement can pI’OVidé31) Sparks, R. G.; Dobbs., C. Part. Part. Syst.Charact.1993,10, 279.
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Figure 1. Pharmaceutical manufacturing: where particles play . . .
a role. Figure 2. lllustration of solubility curve and metastable zone

(MS2).
estimate the crystallization kinetics, both from batch pro- from which it is crystallized. A variety of techniques exist
cesse¥ and continuous process¥sThis approach should  for measuring the solubility curve including HPLC and
hold great promise for future crystallization research and gravimetric analysis. Recent publications have described the

development work. use of the polythermal meth#ibr the use of attenuated total
reflection Fourier transform infrared spectroscopy (ATR-
2. Fundamentals of Crystallization in Production FTIR) in combination with automated reactaps.

As discussed above, the characteristics of the material  To complement the solubility information, it is also useful
produced in the crystallizer can have a significant influence to have knowledge of when the solute will crystallize. A
on subsequent downstream processing operations such asolute will remain in solution until a sufficiently high level
filtration, drying, milling, blending, granulation, and tablet-  of supersaturation has been generated to induce spontaneous
ing. Figure 1 shows a typical schematic of some of the solids- nucleation. The extent of this supersaturation is referred to
handling steps encountered post crystallization in pharma-as the metastable zone width. It will typically be influenced
ceutical manufacture. For instance, variability in filtration by a variety of process parameters including saturation
and drying performance can typically be attributed to temperature, rate of supersaturation generation, impurity
variability in the amount of “fines” produced in the crystal- |evel, mixing, and solution history. It is therefore important
lization. Clearly understanding and optimizing the production to characterize the metastable zone width under a specific
crystallization step offers the opportunity to minimize and set of operating conditions, which relate closely to the
potentially prevent any downstream solids-handling bottle- conditions of the final scale crystallization. An excellent
necks. However, within the pharmaceutical industry, there overview of published metastable zone width experiments
are often significant regulatory hurdles when making changesis available in the literatur®. The polythermal technique is
to a production process. We recognize this fact, but perhaps the most widely used technique for determining the
characterizing the process and its behavior (for discussionmetastable zone width. This methodology involves cooling
in this article) can highlight the critical process variables and a saturated solution at a fixed rate until nucleation occurs.
their impact on the product formed, thereby providing an This process is repeated for a variety of cooling rates and
opportunity to improve the production process. saturation temperatures, with the recorded nucleation tem-

2.1. Solubility, Metastability and Supersaturation. First perature allowing the calculation of the metastable zone width
and foremost, knowledge of the solubility curve in a given for a given cooling rate. It is important to note that the
solvent (or solvent system) is required. It is worth noting nucleation kinetics, and hence location of the metastable
that for a given solute in a given solvent, the solubility curve zones, are very sensitive to process variables such as mixing.
is fixed thermodynamically; however, impurities can have This makes information on the metastable zone measured
an impact on the solubility, and as impurities’ profiles and in the lab difficult to use and scale reliably to the plant.
levels can change during process development or as procesglowever, knowledge of the metastable zone in the laboratory
feedstock change from plant-to-plant, it is quite possible that will certainly give a helpful indication of the likely perfor-
the solubility could change. Additionally, given that the mance of the process at production scale, and the laboratory
material being crystallized is coming from a chemical experiments could be repeated under different agitation
reaction step-where it is possible to get variable yietdt conditions to assess the impact of different mixing conditions
is therefore possible that each batch could be starting fromon the nucleation temperature.

a different part of the solubility curve. Hence, it is worth Figure 2 can be utilized to explain and define supersatu-
assessing the solubility of your material in the mother liquor ration. Supersaturation can be defined as the difference
between the liquid-phase concentration and the equilibrium

(53) Braatz, R.; Togkalidou, K.; Tung, H.; Sun, Y.; Andrews, A. Lasentec Users

Forum, Charleston, SC, U.S.A., February 24—27, 2002. solubility concentration at a given temperature. Clearly, in
(54) Wood-Kaczmar, K. Lasentec Users Forum, Charleston, SC, U.S.A., February
24—27, 2002. (55) Tavare, N. SChem.Eng. Commun.1987,61, 259.
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in a sample from a crystallizer, which may result in
misleading information.

Measuring and quantifying the supersaturation can be an
important tool for optimizing the crystallization. Spectro-
scopic techniques such at ATR-FTIR have become important
in the characterization and control of crystallization pro-
cesses. ATR-FTIR allows the user to measure and character-
ize the solution phase of the mixture with only minimal
interference by the solids present in the mixture. This is due
to the limited penetration depth of the light into the solution,
resulting in a measurement of the wetted ATR surface. On
occasion, the nucleation process can be observed if the nuclei
are smaller than a few micrometers, but often the mid-IR
spectrum of the particles is only weak compared to the
spectrum of the dissolved species.

Supersaturation measurements are more difficult when
cooling crystallization experiments are performed. MIR
spectra are significantly affected by the change in temper-
ature, mostly caused by changes in hydrogen bonding. To
build an accurate quantitative model, these changes have to
be taken into account in the calibration model. Band ratioing
procedures or chemometric techniques such as partial least
squares (PLS) often provide robust quantitative models as
described in the work of Feng and Bergldhdnd Togkali-

Figure 3. (a) Schematic of supersaturation level during cooling dou et af? Band r§t|0|ng procedures S'”?p“fy the callbrgtlon
crystallization. (b) Schematic of growth and nucleation levels. ~ and supersaturation measurement, an important requirement
for process development. In the work of Feng ettahis
method is described and applied in the batch crystallization
Figure 2 the supersaturation is changing over time. Super-of succinic acid. The concentration profiles that are measured
saturation levels drive the kinetic mechanisms of a crystal- can be used for feedback control to determine the optimal
lization process. There is a tremendous amount of researclcooling curve by keeping the supersaturation level close to
on the fundamentals of these proces$&shut the prime the solubility curve, resulting in crystal growth rather than
components of these kinetics can be distilled down to simple nucleation. Togkalidou et &f uses principal component
equations. regression (PCR) and partial least square (PLS) for modeling
Crystal growth rate (typically terme@ and expressed in  the concentrations in a multiple-component system of dif-
terms of micrometers per unit time) is a function of ferent drugs in a mixture of solvents and antisolvents. They
supersaturation—the higher the supersaturation, the higherdemonstrate that the concentrations of the different compo-
the growth rate. Additionally, nucleation or formation of fine nents can be measured with high accuracy, enabling control
crystals (typically termed, in terms of birth of new crystals  of the crystallization.
per unit time) is also driven by the supersaturation. Therefore, These techniques have been applied by Liotta &t al.
controlling the supersaturation level over time can aid control carefully control the crystal size of an active pharmaceutical
of the levels of growth and nucleation achieved, hence ingredient (API). Liotta et ad°> describe a stepwise approach
presenting the opportunity to control the size of the crystals to optimize the crystallization. First, they apply FBRM to
produced. Certainly for a production process, having high determine the metastable zone. Characterizing the metastable
levels of both growth and nucleation will result in a very zone provides the working range for controlled crystalliza-
broad crystal size distribution, which is undesirable from a tions. Next, they determine the calibration model of the
downstream handling perspective. Figure 3b shows sche-dissolved compound using ATR-FTIR and PLS. They use
matically the supersaturation and relative growth and nucle- the concentration data to study the effects of seeding and
ation levels encountered in the cooling and nucleation cooling rates on the final crystal size and shape. Finally, they
example shown in Figure 3a. use the concentration data as measured with ATR-FTIR to
Measuring the supersaturation levels offers significant control the supersaturation close to the solubility curve for
insight into understanding the driving force and dynamics optimal crystal growth conditions.
of the production crystallization. Many techniques exist for From a production perspective, knowledge of the liquid-
measuring concentration, but few offer the potential for in- phase concentration helps determine the starting concentra-
line measurement. In-line is essential for supersaturationtion for the process. This can be particularly useful if there
measurement, as the “crystallization” will continue to occur is variable yield coming from a previous reaction step or if

(56) Garside, J.; Gibilaro, L. G.; Tavare, N.Ghem.Eng.Sci.1982,37, 1625. (58) Togkalidou, T.; Tung, H.-H.; Sun, Y.; Andrews, A.; Braatz, R. Org.
(57) Tavare, N. S.; Garside, Chem.Eng. Res.Des.1986,64, 109. Process Redev. 2002,6, 317.
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a distillation is needed. Also, tracking liquid-phase concen- (a)
tration within the solubility map helps highlight when the ~,
batch is over (i.e., maximum yield) and what that yield level § 3
is expected to be.

2.2. Seeding.A technique widely used in production !
crystallization to help control the size and number of crystals 3|
produced, as well as the polymorphic form, is “seeding”. =
Seed crystals, added to a crystallizer before nucleation occurs
provide surface area for crystal growth and nucleation, hence
offering the advantage of being able to control the onset of
crystallization. Unseeded batches tend to exhibit batch-to-
batch point of nucleation consistency problems (this is time
process dependent), which can have a dramatic influence Or(b)
the size and number of crystals produced.

From a production perspective, some of the key compo-
nents to take into consideration are ensuring the seeds (if
added) are added before nucleation occurs and that they art
not added too early (and hence to the right of the solubility
curve as shown in Figure 2). This information is basic but o8 2
important in terms of production performance. This highlights e 1 G
why knowledge of the solubility curve and metastable zone : ¥
are vital. i B ey

Also, key variables in seeding include seed loading,. (i s B z
wt % of seed), seed size, and how they are added. Typically, time
e smaller the seeds, the higher the uriace area per ™ £ (3 SUSTIE, o Sheraeion o g
mags, and hence the more opportunllty for a growth- pFofiIe and supgrsa¥uration shown in Figure 3ar.) (b) Schemati?:
dominated process. Large crystals, relative to smaller ones of the growth and nucleation levels encounters during optimum
will provide less surface for growth and may result in cooling.
secondary nucleation being the dominant crystallization

mechanism during the process. It is difficult to generalize q|ative growth and nucleation rate encountered during this
these areas specifically, but typically the smaller the seed oo qjing process. Cooling in this manner helps keep the
size a”:j the higher the seed loading, the easier it is t0g nersaturation constant while simultaneously maintaining
control” a crystallization process with the minimum of 6 gperation of the process well within the metastable zone
process upsets throughout all process development andyng close to the solubility curve.

production. _ _ Seeding and optimum cooling are illustrated schematically

Seeds can be added dry or in slurry form. Adding the iy Figure 5, with FBRM data utilized to highlight what is

seed in slurry form (either in antisolvent or mother liquor) occurring and why.

may help the seeds disperse to their primary crystal size. Step A: Seeds are added and FBRM is utilized to track
Adding dry seeds may induce unwanted solvent entrapmentihe seed addition and growth.
and agglomeration, as the dry seeds may have aggregated step B: The batch is held isothermally, allowing the seed
during storage/preparation. bed to grow and increase in mass. As the solution-phase
2.3. Cooling.The most dominant technique for perform-  concentration drops back to the solubility curve, the FBRM
ing a batch crystallization in the plant is through cooling. particle counts stop changing, highlighting that there is little
Cooling the batch reduces the solubility of material in dynamics in the crystal size distribution occurring.
solution, thereby forcing material out of solution. As Step C: As cooling is started, an FBRM statistic can be
discussed above, the material driven out of solution will result ytilized to track the rapid rise in large material 100 um),
in nucleation and/or growth. highlighting the growth-dominated nature of the process.
Obviously, there is a variety of cooling rates and curves  The technique described in Figure 5 can similarly be
that can be implemented in the production plant. So which applied to all aspects of crystallization understanding and
one is best? In general, the rule of thumb for “optimum” optimization. One of the key components of understanding
cooling of a crystallization process would be to cool slowly and utilizing FBRM data in a production environment is to
at first, while the concentration of solids, and hence surface take advantage of knowledge of information about the
area for growth, is low. As the concentration of solids process variables. For most production processes the domi-
increases and the surface area is increased, supersaturatiamant process variables (in terms of impact on the dimension
can be generated faster and still be consumed by the growingpf the crystals produced) include temperature, stirrer speed,
crystals. Thus, an increase in cooling rate is appropriate. Thisand addition rate. Knowledge of these variables in addition
results in a nonlinear cooling curve. Parts a and b of Figure to FBRM data provides an understanding for when a change
4 show schematically a nonlinear cooling curve and the has occurred and what is driving it. This is the key to the

o
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use of Process Analytical Technology (PAT) in crystalliza- Figure 6 shows FBRM data from a laboratory-scale
tion processes—knowledge of the data as it relates to theprocess that has variable batch aging time. One is aged for
process variables. With this understanding in place it may 2 h, the other for 4. The trend in particle counts indicates
be possible to come up with ways to improve the robustnessthat the batches are almost identical in terms of size and
of the process. number of crystals produced. However, when comparing the
As shown in Figure 5, hold time following seeding can trend, one can observe that the batches are still changing
be a very simple way of increasing the surface area of theright up to the point of being emptied from the vessel for
seed bed before cooling. Additionally, hold time or age time filtration. This type of change would be indicative that the
at the end of the batch can be another process variable tccrystallization is not complete, and additional age time would
play with. Knowledge of where you are within the solubility be required to ensure the maximum yield. In other words,
map should help highlight the batch yield. However, it is when the FBRM data reaches a steady state, it is a signal
important to examine the behavior of the crystals, as this that no additional crystallization is occurring.
can indicate whether excessive breakage/attrition is occurring, In many cases the formation of an unwanted amount of
particularly during an age period where the batch may be fines crystals, given the crystallization kinetics of the system,
agitated for an extended period. can be unavoidable. A useful technique for getting rid of
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Figure 7. (a) Temperature profile with temperature cycling.
(b) FBRM distributions tracking fines dissolution during
temperature cycling.

careful control of the addition rate is important to control
the rate of supersaturation generation and hence the size and
number of crystals produced. There is a variety of ways of
performing an antisolvent additieradding it at the beginning
unwanted fines crystals without losing yield is temperature of a process to help induce nucleation or adding it at the
cycling. The Gibbs—Thompson effect describes thermody- end of a cooling period to help enhance yield. Alternatively,
namically that smaller particles have a slightly higher a reverse addition process could be performed where seeds
solubility than larger ones. In effect, if you heat a slurry of are in an antisolvent suspension and the saturated solution
crystals, the fines particles will dissolve at a faster rate of the solute in a good solvent is added to the antisolvent.
relative to the coarse particles. Therefore, in a production In all cases, careful knowledge about the amount of
process, if you warm the slurry (typically by an additional antisolvent to be utilized is important. This relates to the
5—20°C—depending on the solubility curve of the material desired yield and the relationship with the solubility curve.
and the quantity of fines needed to dissolve), the fines will Additionally, mixing plays a significant role with regard to
preferentially dissolve; subsequently, cooling back down to antisolvent addition rates in production crystallization pro-
the same temperature, the yield will be the same, but crystalcesses.
size distribution will shift to the coarse end. Figure 7a shows In a laboratory environment, it is possible to get a very
a typical schematic of a temperature profile that may be used,homogeneous concentration level throughout the vessel as
and Figure 7b shows the resulting FBRM data. the antisolvent is added. However, in the plant, there can be
This temperature cycling effect can also be implemented very localized concentration gradients (Figure 9) around the
earlier on in the batch, perhaps even after nucleation, toaddition location, resulting in localized levels of supersatu-
optimize the size of the seed bed for subsequent cooling. ration, and hence nucleation, that were not encountered in
Additionally, if dendritic growth has occurred (Figure 8), the lab.
it may be desirable to perform a temperature cycling stepto  Clearly, from a mixing perspective it can be desirable to
remove these dendrites before they break off in the dryer. add the antisolvent in the vicinity of the agitator, but in many
2.4. Antisolvent Addition. An antisolvent is by definition ~ cases, encrustation on the impeller can occur. Additionally,
a poor solvent—i.e. the solute will have relatively low care should not only be taken with the addition rate but also
solubility in it. Adding an antisolvent to a crystallization will  the pipe diameter. In other words, considering the same flow
further reduce the solubility of the solute in solution, forcing rate, a pipe with a smaller diameter will have a higher linear
additional material out of solution. Similar to cooling rate, velocity of the antisolvent added, hence giving better

354 e« Vol 9, No. 3, 2005 / Organic Process Research & Development



penetration and dispersion of the antisolvent below the 3. Conclusions
surface. This would become more and more important when  Production crystallizations can be difficult processes to
considering reactive-type crystallizations with fast kinetics. characterize and improve. The advance and use of in situ
2.5. Filtration. Filtration in a production environment has ~ tools offers a unique opportunity to understand and optimize
a variety of factors influencing it. Some are outside the realm production crystallization processes. Monitoring the liquid-
of crystallization influence-such as solids build up (“heel”) ~ Phase concentration (and hence the prevailing supersaturation
on the filter cloth. Additionally, the type of filter used can 1€vel) in production highlights the starting point and potential
have an effect on filtration rate. From a PAT perspective, Yi€ld Of the process, as well as areas where problems could
there has been a tremendous amount of emphasis on the usgccur (i-e. high levels of supersaturation). Monitoring the
of NIR for monitoring the solvent content in drying but less solid phase in production highlights the process kinetics

emphasis on the root cause or variability within the dryer— (nucleatlon. and growth levels) as weI.I as a route to
I, . : . . understanding how the process variables impact the process.

variability in the size and solids loading coming from the . . . X

crystallizer These technologies are well established in production for

N . rocess monitoring and troubleshooting of crystallization
In general, the rate of filtration will be governed by the P g g 4

2 i ) ) processes, but they also open up the possibility of control
specific cake resistance of the filter cake that is formed. The of production crystallization processes
driving force within this cake resistance term is the “particle
size and number”. For instance, a process that generates manfcknowledgment _
small particles (fines) will have a high specific cake h W; ';hank Unl\llerSI:])_/ %ﬁ”ﬁ?edD_me for uste_sftr_nanyDof
resistance. As FBRM measures a function of the size and ,e ala examples |g, \ghted in this contribution.  LEes
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