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ABSTRACT: Obtaining a particle size within the specifications for a pharmaceutical compound in an industrial crystallization can
be a challenging task. The events affecting the final particle size of the product include nucleation, growth, breakage, and
agglomeration, which are often convoluted. Secondary nucleation may significantly influence the particle size distribution. The
strategies and techniques relevant to obtaining an in-spec particle size in crystallization are summarized and discussed from a
perspective of process parameters. The effect of cooling profiles, seeding strategies, as well as mixing by agitation are reviewed, and
an efficient and controlled crystallization process may be achieved using an optimized combination of these conditions. Multiple
characterization methods for particle size and distribution are compared, and the discrepancies associated with the measurements are
addressed.
KEYWORDS: cooling crystallization, large particle sizes, seeding, kinetics, particle size distribution

1. INTRODUCTION
The goal of the crystallization process in the pharmaceutical
industry is to isolate the drug substances and intermediates as
solid materials with targeted product attributes. The physical
properties of the solids, e.g., crystallinity, purity, mechanical
properties, particle size, and shape, play an important role in
the development and production of pharmaceuticals.1−4 The
U.S. Food and Drug Administration (FDA) defines critical
quality attributes (CQA) as physical, chemical, biological, or
microbiological properties or characteristics that should be
within an appropriate limit, range, or distribution to ensure the
desired product quality.5 CQAs are generally associated with
the drug substance (also referred to as active pharmaceutical
ingredient, API), excipients, intermediates (in-process materi-
als), and drug product. Particle size is a common CQA of drug
substances as it affects downstream processability and drug
release characteristics. Achieving the desired particle size can
often be challenging owing to the interplay among various
process parameters. Substantial efforts have been made to tune
the particle size as the targeted product attribute during the
process development of crystallization. A series of techniques,
including mathematical modeling tools, have been applied for
the prediction and control of particle size and distribution.6−11

A large particle size can be the targeted quality attribute for a
drug compound. Large particles generally have good flowability
and avoid the issues created by small particles, e.g., clogging
during a filtration step. The general observation is that the
large particles (>250 μm) tend to be free-flowing, whereas fine
powders with a high surface area-to-mass ratio become
cohesive and tend to stick, especially particles that are less

than 10 μm.12 A small particle size is usually desired for the
poorly soluble drug substances with concerns of bioavailability.
While it can be challenging to achieve either small or large
particle sizes in the crystallization operation, for getting small
particles, micronization (e.g., milling) is commonly employed
separately for the crystallized solid materials. The current work
emphasizes obtaining large particle sizes by crystallization.
For a crystallization process targeting a large particle size,

optimized process parameters involve understanding and
controlling the underlying mechanisms (e.g., nucleation and
growth). For a seeded cooling crystallization in batch, the main
parts include optimizing the cooling profile and a seeding
strategy. Meanwhile, agitation which renders mixing and
mechanical shear is also critical to the final product particle
size distribution. The cooling profile significantly impacts the
underlying mechanisms, thus affecting a variety of product
attributes, such as form, morphology, particle size, etc.
Promoting growth mechanisms to achieve a large particle
size usually requires a slow cooling rate in a controlled way to
maintain the cooling profile within the metastable zone width
(MSZW). Seeding is an established technique for improving
crystal quality and process robustness, which has been
developed for various applications including control of particle
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size distribution (PSD). Increased particle size can be obtained
by using seeds to suppress nucleation and facilitate crystal
growth. Mixing by agitation is an important aspect for the
crystallization process and significantly impacts particle size
distribution as the selection of impeller and agitation rate can
affect the process and product attributes. PSD is usually
measured using multiple techniques, both inline and offline.
Probe-based methods are well-suited for inline “real-time”
monitoring of PSD, which has led to improved capability to
understand, optimize, and control the crystallization process to
achieve target CQAs. However, offline methods are suited for
PSD measurement after the downstream operations such as
filtration and drying of crystalline material, which could result
in agglomeration or breakage of crystals, changing the final
PSD obtained from the crystallization process. The discrep-
ancy in PSD measurements arises owing to the physical
principles of measurement employed by various methods as
well as the sampling location in the process stream.
Targeting particle sizes within certain specifications can be

challenging, particularly when trying to produce materials with
good flow properties. The inherent thermodynamic and kinetic
limitations along with the interplay associated with the critical
events, vis-a-̀vis nucleation, growth, attrition, and agglomer-
ation, leads to convoluted experimental findings. It is beneficial
to review the critical factors to be taken into consideration, the
relevant strategies used for making large particles by
crystallization, as well as the approaches and techniques
being applied for various cases. This paper is not on how to
grow a large single crystal but rather on increasing the mean
particle size in the distribution. Additionally, the current work
only summarizes recent approaches focusing on key process
parameters including the cooling profile and seeding. Mixing
by agitation is also discussed. In addition, a few practical issues
such as particle size measurement discrepancies are also
addressed.

2. PARTICLE SIZE DISTRIBUTION AND
CRYSTALLIZATION KINETICS

The final particle size distribution is governed by the
combination of nucleation, growth, breakage, and agglomer-
ation. Nucleation and growth are two fundamental events in
crystal formation, of which the interplay and their relations to
particle size can be found in many reports.13−15 For the sole
purpose of generating a large particle size, nucleation should be
suppressed and growth be dominated (Figure 1). Breakage can

be induced by attrition caused by the contact between the
propeller and particles inside the reactor vessel, resulting in fine
particle generation that leads to a reduced mean particle size.
Furthermore, some compounds tend to agglomerate which
would increase the particle sizes and can be utilized to achieve
higher mean sizes if the agglomeration does not affect the
quality attributes (e.g., purity, bioavailability) and downstream
processing steps.
Generally, the interplay of nucleation and crystal growth

with respect to particle size distribution can be described by a
population balance model (PBM), which has a general
expression of
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where n(t,X) is the number density function, and Gi denotes
the crystal growth rate (vi). X = [x1, x2,...xN] is the vector
containing the various characteristic lengths. Bbirth is the birth
rate, Ddeath is the crystal death rate, V is the volume of the
crystallization solution, and Qk is the volumetric flow rate
which describes the volumetric change due to inlet and outlet
to the crystallization solution; i.e., V and Qk must have the
same basis.
For the batch and continuous crystallizers that are well-

mixed (at both macroscale and microscale levels), unseeded,
and with no agglomeration or breakage phenomena, the PBMs
with the corresponding initial (I.C.) and boundary conditions
(B.C.) can be expressed, respectively, by the following.
Batch:
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where B is the nucleation rate and Gi = [G1, G2,...,GN] is the
vector of the crystal growth rate of the characteristic crystal
facets. ∂Ω is the boundary of the size space. δ(X−X0) is the

Figure 1. Simple diamond chart illustrates the convoluted events, i.e.,
nucleation and growth, along with breakage and agglomeration and
their influence on particle sizes.
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delta distribution that characterizes the formation of the nuclei
and is zero for all the values of X, except when X = X0.
Modeling work has been performed for a variety of systems,

including unseeded crystallization, secondary nucleation,
temperature cycling, etc.6,8,16 Li et al. decoupled the primary
nucleation, secondary nucleation, and crystal growth for
unseeded cooling crystallization (with a preceding temperature
plateau) of paracetamol, a commonly studied compound.6

Using an empirical model for secondary nucleation and fitting
data to the PBE, it was found that most crystals resulted from
secondary nucleation, which has a rate constant of 1 × 105,
whereas that of primary nucleation is 0.2 No./s/kg solvent. An
attainable particle size distribution region was proposed by
Vetter et al. for three organic compounds in which two
compounds (asparagine, aspirin) are growth only and one is
considered secondary nucleation (paracetamol).17

The population balance model is a strong tool to predict the
particle size distribution; however, major limitations originate
due to uncertainties to predict the exact mechanism in play for
crystallization. It is difficult to have a fully descriptive model,
e.g., with respect to obtaining parameters that define the
process. In another aspect, there are mathematical and
numerical challenges for the events, such as breaking, mixing,
and particulate evolution at a higher dimension.18 Due to
nucleation, growth, dissolution, attrition, hydrodynamic, and a
mixing profile of different vessels influencing the crystallization
process, the model fails to predict the final particle size in many
real-world scenarios.
In the context of modeling, process parameters and

corresponding results are the subject and in the meantime
the object. The sections below discuss a few techniques and
critical process parameters that are relevant for obtaining a
large particle size.

3. KEY PROCESS PARAMETERS TO OBTAIN LARGE
PARTICLE SIZES

For a given compound, the crystallization process and product
properties are confined by a range of factors in several
aspects�equipment, process parameters, engineering control,
etc.19 A large outcome from the emergence of continuous
manufacturing of pharmaceuticals is the development of
equipment.20−24 Jiang et al. summarized the types and the

design of crystallizers highlighting continuous-flow crystalliza-
tion.25 There is an increased number of cases that have been
reported for control of process and product attributes,
particularly particle size and size distribution.26−28 This
paper only discusses some of the process parameters that are
critical to getting large particles and how they impact the final
product in example cases. Below, we divide them into three
classes: cooling profile (can be categorized as process kinetic
parameters29), seeding, and agitation.
3.1. Cooling Profile. 3.1.1. Controlled Cooling/Cubic

Cooling. Cooling is the most common method of crystal-
lization. Alternative methods, such as evaporation and
antisolvent addition, can be used individually or in
combination. All methods act as a means to generate
supersaturation. Control of supersaturation may be realized
by employing the appropriate time profiles for cooling rate,
evaporation rate, and antisolvent addition rate.15 The
prominent effect of the cooling rate on particle size was
demonstrated by Kim et al., who compared particles subjected
to four different cooling rates of 0.1, 0.2, 0.5, and 1.0 °C/min,
and they concluded that the particle size is highly dependent
and inversely proportional to the cooling rate.30 Liotta et al.
implemented in situ monitoring and process control tools to
understand and control the crystallization of an API,31 for
which varying cooling rates and seeding protocols were
employed, as well as nonlinear temperature profiles that
resulted in crystals of larger size. The particles obtained are
significantly larger compared to the particles in experiments
without control. Of the two supersaturation set-point values
used in their study (a) 2.0 and (b) 1.5, the growth is more
pronounced in the S = 1.5 case, leading to a larger and more
uniform crystal size population. An example of the effect of
evaporation rate on the PSD of niflumic acid was
demonstrated by Stefanidis et al.32 Microwave was found to
greatly reduce the crystallization time (the time from the
solution reaching supersaturation to complete evaporation).
Due to the high evaporation rates achieved, which implies high
supersaturation ratios and thus high nucleation rates, micro-
wave irradiation for evaporative crystallization resulted in the
mean volume diameter of 25 μm at the maximum, determined
by laser diffraction particle size analysis, whereas in the hot
plate experiments (evaporation by heating), the crystal size was

Figure 2. Schematic of experimental setup, equipment, operational window, and temperature profiles for natural, linear, and controlled cooling.
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found to be around 100 μm in diameter. In addition,
microwave-assisted evaporation crystallization resulted in
significantly narrower standard deviation in the crystal size.
For crystallization involving a reaction or antisolvent, mixing of
the feed streams can greatly affect the crystallization process
and hence the critical quality attributes such as particle size
distribution.33,34 Additionally, concentration control has been
reported in cooling and antisolvent crystallization.35−37 The
adaptive control started cooling until primary nucleation
occurred, then adapted to maintain the desired counts/s
based on FBRM, able to detect the new metastable zone width
which changes with the amount of solids in the slurry,
providing fine particle removal with no additional equipment
or design needed. The resulting temperature profile showed
bursts of increased temperature dissolving excess crystals.35

In cooling crystallizations, maintaining the solution concen-
tration profile within the metastable zone and closer to the
solubility curve makes the crystal growth dominate the
crystallization events (Figure 2). Cubic cooling (slower rate
at the beginning and faster rate toward the end) provides a
constant supersaturation with an optimized temperature
trajectory (Figure 2). The nonlinear temperature trajectory
obtained from the laboratory control experiment can be
programmed in a larger-scale crystallizer. Linear cooling tends
to generate more particles, resulting in a wider size
distribution.38 Development of an optimal cooling profile can
be aided by modeling the crystallization process. Worlitschek
and Mazzotti examined the supersaturation profile in establish-
ing an optimal route (cubic cooling), which led to a slow
increase of supersaturation toward the end of the cooling
phase. In contrast, linear cooling led to an inverse profile with a
maximum supersaturation at the beginning of the process and
a decrease toward the end of the cooling. While the final PSD
of the linear cooling is dominated by newly formed nuclei,
significantly less nucleation is observed in the case of the
optimized crystallization run. The optimized profile ends at a
point between of the two cooling profiles with constant
supersaturation of 6 and 7 g/kg, respectively, resulting in a
PSD similar to that of 6 g/kg without the mode in the smaller
size region (evident in 7 g/kg) in a shorter time frame similar
to that of 7 g/kg.39

Owing to the nucleation and growth rate and their interplay,
control of the cooling profile alone may not attain the desired
particle size specification. Therefore, other strategies and
techniques are often utilized and described later in the study.
Despite the aforementioned cases, in practice, the compounds
often do not exhibit such preferred behavior, particularly for a
nucleation-dominated process with a very slow growth rate.
Another problematic scenario is a wide MSZW, which makes it
hard to control crystallization generating particles out of spec.
External intervention such as sonication and milling can be
used to induce nucleation.40 As pointed out in the previous
literature,1 it can be very challenging to achieve desired
physicochemical properties for the compounds in practice; the
motivation of the current work is to review and summarize
relevant strategies useful to meet these challenges.

3.1.2. Temperature Cycling. Aside from a unidirectional
change of temperature (or supersaturation), a change in the
reverse direction can be utilized as an alternative approach to
minimize unwanted nucleation. Temperature cycling is another
technique used to overcome the hurdles in achieving the
desired particle size distribution via cooling and heating cycles
to eliminate fine particles and promote growth, thus enlarging

the mean particle size as well as increasing the particle size
uniformity. Typically, in a batch operation, such a profile
contains one or several temperature cycles which has a
controlled cooling stage followed by a heating stage and ends
with a cooling operation. For the continuous mode, such a
profile can be implemented in different segments of the system.
In a plug flow crystallizer, the different temperature zones can
be deployed in each tube segment, rendering temperature
cycling to the flowing mother solution.41 In a MSMPR, such a
temperature profile can be implemented using multistage
crystallizers, wherein the reactor held at high temperature
serves as a dissolution stage. With the aid of process analytical
technology (PAT), which provides real-time measurements
(e.g., concentration) and mathematical modeling which defines
the optimal temperature profile, in situ fine particle removal by
temperature cycling that does not require any extra dissolution
unit has been shown to work successfully.39,42−44 However,
maintaining such a temperature profile may not completely
remove the fine particles. Recycling the slurry through an extra
unit with different settings and apparatus (e.g., dissolution
vessel, heating pipe, etc.) has been proven to increase the
efficiency of fine particle removal.45−48

Majumber studied the optimal temperature profiles aiming
to yield crystals with target unimodal PSD for various types of
growth and dissolution kinetics.41 Most effective is when both
the growth and dissolution kinetics are size-dependent (the
larger crystals grow faster than the smaller ones, and the
smaller crystals dissolve faster than the larger ones). For the
case when both growth and dissolution kinetics are size-
independent, the fine particles cannot be reduced to the
desired level. When it is size-dependent for only dissolution or
growth, a better outcome (compared to both dissolution and
growth are size-independent) in terms of fine particle
dissolution is expected, but the fine particles that appear at
the final stages cannot be removed.
From a similar principle, direct nucleation control (DNC)

utilizes thermal cycles and controlled dissolution to eliminate
the fine particles in the mother liquor.49,50 It involves
manipulation of temperature and works through a feedback
control strategy based on the measurement of particle number
in the system. In tackling the challenges arising from the slow
growth kinetics of an API with needle-like morphology, Yang
et al. applied DNC and in situ immersion milling in producing
crystals of larger size and lower aspect ratio.51 In their study,
four approaches were investigated, namely, (1) supersaturation
control (SSC), (2) direct nucleation control (DNC), (3)
sequential milling−DNC, and (4) simultaneous milling−DNC.
Compared to simple unseeded or seeded linear cooling
crystallization, it was found that SSC and DNC were able to
improve particle size (roughly from 10 to 15 μm). Several
supersaturation set-points were compared, and a relative
supersaturation of 0.15 was optimal to avoid high nucleation
rates, resulting in the largest average size. DNC was a more
effective approach to obtain higher quality of crystals aided by
in situ dissolution of fine particles, and no complex calibration
was required. The results indicated that the average particle
length increased significantly in the first two thermal cycles;
however, it had a marginal effect in the third and fourth cycles,
which was attributed to crystal growth being favored at higher
temperatures. In addition, sequential and simultaneous mill-
ing−DNC approaches could reduce the particle 2D aspect
ratio without generating fine particles, but the simultaneous
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approach lacks practicality due to the long batch time required
to achieve the desired yield.
Eren et al. recently employed temperature cycling to tackle

particle size distribution and morphology of a drug compound
which had a high aspect ratio and a tendency for primary
nucleation.52 Results showed that the mean size increased with
increasing number of temperature cycling, and the particle size
distribution was skewed toward the larger sizes after 3 cycles
compared to linear cooling and 1 cycle. In another study, an
annealing vessel (an extra vessel in the recirculation systems for
fine particle dissolution) was used, and wet milling was applied
in combination to alter the PSD.53 A broad, bimodal PSD of an
active pharmaceutical ingredient was turned into monodis-
persed particles in a lab-scale crystallization system in which an
annealing step was proven to be significantly effective in
eliminating the fine particles, thus shifting the weight of the
PSD toward the higher end. Temperature cycling has been
increasingly adopted and studied in crystallization develop-
ment.54,55 Particle size uniformity has been found to be greatly
improved by this approach.56 Bakar et al. investigated the effect
of temperature cycling on the surface features of sulfathiazole
crystals, and those features were correlated to focused beam
reflectance measurement (FBRM) results.57 Results showed
that temperature cycling combined with membrane seeds was
successful in producing large size crystals with narrow PSD and
with no visible agglomeration for a highly agglomeration-prone
compounds.58 Production of a larger crystal size with minimal
liquid inclusion of cyclotrimethylene trinitramine (RDX, an
energetic material) was simultaneously accomplished by Kim
et al., who investigated key process parameters including an
initial cooling rate, the range of the temperature cycle, and
recooling rates of temperature cycling.30

3.2. Seeding. Seeding is an effective technique employed
to achieve control over the crystallization process and to
improve crystal quality and process robustness, particularly in
the batch crystallization process.59−61 Seed crystals, with
predetermined amount, form, size, and other properties such
as surface area, act as templates for the solute to attach in order
to promote a controlled crystallization (Figure 3). The mean
size will be critically dependent on the growth phase after
seeding. Following growth, secondary nucleation and/or
attrition would decrease the mean size of the product. Seeding
conditions such as seed load can determine product quality.
Addressing those conditions can be a difficult task when
designing a crystallization process. A design of experiment will
be needed to find the best combination of conditions to
achieve the desired product attributes.

3.2.1. Seed Load. Seed load can have a significant impact on
the final PSD. It is possibly the most critical parameter that
needs to be determined in seeding. Based on previous
literature findings, the general range of the seed load is 0.1−
10% of theoretical product yield, with some reported up to
15%.59,62 More seeds can consume the level of supersaturation,
facilitate growth, and inhibit nucleation. A case was reported
where a 0.2% seed level was clearly insufficient to control the
supersaturation, and 2.0% seed gave a smoother crystallization
profile.15 However, it is important to note that there is no
simple and universal relation for seed load and product particle
size, not to mention the drawbacks in using a large seed load.
An optimal seed load needs to be determined.
Different impacts of seed load on particle size have been

observed, and it indicates that there is a critical seed load for
getting the largest particle size in each process with other

parameters fixed. Such a critical load may be subject to change
of process parameters (e.g., cooling rate). For a slower cooling
rate, the “critical seed load” would be expected to be lower, as
less surface area would be needed to keep the system at lower
supersaturation. An optimal seed load would minimize
nucleation and allow for maximum growth on top of the
seeds. Eder et al. found out that, in their system, 0.02 and 0.04
seeding loads (gseed/mLslurry) had nearly identical product
particle size, and a 0.05 seed load slightly decreased the mean
particle size.63 Higher seeding load does not necessarily
increase the product size. With the same seed size, the effect of
seed load of 10, 15, and 20% was investigated in the
crystallization of paracetamol, and a decrease in the normalized
product size was observed with increased seed loading.64 The
seed load effect on particle size of potassium alum and
potassium nitrate was studied by Doki and Huang,
respectively.65,66 Doki et al. proposed a critical seed load
above which no secondary nucleation occurs, while Huang
reported that with the increasing of seed load, the linear
growth rate of a single crystal and the mean size of the
products both decreased accordingly. The mechanism in which
the large seed load leads to a decreased mean size can be
complex, but it is proposed that this is because the theoretical
mass of crystals produced could consist of either numerous
small crystals or fewer large ones, in which each seed crystal
grows to a smaller final size than if there are fewer seeds at the
same supersaturation.64 There are also reported cases where
seed load does not have a significant impact on the product
PSD.26 The optimum seed load varies depending on the

Figure 3. Photomicrographs of a crystalline API candidate from
cooling crystallization experiments: (a) cooled at −0.75 °C/min, no
seeding; (b) cooled at −0.075 °C/min, no seeding; (c) cooled at
−0.75 °C/min, with 1% w/w seed; (d) cooled at −0.075 °C/min,
with 1% w/w seed. Reproduced from ref 31. Copyright 2004
American Chemical Society.

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.2c00277
Org. Process Res. Dev. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.oprd.2c00277?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00277?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00277?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00277?fig=fig3&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.2c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


system and should be studied when developing a process that
has PSD as a targeted attribute.
In the studies previously mentioned, separate ways of

expressing the seed load were used, hence there is a need to
unify the expression of seed load. There are several types of
expressions: mass/volume; seed mass/theoretical yield mass;
seed mass/dissolved mass. A common expression is the ratio of
seed mass to dissolved mass.
Seed load can be related to the product particle size by mass

balance. For a growth only model, assuming the same density
of seeds and product, and based on mass balance
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where ms is mass of the seeds, mp is mass of the product, ls and
lp are the diameter of the seed and product particle,
respectively (if treated as spherical).
However, this model does not count for secondary

nucleation. For several compounds, the extent of secondary
nucleation needs to be monitored when developing a
crystallization process. With regard to secondary nucleation,
we define the ratio of the number of particles formed by
secondary nucleation to the number of seed crystals as f.
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Based on mass balance and omitting the deduction process, we
have
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3.2.2. Seed Size. As a common strategy, smaller seed crystals
are used for crystallization of APIs. There are multiple
techniques used for the preparation of seed crystals. Risks
associated with a smaller size seed may include agglomeration,
which can result in lower purity. However, agglomeration of
small seed crystals can be mitigated by size selection and slurry
preparation.67 The smaller seed crystals generally provide
larger surface area and facilitate the growth. Additionally,
smaller seed crystals were found to have better performance in
nucleation inhibition.68 Coles and Threlfall pointed out that
the key seed size may not be about the size but rather the
surface effects.69 To elucidate the effect of seed sizes on
product attributes, the other crystallization parameters need to
be held constant. Zhang et al. developed an optimized seeding
strategy for a seeded cooling process within a certain
temperature range based on their calculations.38 Plotting
optimized cooling time against seed size and seed load
generated a 3D surface below which it would lead to undesired
secondary nucleation, and their results suggested that seed size
has a higher impact than seed load on the cooling time, as the
total surface area is more sensitive to the seed size. A narrow
distribution of seed size is preferred for repeatability. For a
growth-dependent crystallization, the cooling profiles will not
change the dispersion (distribution).70

3.3. Effect of Agitation on Particle Sizes. The size of
crystals obtained during crystallization are greatly affected by
the hydrodynamic conditions of mixing in the crystallizer.71 In
a typical crystallization process, the generation of super-
saturation (cooling, evaporation, antisolvent) and its spatial

and temporal distribution in the reactor is affected by macro-
and micromixing (at molecular scale).72 Micromixing is most
important for reactive or additive crystallization. Reactive or
additive crystallization involves the reaction of two reagents to
form the solute that crystallizes out as the product. The three
subprocesses for crystallization, namely, chemical reaction,
nucleation, and growth, occur at a molecular level and the
effect of mixing on these processes must be considered while
targeting a specified PSD for crystals. Micromixing can be
approximated by comparing characteristic times for precip-
itation and the chemical reaction; if the time for micromixing is
lower than the reaction time, then the reactor would achieve
homogeneous composition and nucleation kinetics would
control the process.15 Although many different reactors are
used for crystallization, the influence of mixing on PSD in a
mixed-suspension mixed-product removal (MSMPR) crystal-
lizer will be discussed in this review. Different scales of mixing
are important to homogeneity in an MSMPR, but cooling
crystallization is usually dependent on mixing at larger length
scales. The MSMPR uses an appropriately designed mixer to
achieve sufficient mixing so that the slurry (mother liquor and
solids) are spatially homogeneous in the reactor and have the
same particle size distribution as the spatially averaged PSD.73

The common impeller types (Figure 4) used in a MSMPR

include pitched-blade turbine, flat-blade turbine, curved-blade
turbine, rushton turbine, hydrofoil, retreat curve, propeller, and
anchor-type geometry.74 The choice of using a specific impeller
is determined based on its ability to achieve a homogeneous
and fast mixing of the incoming feed in the bulk suspension
and help with efficient heat transfer. Moreover, the shear forces
from the agitator should not result in attrition of the growing
crystals or lead to excessive secondary nucleation, which may
result in poor control of PSD.
In larger volume reactor vessels, multiple impellers (radial

and axial) are typically used to keep the solids moving
smoothly in the reactor and provide high shear regions in the
vicinity of the injection point for the feed. All impellers on a
single shaft system need to act in concert so that flow from one
impeller feeds smoothly into the next for efficient mixing,
without any dead zones.75 Additionally, the use of baffles in the
reactor helps convert much of the tangential flow originating
from the impeller to axial flow, which is required for crystal
suspension and macromixing. A small gap is usually left
between the reactor wall and the baffle to allow for the flow of

Figure 4. Different impeller designs used in crystallizers: (a,b)
pitched-blade turbine, (c) flat-blade turbine, (d) flat-two-blade
paddle, (e) flat disk impeller, (f) anchor-type (four blade) impeller,
and (g) anchor-type (half-moon) impeller.
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material and prevent any fouling in the vessel. In order to
achieve similar yields and PSD while scaling-up crystallization
processes, efficient mixing characteristics need to be ensured in
a larger volume reactor.76 Mixing scale-up can be considered in
three primary ways�geometrically, where the vessel and
agitation configuration maintain the same shape and relative
sizes (aspect ratios), kinematically, where the relative velocities
are maintained, and dynamically, where the relative forces are
maintained. While batch reactors are still predominantly used
for crystallization in the pharmaceutical industry, there is a
slow trend toward instituting continuous processing.
Liu et al.77 reported the influence of agitation (stirring rpm,

type of impeller, and baffles) on induction time of butyl
paraben dissolved in ethanol solution. They measured
induction times at different supersaturations and temperatures
in three different jacketed vessels that used overhead stirring.
The induction time is defined as the time period (or lag)
between the creation of supersaturation and the detection of
the first crystals appearing in the mother liquor. A high-
resolution camera is typically used for recording the process of
crystallization in the reactor and estimation of induction time;
the mother liquor turns turbid shortly after the onset of
primary nucleation. They used a marine propeller, a rushton
turbine, and a disk type of impeller and found that induction
times were shortest for the rushton turbine at all rpms,
followed by a marine propeller and then the disk impeller. The
presence of baffles lowered the induction times when used in
conjunction with the rushton turbine and had minimal
influence on induction times with disk impellers. A larger
diameter disk impeller had shorter induction times compared
to those of a smaller diameter disk impeller, while other
parameters were held constant; the primary reason for this
observation was due to higher tip speeds achieved with a larger
diameter impeller. For all of the conditions investigated,
induction times decreased with increasing agitation rate, as the
width of the metastable zone is narrowed.78 Based on the
energy dissipation rate for Taylor−Couette experiments, an
empirical relationship was derived which suggested that the
rate of nucleation increases with increasing average energy
dissipation rate raised to the power 0.3 and shear rate raised to
the power 0.6. In certain cases, agitation speed may also favor
crystallization of one polymorph over the other.79

Ćosic ́ et al.80 investigated the influence of different
inclination angles (30−90°) of a pithed-blade turbine on
nucleation and crystal growth kinetics of borax decahydrate in
cooling crystallization. The liquid height in the reactor was
equal to the diameter of the vessel; the impeller diameter was
half the size of the vessel diameter, and the off-bottom
clearance was maintained at 1/3 of the height of the liquid.
They reported that an increase in the angle from 30 to 90° to
the horizontal axis increases the secondary circulating flow
below the impeller accompanied by a transition from an axial
to a radial flow direction, and a low mixing zone appears in the
upper layer of fluid in the reactor. Although the nucleation rate
depends on the level of supersaturation, the width of
metastable zone decreases with an increase in the impeller
blade angle, and the dominant mechanism is primary
nucleation caused by the impeller. In mixing regions with
turbulent flow, crystal growth rate is limited by the integration
of precursor species into the growing nucleation sites. They
also reported that larger crystal sizes were obtained at lower
blade angles and were more agglomerated compared to smaller
crystal sizes at higher blade angles and less agglomerated

crystals. Particle agglomeration was addressed as a two-step
process: (1) aggregation (two or more crystals collide and
remain fused after the collision) and (2) cementation and
growth of crystals. The first step is accomplished around the
vicinity of the impeller, while the cementation and growth of
the agglomerates take place in the upper zone with lower
intensity of circulation currents. At angles above 45°, the radial
flow becomes more pronounced, leading to higher shear forces
that may prevent cementation of crystals.81 They also observed
that the presence of fine particles owing to secondary
nucleation and higher supersaturation levels remains the
same for all blade angles, while attrition due to mechanical
impact between crystal collisions and crystal-blade collision
(contact nucleation) increases with higher blade angles. Higher
yields were reported for crystallizers with larger impeller blade
angles.
Rane et al.82 explored the effect of impeller design and

power consumption (per unit mass) on crystal size distribution
(CSD) in a 500 mL stirred tank reactor. They also used
computational fluid dynamics (CFD) simulations to predict
flow inhomogeneities for three different impeller designs (disc
turbine, pitched-blade turbine, and marine propeller), rotated
at three speed set points (2.5, 5, and 10 rps). The CFD data
were validated against experimental data obtained from phase
Doppler particle analyzer (PDPA). Impeller speed is a major
factor governing the fluid flow and crystallization process in the
crystallizer. Higher speeds tend to homogenize the concen-
tration of the reaction mixture and result in a narrower CSD.
They reported that at lower impeller speeds (2.5 rps) the CSD
becomes wider owing to low evaporation rate, while higher
impeller speeds (10 rps) resulted in a uniform suspension
density for each crystal size, leading to a narrow CSD. Higher
impeller speeds result in three important effects: (1)
enhancement of the nucleation rate resulting in more viable
nucleation sites in the crystallizer reducing the average CSD,
(2) higher rate of collisions (crystal−crystal and crystal−
impeller) resulting in higher attrition and limited opportunity
for sustained crystal growth, and (3) an increase in specific
power input (watts) improves mixing and homogeneity in
mother liquor composition creating a near-constant super-
saturation in the crystallizer. Appropriate trade-offs must be
made to achieve good mixing while minimizing attrition and
limiting secondary nucleation to achieve desired CSD. They
also reported that CSD was narrowest for the disk turbine and
the widest for the marine propeller, which corresponds to the
distribution of energy dissipation rate by the impellers. Across
all configurations tested, the CSD is directly related to the
distribution of energy dissipation rate in the crystallizer, and
the mean crystal size depends on mean power consumption.
Mitchell et al.83 studied nucleation kinetics based on Kubota’s
theory for cooling crystallization of paracetamol in ethanol
solutions and found that induction times decreased with
increased levels of agitation as well as with the use of baffles in
the reaction vessel. They used a 1 L borosilicate jacketed
reactor and an overhead motor for agitator (pitched-blade
turbine with four blades at 45°). An unbaffled reactor vessel is
prone to solid body rotation wherein the fluid rotates like a
solid mass with minimal mixing and an increased agitation
creates a large surface vortex, causing entrainment of air
bubbles that can inhibit the nucleation process. The baffles
maximize power input in the fluid, hinder the formation of
surface vortex, and minimize solid body rotation, thereby
enhancing the mixing regime. Based on the FBRM measure-
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ments for estimating induction time, they reported that lower
induction times can be attributed to combined effects of
increased power input and increased surface area in contact
with the solution. For the paracetamol−ethanol system, there
was a linear relationship between higher levels of agitation and
shorter induction times. O’Grady et al.78 investigated the
effects of antisolvent addition rate and agitation speed on the
width of metastable zone using FBRM in a 500 mL reactor.
Across all conditions explored, the width of the metastable
zone widened with an increased addition rate of antisolvent,
and these effects were more pronounced when the addition
was closer to the impeller primarily due to efficient mixing.
Addition of antisolvent closer to the impeller resulted in rapid
incorporation into the bulk mother liquor, leading to
repeatable crystallization results; however, for additions closer
to the reactor wall, the incorporation is hindered by
unfavorable mixing conditions, leading to premature nuclea-
tion and more variability. They also reported that, with
increased agitation rates, antisolvent addition closer to the
impeller leads to a narrower MSZW, possibly due to the
increased probability of contact between solute molecules.
However, under higher agitation rates, antisolvent addition
closer to the wall resulted in a wider MSZW and a
corresponding improvement in batch-to-batch repeatability.
This observation can be explained by the fact that increased
agitation can dissipate local areas of supersaturation, creating a
uniform supersaturation and repeatable results. Tizbin et al.84

performed a CFD analysis to study particulate flow inside a
forced circulation crystallizer using the geometry of a small-
scale industrial crystallizer. Their study was the first to model
interparticle interactions such as breakage (attrition), aggrega-
tion, and kinetics (growth model), which leads to a deeper
understanding of the PSD variations in the crystallizer. They
reported that mean crystal sizes increased by 15.5% inside the
boiling and mixing zone, while circulation of crystals in the rest
of the crystallizer body had little effect in increasing particle
sizes. Changing the input flow rate of the reaction mixture
could increase or decrease the outlet particle size depending on
the interaction mechanisms of the particles in the crystallizer.
As seen from the summary provided in this section, the

phenomenon of mixing in crystallizers is complex, and it may
be necessary to optimize mixing conditions (impeller type,
speed, etc.) for different reactor sizes to achieve reproducible
PSD in a scale-up environment. Some of the factors that
greatly improve with better mixing in a MSMPR include fast
heat transfer, homogenized composition of the mother liquor
(during antisolvent or reagent addition), uniform crystal
suspension, etc., while greater mixing intensity also could
result in narrowing the MSZW, higher attrition or crystal
breakage, greater secondary nucleation that results in lower
average particle sizes, and a broader PSD, which may be
undesirable. However, in practice, the desired outcome from
the crystallization process such as a specific PSD, yield, bulk
turnover, among others would dictate the choice for using
certain mixing conditions. Risks associated with above-
mentioned process parameters regarding the particle size are
listed in Table 1.

4. DISCREPANCY IN PARTICLE SIZE DISTRIBUTION
MEASUREMENTS

Physical properties of the API such as particle morphology
have a significant impact when developing a drug product with
desired CQAs.85 Drug particle shape can affect downstream

processability and cause physical characterization difficulties
and drug product performance issues such as a poor
dissolution rate or bioavailability.86 Particle shape and size
can affect content and dose uniformity in oral solid dosage
(OSD) forms, the grittiness of solid particles in chewable
tablets, and other properties related to physicochemical
stability.87 When scaling from pilot plant to manufacturing, it
is necessary to meet the regulatory requirement that the final
bulk drug substance at both scales must duplicate CQAs
including particle size distribution, bulk density, and/or surface
area within narrow ranges.88 This places great demand on
accurate PSD measurement of APIs while using various PAT
tools and mitigation of errors.
Based on the final drug product specification, the

crystallization process for drug substance can be modulated
to synthesize target API with small particle sizes (Dv90 < 10
μm) or larger particles (Dv90 > 1000 μm).89 The particle size
is the property most frequently monitored during the
pharmaceutical development and manufacturing process. If
the crystallization process produces larger particles, down-
stream processing (DSP) involving milling operations can be
used to achieve desired PSD and shape solubility kinetics. The
narrower the PSD range thereby leads to in-spec/on-target
manufactured product. Any differences in the crystallization
process pertaining to synthesis, reactor scale-up, and
optimization of synthesis conditions might lead to differences
in crystal growth kinetics and/or the formation of the
agglomeration of different strength and sizes. During the
process development standpoint, PSD is usually evaluated
using more than one method. Conventionally, offline particle
size analyzers such as laser diffraction, dynamic light scattering,
and sieve analysis were used for product quality control which
would require ∼100 mg or several grams of valuable sample for
the measurement. However, probe-based methods such as
FBRM and particle vision and measurement (PVM) are well-
suited for online “real-time” monitoring of PSD, which has led
to improved ability for in-process control and to optimize the
crystallization process to achieve target CQAs.90−92 Moreover,
DSP operations comprising filtration, washing and drying of
API crystals could result in agglomeration or breakage of
crystals, changing the final PSD obtained from the process.93

Li et al.94 analyzed PSD for spherical glass beads and
nonspherical silica flakes using image analysis (IA), laser
diffraction (LD), ultrasonic attenuation spectroscopy (UAS),
and FBRM. The conversion between PSDs obtained by IA,
LD, and UAS are based on particle shape factors and could
widely vary based on the morphology of the API crystals. They
reported that particle shape strongly affects the measured
distribution. For instance, PSDs measured by IA, LD, and UAS

Table 1. Risks Associated with the Process Parameters
Regarding the Particle Size

process
parameters low high

cooling rate
(°C/min)

low throughput oiling out, uncontrolled nucleation,
suppressed growth

seed load
(wt %)

rapid seed dissolution,
insufficient growth

low yield, secondary nucleation,
decreased mean size due to large
number of particles

seed size
(μm)

agglomeration,
impurity

relatively low surface area, secondary
nucleation

stirring rate
(rpm)

poor mixing, regions
with high local
supersaturation

attrition, secondary nucleation
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agree well; however, there was no consistency in PSD results
for nonspherical particles. IA offers the ability to measure PSD
using a high-resolution camera and can be used as an online
method to image particles in a dynamic system. The downside
for IA is that a significant number of particles must be
measured for robust results. On similar lines, UAS measure-
ment is based on the interactions between suspended particles
in a suitable solvent and an ultrasonic wave, which utilizes
fundamental equations of mass, momentum, and energy. A
marked advantage of UAS is the ability of characterize optically
opaque particles in concentrated systems with ∼70% volume
fraction without a need for dilution. UAS also requires a
detailed set of physical properties for the solid and liquid
phase, such as thermal dilation (K−1), shear rigidity (N·m−2),
attenuation (dB·m−1), speed of sound (m·s−1) etc., which may
be difficult to obtain. FBRM measures chord length
distributions (CLD) by scanning particles passing in front of
the sapphire window, using a focused beam of laser light
rotated at a fixed speed.95 Although FBRM is the most
common PAT used for online and inline measurements, it
often is subjected to fouling, leading to errors in measurement.
Designing or optimizing a process solely based on CLD data to
estimate PSD should be carefully used and cross-validated as
CLD data depend on optical properties of the particle,
morphology, and perturbances in the process (such as fouling,
bubble formation on the probe, etc.).96 LD measures particle
size distributions by measuring the angular variation in
intensity of light scattered as a laser beam passes through a
particulate sample dispersed in a liquid or fluidized in a gas.97

Large particles scatter light at small angles relative to the laser
beam, and small particles scatter light at large angles. The
angular scattering intensity data is then analyzed to calculate
PSD using Mie theory of scattering. LD reports PSD as a
volume equivalent sphere diameter irrespective of particle
shape, and measurement errors start compounding for
relatively transparent particles below 50 μm. Narang et al.98

studied CLD for microcrystalline cellulose (MCC) obtained by
FBRM and its correlation with offline particle sizing techniques
such as sieve analysis, LD, and optical microscopy. Their
results concluded that FBRM provided adequate resolution
and reproducible measurements for the high shear wet
granulation (HSWG) process compared to offline techniques.
However, the PSD data obtained by all methods correlated
well. Robust utilization of PATs in pharmaceutical unit
operations requires a coherent understanding of the interaction
of instrumentation and process variables that can impact the
resolution and sensitivity to changes in material properties.
Zidan et al.99 employed FBRM along with particle vision and
measurement (PVM) for monitoring CLD of microparticle
manufacturing of poly(lactide-co-glycolide). They reported
that FBRM was sensitive to the amount of the solid materials
and the number of microparticles formed; however, the use of
PVM imaging was imperative to detect various stages of
microemulsion droplets, sheath formation, and solidification
with subsequent microparticle hardening. They illustrated the
synergistic utility of FBRM and PVM in monitoring the
progress of particle formation during drug encapsulation.
Heath et al.100 compared the FBRM response with conven-
tional PSD measurement techniques from laser diffraction and
electrical sensing zone for a range of sieved aluminum and
calcite suspensions. They reported that the mode average of
square-weighted chord length was comparable to other sizing
methods in a range of 50−400 μm. The square-weighted

FBRM results were unaffected by flow velocity of the
suspension and the solid fraction in the range of 0.1−20%.
They found that lower weighting increases the instrument’s
susceptibility to changes in solid fraction, while larger particles
may be difficult to size accurately due to obscuration by fine
particles or due to poor correlation between total particle
counts and solid fraction, which can be rectified by corrections
to the instrument dead time. Phillips et al.101 reported that
FBRM oversized small particles (<150 μm) and undersized
larger particles (>500 μm) while characterizing fine-grained
deposits in the river basin.
Hirschle et al.102 provided an account for PSD discrepancies

when measuring particles below 1 μm with various character-
ization tools along with the advantages and disadvantages of
each method. They divided measurement techniques into two
categories, depending on whether the samples are analyzed in a
wet state (dispersed in a solution) or are in a dry state
(powder). The samples analyzed in a dry state tend to
agglomerate as the nanoparticles agglomerate to minimize
surface energy, and it becomes difficult to identify the primary
particle sizes.103−107 Additionally, X-ray diffraction (XRD)
measurements are employed to estimate particle sizes by using
the Scherrer equation, which correlates crystal sizes with peak
broadening in the patterns.108 XRD measurements provide the
size of diffracting domains inside the crystal rather than the
true size of the crystal.109,110 The lower the number of defects
in the structure, a more accurate prediction of the crystal sizes
is obtained by XRD. The peak width in the XRD pattern is
sensitive to defects in the crystal structure, and the presence of
amorphous material tends to reduce the crystalline domain size
to lower values compared to the average particle sizes. Acevedo
et al.111 presented models for conversion of CLD to PSD for
nonspherical using FBRM and compared the distribution to
offline LD measurements. However, the models developed did
not consider the impact of agitation speed on the FBRM,
which should be evaluated after the process conditions are fully
optimized. Figure 5 provides a particle size comparison

between measurements from LD and FBRM for an API with
bipyramidal crystal morphology. The API was synthesized
using cooling crystallization process in a single-stage MSMPR
(100 mL) with 200 rpm stirring speed of the PTFE agitator to
promote downmixing. The reactor was temperature controlled
using a heating jacket connected to a thermoregulator (Huber

Figure 5. Optical microscopy image (inset) for an API showing
bipyramidal crystal morphology and comparison of particle sizes
obtained using inline (FBRM) and offline (LD) measurements.
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Unistat Tango) with a PID controller. The Lasentec FBRM
probe was inserted above the PTFE agitator at a 45° angle
vertically, which helps prevent the formation of stationary air
bubbles resulting in measurement errors. A sampling time of
10 s and an average of 11 measurements were used. The
crystallized API samples were filtered using a Buchner funnel
with a fritted disc, followed by washing with a benign solvent
to remove impurities and dried at 50 °C before LD
measurements. The Mastersizer 3000 fitted with Aero M
module was used to obtain dry powder dispersion for particle
size measurements. Particle sizes obtained by FBRM shows a
mode ∼105 μm with a near-Gaussian distribution, while LD
shows a mode of ∼255 μm and a left-skewed distribution
toward smaller particle sizes. This discrepancy seen in the
results originates from the measurement and process
conditions used for the instruments. FBRM monitors particles
suspended in the mother liquor during crystallization which
directly pass in front of the sapphire window. Parameters such
as the type of agitator (half-moon, angled pitch-blade, rushton
turbine, etc.), the agitator RPM, insertion depth of the FBRM
probe, and its subsequent fouling would affect the measure-
ments. Moreover, the square-weighted distribution emphasizes
the relative contribution of large chord lengths (>100 μm),
while no weighted distribution highlights the contribution
from smaller particles (<100 μm), which can further skew the
results.112 The dynamic nature of the crystallization process in
the reactor (primary and secondary nucleation, crystal growth)
can change the CLD obtained by FBRM as a function of time,
which can be effectively used for online process monitoring
rather than obtaining a final PSD for the API. Alternatively,
offline measurements using LD measures particle sizes
postprocess, which could entail particle breakage and
agglomeration. LD measurements would represent an actual
PSD for the sample at this stage of the process as the API
(drug substance) is transformed into a drug product, especially
the OSD forms. During end-to-end process development,
using FBRM results to design of DSPs such as milling,
extrusion, tableting, etc., would result in out-of-specification
drug products.113 PSD methods are process-related, and the
crystallization process along with sampling methods should be
fine-tuned to support PSD and morphology changes until the
process for synthesis, workup, and isolation of the target API is
fully established. Continuously monitoring PSD and collecting
data, including microscopy, is a part of analytical quality by
design (AQbD) approach to develop a robust method that can
be validated as required.114

5. CONCLUSION
Producing large crystal sizes can be a challenging task during
the crystallization process development of a pharmaceutical
compound. Unlike the screening stages, where the crystals can
be left undisturbed to grow, the crystallization process
development in a reactor involves the presence of particles in
the mother liquor suspension that is subjected to external
effects such as agitation. Most processes developed in the lab
will ultimately need to be scaled up and transferred for cGMP
manufacturing; thus, the impact and risk associated with
translation of the crystallization process parameters needs to be
thoroughly investigated. Interplay between nucleation, growth,
along with breakage and agglomeration can significantly
influence the particle size distribution. Secondary nucleation
can be a predominant event reducing the mean particle size
and needs to be accounted for. A combination of proper

techniques and optimized parameters could result in achieving
the target PSD.
The crystallization process has multiple subevents (vis-a-̀vis

nucleation, attrition, etc.) that have several dependent
variables, and the operational parameters may influence on
single or multiple events. The process parameters were
summarized in three main sections, namely cooling profile,
seeding and agitation. A combinatorial approach of these
process parameters along with inline PAT can be used to
suppress unwanted nucleation and promote growth to convert
large number of small particles to large particles. Seeding, is a
common strategy in directing the crystallization toward a
desired outcome, yet much remains unexplored e.g., establish-
ing the optimal seeding condition (primarily seed load and
size) in which the microstructure may determine the bulk
property. To account for secondary nucleation, we described a
simplified expression of seed load, degree of secondary
nucleation and product size. Agitation induced mixing by the
mechanical impact of the stirrer has complex effects on
crystallization, e.g., change of induction time and MSZW and
PSD, which has been found to correlate with energy
dissipation. Trade-offs might be made in choosing the
operating conditions, for higher homogeneity in the solution,
thus narrower distribution maybe wanted but not attrition or
nucleation. PSD measurements using methods such as laser
diffraction, sieve analysis, or light scattering have their own
merits along the process development for monitoring product
quality. Understanding the discrepancies in different particle
size measurement methods is important to choose specific
PAT methods during process development. To overcome the
challenges in practice, mechanistic studies and application of a
diverse set of PAT tools are valuable to improve our
understanding of the process and achieve control over the
product attributes.
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