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ABSTRACT: Particles exhibiting a plate-like shape, encountered during crystallization,
present challenges in downstream processing. Consequently, it is crucial to manipulate
the size and shape of such populations. However, comprehensive studies addressing this
issue are lacking due to the absence of monitoring tools capable of accurately
characterizing the particle size and shape distribution (PSSD) systems with a complex
morphology. Leveraging recent advancements in monitoring technology, this work
investigates a multistage crystallization process, encompassing growth, wet milling, and
dissolution, to modify the PSSD of plate-like crystals. Employing a combination of
experimental and modeling approaches, with adipic acid in water as the system, the
influence of key multistage process parameters on the PSSD and filtration performance
is evaluated. A multidimensional population balance equation-based model is utilized to
analyze the intricate interplay among growth, dissolution, and breakage kinetics. The
findings demonstrate the efficacy of the multistage process in modifying the particle size
and fines content and thereby reducing the filter cake resistance of the product, a key indicator of powder processability. The insights
gained from this study will be instrumental in designing processes for manipulating the size and shape of crystalline powders,
particularly exhibiting a complex morphology like the one studied here.

1. INTRODUCTION
Crystallization serves as a crucial and widespread purification
step during the production of fine chemicals such as active
pharmaceutical ingredients (APIs) and food additives. The
processability of a product powder is intrinsically influenced by
many characteristics exhibited at the particle scale.1 Two
primary determinants impacting the processability of a powder,
the crystal size and the crystal shape, can be assessed through
examination of the particle size and shape distribution (PSSD).
The PSSD has a direct effect on critical product properties,
such as filterability, powder flowability, bulk density, rate of
dissolution, and compaction performance.2−4 Inadequate
processing characteristics of the powder can significantly
increase the time and resources required for the development
of a process capable of yielding a satisfactory product.5,6

Equant crystals are preferred over needle- or plate-like
crystals due to the improved handling characteristics exhibited
by their powders.1,6 The majority of APIs do not crystallize as
equant crystals, thus exhibiting an undesirable needle-like or
plate-like morphology. For example, Ibuprofen and Aspirin
crystallize as plate-like particles in specific solvents.7,8 Powders
consisting of plate-like particles tend to possess particularly
unfavorable properties for downstream processing. Specifically,
their filtration performance is very poor.9−11

Numerous techniques aimed at improving the PSSD have
been reported.12 Changes to the exhibited crystal morphology
of small molecules have been successfully achieved through the
use of various solvents13 and additives.14,15 Techniques such as
spherical crystallization,4 spherical agglomeration,16 direct
nucleation control,17 temperature cycling,18 and wet mill-
ing19,20 have been employed successfully to alter both the size
and the shape of crystals. Refined process strategies, combining
temperature cycling and wet milling, have been successfully
developed to manipulate populations of needle-like crystals of
several different compounds.21−23

In contrast, there is a notable absence of systematic
investigations into the design of crystallization processes for
the size and shape manipulation of plate-like particles. This
lack of studies can primarily be attributed to the inherent
difficulty in accurately measuring the PSSD of plate-like
crystals. Since no two crystals share the exact same geometry,
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particle shapes need to be approximated using a generic
particle model to obtain a PSSD. The actual geometry of plate-
like crystals can be approximated using a generic particle
model with a rectangular cuboid geometry, as shown in the top
left corner of Figure 1a. This model describes particles using
the three characteristic lengths L1, L2, and L3. All characteristic
dimensions are assumed to be perpendicular to one another,
and thus, the particle volume is approximated by their product.

A recently introduced characterization framework for plate-
like particle populations has addressed the challenge of
characterizing plate-like particles by utilizing stereoscopic
imaging, advancements in machine learning, and innovative
manufacturing techniques. The accuracy of the technique has
been experimentally assessed.24,25 Capitalizing on these
advancements, this study represents the first systematic
exploration into manipulating the PSSD of plate-like crystals
through a multistage crystallization process comprising growth,
wet milling, and dissolution stages. The crystallization of adipic
acid, the model compound of this work, has already been
subject to previous investigations, which have, however,
focused either on the development of continuous crystal-
lization processes26 or on the evolution of single crystals.27

Developing crystallization processes through experimental
investigations alone is time-consuming and resource-intensive.
A population balance equation (PBE) model can help in
gaining an understanding of the dominant phenomena in a
specific crystallization process. These models also allow for a
quick and efficient assessment of the effects of and the
interactions between different process parameters and
compound properties.28 This can reduce the number of
experiments required to identify an adequate crystallization
process.23 PBE models have been successfully used to simulate
the evolution of needle-like particles through growth,
dissolution, and breakage.20,29−35

In this work, we evaluate the effectiveness of a multistage
cooling crystallization process, incorporating growth, wet
milling, and dissolution in altering the PSSD of plate-like
crystals, illustrated in Figure 1. To understand the capabilities
and limitations of the process, the results of an experimental
campaign are combined with the insights gained from a
simulation study.

The novelty of this work lies in

• the assessment of the impact of a multistage
crystallization process on the PSSD of plate-like crystals
through an experimental campaign;

• the evaluation of the downstream processability through
filtration performance measurements of the product
consisting of plate-like crystals;

• the utilization of a morphological PBE modeling
framework for plate-like particles to study the evolution
of the PSSD and the impact of process and compound
properties on the crystallization process outcome.

This article is divided into six sections. After explaining the
conceptual design of the multistage crystallization process in
Section 2, the experimental campaign using adipic acid as a
model compound is described in Section 3. This is then
followed up in Section 4, where a new morphological PBE
model is used to study the effects of the process parameters
and of compound properties on the region of attainable
product PSSDs. The experimental and computational results
are subsequently compared and analyzed to infer the properties
of the model compound. Finally, in Section 5, the capabilities
and limitations of the process are discussed, and conclusions
are drawn.

2. PROCESS DESIGN
The multistage crystallization process investigated in this work
comprises three distinct stages, namely, growth, wet milling,
and dissolution, as illustrated in Figure 1a. The arrangement of
the stages follows a previously reported rationale.30

The temperature dependence of the solubility is exploited to
drive crystallization. Consequently, if the process is initiated at
equilibrium conditions, yield is defined as the difference in
solubility between the initial process temperature, T0, and the
final process temperature, Tend. An exemplary temperature
profile of the multistage process is shown in Figure 1b.

The growth stage is inherently indispensable in a
crystallization process as it delivers its fundamental service:
incorporating solute molecules into the solid crystals. The
growth kinetics of the crystal faces determines the final crystal
morphology, which, as is the case with plate-like crystal shapes,
can be undesirable.

To mechanically reduce the aspect ratios of the crystals, a
rotor-stator wet mill is employed in the second stage of the
process to cause crystal breakage. The aspect ratio, ϕij, is

Figure 1. (a) Schematic plate-like particle with its three characteristic dimensions L1, L2, and L3 as well as a process diagram of the multistage
process. (b) Example temperature profile of a multistage process containing three cycles.
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defined as the ratio between the characteristic particle
dimensions, Li and Lj, with Li > Lj.

Wet milling tends to generate broad distributions containing
significant fractions of fines, which leads to undesirable product
powder properties.36 In this work, fines are defined as particles
with a volume smaller than that of a cube with a side length of
40 μm. The partial dissolution step in the third stage
completely dissolves the fines while shrinking the larger
particles.

The number of cycles of growth, milling, and dissolution, nC,
is a process parameter. An equivalent fraction of the final yield
is crystallized in every cycle. The end temperatures of the
dissolution stages are selected to dissolve a predefined fraction
of the mass theoretically crystallized if the process had reached
equilibrium after the preceding growth stage. This approach to
defining the temperatures of the different stages has been
reported previously.37 Upon completion of the specified
number of cycles, a final growth stage is performed to reach
the final process temperature, Tend.

In previous works, when applying the multistage process to
needle-like particles, three key process parameters were
identified as controlling the process outcome. These are the
number of cycles, nC, the rotor speed of the wet mill, i.e., the
milling intensity, θ, and the fraction of mass dissolved during
each dissolution stage, mD. Changes to other parameters, such
as the cooling and heating rates, have a smaller impact on
process outcomes.22

3. EXPERIMENTAL INVESTIGATION
3.1. Materials. Aqueous solutions of adipic acid (Sigma-Aldrich,

purity ≥99%) are used in all experiments. Deionized and microfiltered
water is obtained from a Milli-Q Advantage A10 unit (Millipore, Zug,
Switzerland). While adipic acid does not crystallize in a rectangular
cuboid shape in pure water,38 such a geometry can be obtained by
introducing 1 wt % of the copolymer Pluronic F127 (Sigma-Aldrich,
Switzerland). The smooth crystal surfaces and rectangular contours of
such adipic acid crystals are evident in the micrograph in Figure 2b.
The additive Pluronic F127 has already been studied to modify the
morphology of succinic acid,39,40 which, like adipic acid, is a linear
saturated dicarboxylic acid.
3.2. Experimental Setup. All experiments are performed in a 2 L

jacketed glass crystallizer (LaboTechSystems LTS, Reinach, Switzer-
land). The suspensions are stirred using a four-blade glass impeller

with a diameter of 60 mm and 45° inclined blades (LaboTechSystems
LTS AG, Reinach, Switzerland), which is driven by an overhead stirrer
(Eurostar digital, IKA-Werke GmbH & Co. KG, Staufen, Germany).
The temperature is controlled via an oil bath (Huber Pilot ONE,
Offenburg, Germany). To verify the absence of nucleation during the
crystallization, the ParticleTrack G400 (Mettler Toledo, Switzerland),
a focused beam reflectance measurement system, is employed. For
milling, the crystallizer is first drained into a stirred 2 L glass beaker.
Subsequently, the suspension is pumped back into the crystallizer
through a wet mill (Magic Lab, module DR, generators 2G-4M-6F,
IKA-Werke GmbH & Co. KG, Staufen, Germany) using a peristaltic
pump (Ismatec, Wertheim, Germany).
3.3. Solubility Measurements. To design the temperature

profile of the crystallization process as described in Section 2, the
solubility of adipic acid in an aqueous solution containing 1 wt %
Pluronic F127 is measured gravimetrically between 10 and 40 °C. The
solubility measurements were repeated six times, with the coefficient
of variation always being lower than 2.5%, at each specified
temperature. The mean solubility at each temperature is shown in
Figure 2a. The experimental data are used to estimate the parameters
of the exponential equation

c T k k T( ) exp( )S,1 S,2
* = (1)

where c*(T) denotes the solubility of adipic acid [g/kgsol] at
temperature T [K] and the two estimated parameters are kS,1 = 1.33 ×
10−5g kgsol−1 and kS,2 = 4.85 × 10−2 K−1.

Pluronic F127 has been shown to increase the solubility of certain
small organic compounds in aqueous solutions.41 The reported
solubility of adipic acid in pure water is roughly 6% lower than the
one measured in this work in an aqueous solution containing 1 wt %
Pluronic F127.42,43

3.4. Preparation of Seed Crystals. A single batch of adipic acid
seed crystals is used throughout the experimental campaign to ensure
that the initial PSSD is always the same.

The seeds are produced via seeded cooling crystallization. For this,
180 g of adipic acid and 1.8 g of Pluronic F127 are dissolved in 1800 g
of deionized water at 55 °C. The suspension is brought to 50 °C, and
2.0 g of adipic acid is added as seeds. The suspension is then
continuously circulated through the wet mill running at 16,000 rpm
with a flow rate of 1 L min−1 for 2 min. The suspension is
subsequently cooled to 30 °C at a rate of 10 K h−1 before being milled
a second time the same way as described before. The suspension is
further cooled to 20 °C over 180 min before milling at 12,000 rpm.
Finally, this suspension is filtered and washed using a mixture of 70/
30 wt %/wt % toluene/acetone to yield around 90 g of adipic acid
seeds.
3.5. Design of the Experimental Campaign. The design space

of the experimental campaign is chosen to explore a wide range of
process conditions. For the three critical process parameters (the
number of cycles, nC, the mass dissolved per cycle, mD, and the milling
intensity, θ), a set of parameter values are defined based on the
experience gained from applying the multistage process to needle-like
crystals.22,31,37 For both nC and θ, two values are used. For mD, three
values are chosen, going from no dissolution to a large fraction of
dissolved mass. The parameter values are reported in Table 1. All
possible combinations of these process parameters yield 12 parameter
sets, with 10 used for experimental purposes, as detailed in Table 3 in
Section 3.7. Notably, two sets of process parameters with a high
milling intensity (θ = 24,000 rpm) and no dissolution (mD = 0) are
excluded. Achieving no dissolution during high-intensity wet milling is
experimentally very challenging due to the intense heating caused by
the wet mill. While some increase in temperature is not an issue for
the experiments where wet milling is deliberately followed by some
dissolution, it notably impacts experiments designed without
dissolution.

The remaining process parameters are kept constant for all
experiments to reduce the size of the design space. At the end of all
experiments, the suspension is passed through the mill running at a
low milling intensity of 6000 rpm to deagglomerate the roughly 10%

Figure 2. (a) Chemical formula of adipic acid as well as its
gravimetrically measured solubility in water containing 1 wt %
Pluronic F127. The coefficient of variation for all solubility
measurements is lower than 2.5%. The experimental data are used
to fit an exponential function, as described in Section 3.3. (b)
Micrograph of adipic acid crystals suspended in a saturated aqueous
solution containing 1 wt % Pluronic F127.
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agglomerated particles present in the final populations. Note that, as
shown in a dedicated experiment in Section S1.2 in the Supporting
Information, the low milling intensity during deagglomeration induces
no further breakage of the primary particles. Then, the suspension is
filtered and washed with a 70/30 wt %/wt % toluene/acetone
solution before drying in an oven at 60 °C for 4 h.
3.6. Product Characterization. 3.6.1. Product PSSD Measure-

ment. For the analysis of particle size and shape, a previously reported
stereo imaging device, referred to as the Dual Imaging System for
Crystallization Observation, in short DISCO, is employed.44 The
particle contours acquired using the cameras from the imaging device
undergo characterization through an analysis workflow, which first
classifies them into different categories, to exclude agglomerates and
air bubbles, and then characterizes plate-like particles individually,
utilizing an artificial neural network to obtain accurate measurements
of the length, L1, width, L2, and thickness, L3, with L1 > L2 > L3.

24

Recently, the accuracy and precision of this characterization technique
were assessed using populations of uniform polymer particles
exhibiting a plate-like geometry. These particles were of a similar
size and shape as the particles observed in this work. Therefore, the
measurement accuracy in this study is roughly 10 μm for all three
characteristic dimensions.25

The PSSD of each crystallized product in this study is evaluated by
transferring between 50 and 100 mL of the final suspension into a
second 2 L vessel containing a saturated aqueous solution of adipic
acid with 1 wt % Pluronic F127, emulating the composition of the
liquid phase at the end of the process. This dilution of the suspension
ensures minimal overlap of particles in the images and facilitates an
accurate characterization of the individual particles. The number of
particles characterized to ensure an accurate representation of the
PSSD is between 250,000 and 500,000 crystals. This is an order of
magnitude higher compared to previous studies for needle-like
particles.31 This is needed to ensure a similar density, hence similar
granularity, in the state space occupied by the particles, which is two-
dimensional in the case of needle-like particles and three-dimensional
in the case of plate-like particles.

In this work, to facilitate the comparison between different PSSDs,
populations of particles are often described by using different average
characteristics. While containing less information than the PSSD itself,
this reduction is essential for comprehension. The characteristics used
in this work can be found in Table 2 and are defined using the
moments of the population. The moment μijk of a PSSD [μmi+j+k

kgsol−1] is defined as

t f L L L t L L L L L L( ) ( , , , ) d d dijk
i j k

0 0 0
1 2 3 1 2 3 1 2 3=

(2)

where f represents the number density function of the PSSD [μm−3

kgsol−1]. The indices i, j, and k stand for the order of the moment with
respect to the characteristic lengths L1, L2, and L3, respectively.

3.6.2. Product Filter Cake Resistance Measurement. To assess the
impact the modification of the PSSD has on the product properties,
the filter cake resistance of the crystallized product is measured for all
experiments by performing vacuum filtration. This resistance is
calculated using a mass-normalized version of Darcy’s law45

PA
Q

A
mm

v c
=

i
k
jjjjjj

y
{
zzzzzz (3)

where αm is the filter cake resistance [m kg−1], ΔP is the pressure
drop over the cake [Pa], A is the filtration area [m2], Qv is the
volumetric flow rate [m3 s−1], μ is the dynamic viscosity [Pa s], and
mC is the mass of the filter cake [kg]. The parameter β is the blank
resistance [m−1], which can be calculated by measuring the flow rate
through the filtration setup in the absence of a filter cake and using

PA
Q v

=
(4)

As the solubility of adipic acid varies significantly with temperature
in many commonly used solvents, the filter cake undergoes
uncontrolled growth or dissolution during filterability measurements.
This reproducibility issue is overcome by using a low-viscosity silicone
oil (Thermofluid SilOil M20.195/235.20, Peter Huber Kal̈temaschi-
nenbau SE, Offenburg, Germany), in which adipic acid exhibits
negligible solubility. The procedure for measuring the filter cake
resistance starts by suspending 10.0 g of the product powder in 50 mL
of silicone oil. Then, the suspension is filtered through MN 615 filter
paper (MACHEREY-NAGEL AG, Oensingen, Switzerland) to build a
filter cake in a Büchner funnel (Haldenwanger 127C, Peter Huber
Kal̈temaschinenbau SE, Offenburg, Germany) with a surface area of
14.4 cm2. Following cake formation, 1500 mL of the silicone oil is
passed through the cake, and the time required for every 100 mL of
the liquid to pass through the filter cake is recorded. To maintain a
constant pressure difference of 800 mbar throughout the entire
measurement, a vacuum controller (V-800, Büchi Labortechnik AG,
Flawil, Switzerland) is employed. The measurements have been
repeated for most product powders, and they show good
reproducibility. The mean flow rate is used to calculate the filter
cake resistance.
3.7. Experimental Results. 3.7.1. Effect of the Critical Process

Parameters on the PSSD. The results from ten different
crystallization experiments are reported in Table 3. This includes
the parameters defining each process, the volume-weighted average
characteristic lengths of the product population, and the mean filter
cake resistance of the products.

The average characteristic lengths from Table 3 are visualized in
Figure 3, with Figure 3a showing the different product populations in
the L1−L2-plane and Figure 3b showing the populations in the L1−L3-
plane. The solid lines in the two panels denote L1 = L2 and L2 = L3.
The dashed lines represent particles with a specific aspect ratio,
namely, ϕ12 = 10/3 and ϕ13 = 10, respectively. With reference to
Figure 3, it can be observed that the product populations are all
distributed along the aforementioned dashed lines, and consequently,
all have similar aspect ratio values. The average volume-weighted

Table 1. Experimental Conditions and Process Parameters
Used for the Experimental Campaign

fixed operating conditions

initial temperature T0 35°C
final temperature Tend 20°C
seed mass m0 2 g kg−1

solvent mass 1800 g
initial solute mass 72.9 g
expected yield 22.33 g kg−1

growth stage
cooling rate γc 3 K h−1

holding time after growth th,G 120 min
milling stage

pump flow rate F 1 L min−1

dissolution stage
heating rate γh 6 K h−1

holding time after dissolution th,D 15 min
variable process conditions

number of cycles nC [2, 4]
milling intensity θ [12, 24] × 103 rpm
mass fraction dissolved mD [0, 0.2, 0.4]

Table 2. Volume-Weighted Characteristics Used to
Compare the Mean Characteristic Lengths of Different
Populations

mean characteristic length definition

L1,v [μm] μ211/μ111 [μm]
L2,v [μm] μ121/μ111 [μm]
L3,v [μm] μ112/μ111 [μm]

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00277
Cryst. Growth Des. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00277/suppl_file/cg4c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00277/suppl_file/cg4c00277_si_001.pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


characteristic lengths of the different product populations differ at
most by a factor of two.

3.7.1.1. Milling Intensity θ. A clear difference in average size,
depending on the milling intensity, can be observed. Processes
employing a high milling intensity (θ = 24,000 rpm; populations 7 to
10) produce populations with considerably smaller average character-
istic lengths compared to processes with lower milling intensity (θ =
12,000 rpm; populations 1 to 6). It can also be observed that varying
the process parameters nC and mD changes the average size of the
product population less at high milling intensities (θ = 24,000 rpm)
compared to the cases at low-intensity milling (θ = 12,000 rpm).
Intense breakage seems to prevail over the differences due to more
cycles or more fines removal. The milling intensity, θ, is the process
parameter with the biggest impact on the particle sizes, as highlighted
in Figure 3a with a yellow arrow.

3.7.1.2. Fraction of Mass Dissolved mD. Populations produced
with larger fractions of mass dissolved per cycle, mD, have larger
average particle sizes. This effect is most visible for the PSSDs
produced with nC = 2 and θ = 12,000 rpm, as highlighted in Figure 3a
with two red arrows. This effect is expected as a higher mD leads to the

removal of more fines, causing the solute to crystallize on fewer
particles during growth, thereby increasing their average size.

3.7.1.3. Number of Cycles nC. It is worth noting that the effect of
the number of cycles nC on the product population depends on the
fraction of mass dissolved per cycle, mD. More wet milling without
fines removal, mD = 0, leads to a decreasing particle size. In contrast,
at mD = 0.2, a small increase in the particle size with a higher number
of cycles can be observed. Even more notable are the significant
increases in particle size observed at mD = 0.4.

3.7.1.4. Combined Effects and Conclusions. Referring to Figure
4a, a positive correlation between mass dissolved per cycle, mD, and
average aspect ratio, ϕ13, of the product crystals can be observed. It is
unclear if either the growth or the dissolution kinetics cause this
rather clear effect, and further investigation would be required. The
other two process parameters, i.e., nC and θ, do not correlate with the
aspect ratio.

While no dissolution, i.e., mD = 0, results in the lowest aspect ratio,
dissolution remains important to reduce the fraction of fines in the
product crystals. Figure 4b shows the mass fraction of fines present in
the product as a function of the mass dissolved, mD. A clear trend can
be observed, with the product fines content reducing as the mass

Table 3. List of Population Number, the Three Critical Process Parameter Values (the Fraction of Mass Dissolved, mD,
Number of Cycles, nC and Milling Intensity, θ), as Well as the Resulting Volume-Weighted Mean Average Sizes and the Filter
Cake Resistance of the Product Powder, αm

population mD [�] nC [�] θ [103 rpm] L1,v [μm] L2,v [μm] L3,v [μm] αm [107 m kg−1]

1 0 2 12 340 110 30 6.4
2 0.2 2 12 350 110 40 4.3
3 0.4 2 12 440 140 40 3.7
4 0 4 12 270 90 30 8.0
5 0.2 4 12 370 110 40 2.6
6 0.4 4 12 480 140 40 0.8
7 0.2 2 24 210 70 20 7.2
8 0.4 2 24 240 90 20 6.0
9 0.2 4 24 240 70 20 9.4
10 0.4 4 24 290 90 30 6.1

Figure 3. Visualization of the volume-weighted mean lengths of the different product populations on the L1−L2-plane in (a) and on the L1−L3-
plane in (b). Both panels contain a solid line indicating a shape with all characteristic dimensions being of the same size. The dashed line in each
panel represents an aspect ratio of ϕ12 = (10/3) and ϕ13 = 10, respectively.
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dissolved, mD, increases. Furthermore, it can be observed that
increasing the number of cycles, nC, leads to a decrease in the fraction
of fines and that increasing the milling intensity, θ, leads to an
increased fraction of fines under all conditions investigated.

Concluding, the milling intensity, θ, has a significant impact on the
average particle size and on the fraction of fines in the final product.
The number of cycles, nC, leads to an increase or decrease of the
average particle size depending on the fraction of mass dissolved per
cycle, mD. The third key process parameter, mD, has a slight influence
on the average particle shape but mainly determines the fraction of
fines in the final product.

3.7.2. Filter Cake Resistance of the Product Powder. The filter
cake resistances of all the product powders, measured according to the

protocol described in Section 3.6.2, are presented in the last column
of Table 3 and visualized in Figure 5, where the volume-weighted
average particle sizes of the populations are shown in the L1−L3 plane,
as in Figure 3b. The colors of the symbols indicate the mean
measured filter cake resistance, going from green for the lowest
measured resistance to red for the highest measured resistance.

With reference to Figure 5a, one can observe a general correlation
indicating that an increase in the average particle size of powders
reduces their filter cake resistance. An exception to this trend is, for
example, population 4 when compared to population 8, where the
former possesses a larger average particle size yet exhibits a higher
filter cake resistance. This deviation can be explained by comparing
the marginal distributions of their PSSDs, visualized in Figure 5b. A
marginal distribution is the projection of the volume-weighted particle
density function onto a coordinate plane. Population 4, with its broad
PSSD, contains a significant fraction of fines and is the product of a
process with mD = 0, nC = 2, and θ = 12,000 rpm. The more compact
distribution of Population 8 contains fewer fines and results from a
process with mD = 0.4, nC = 2, and θ = 24,000 rpm.

Confirming this observation, Figure 6a shows a clear positive
correlation between fines and filter cake resistance. Figure 6b presents
a negative correlation between the filter cake resistance and the mass
dissolved per cycle under all conditions.

These findings clearly demonstrate that while it is an important
indicator, the average particle size is not the sole metric influencing
filter cake resistance. Furthermore, the results underscore the value
that the multistage crystallization process adds compared to simpler
processes that do not dissolve fines. The highest filter cake resistances
are observed for processes during which milling is conducted without
adequate fines removal. As the average aspect ratios of all populations
are similar, no conclusion can be drawn about the impact of particle
shape manipulation on filter cake resistance.

4. MODELING AND SIMULATIONS
4.1. Process Modeling. By creating a modeling framework

capable of simulating the evolution of the PSSD of plate-like
crystals through the multistage crystallization process, the
effects of the three key process parameters and their
interactions can be rationalized. This provides context to the

Figure 4. (a) Volume-weighted mean aspect ratio ϕ13 of the product
PSSDs as a function of the mass dissolved per cycle, mD, used to
produce the populations. (b) Mass fraction of particles with a volume
smaller than a cube with a side length of 40 μm. The circles and
triangles represent milling intensities of 12,000 and 24,000 rpm,
respectively. Full symbols represent nC = 2 and empty symbols
represent nC = 4.

Figure 5. (a) Volume-weighted mean lengths of the different product populations in the L1−L3 plane as well as the mass-specific filter cake
resistance using a color gradient. The gradient goes from green for the lowest measured filter cake resistance to red for the highest measured
resistance. (b) Volume-weighted 3D marginal distributions of populations 4 and 8. The contour areas enclose 90, 50, and 10% of the total particle
volume, respectively.
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experimental findings and gives insight into the optimal
process design based on specific compound characteristics.

To accurately describe the particles and their evolution, an
appropriate model must not only capture key fundamental
phenomena but also be based on a generic particle model
capable of describing the size and morphology of the particles
of interest. While particle models with a single characteristic
length can be employed to describe particles with complex
symmetries, this is associated with a substantial error if the
shape of the particles evolves during the process. Needle-like
particles require two characteristic lengths to be accurately
described. The error associated with using a model with one
characteristic length only to describe needles has been assessed
and discussed previously.46 Given the morphology of plate-like
crystals, such as the rectangular cuboid shape studied in this
work, an accurate description necessitates a minimum of three
characteristic lengths. A distinct multidimensional PBE model
using three characteristic lengths is employed for each stage of
the process to best simulate the relevant phenomena.

4.1.1. Growth and Dissolution Models. The morphological
PBE used to describe the evolution of a population during
growth and dissolution in a well-mixed batch crystallizer can be
written as follows24
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where f is the number density function [μm−3 kgsol
−1] and Γi is

the growth or dissolution rate [μm s−1] along the characteristic
particle length i. This model neglects breakage, agglomeration,
and nucleation. By coupling to the mass balance, the PBE
model ensures the conservation of mass. The model is solved
using a high-resolution finite volume method, incorporating a
van Leer flux Limiter to eliminate oscillations caused by
discontinuities in the number density function.29 In Section
S2.1 in the Supporting Information, a more detailed
description of the growth and dissolution models, containing
all relevant equations, as well as the initial and boundary
conditions, can be found.

4.1.2. Breakage Model. To simulate breakage during the
wet milling stage, a model for plate-like crystals is developed,
inspired by an earlier breakage model for needle-like
particles.32

Particles after breakage must exhibit geometric similarity
with particles before breakage; otherwise, the assumption that
all particles can be accurately described using a generic cuboid

particle model would be invalid. Consequently, breakage
events are assumed to occur exclusively along a plane
orthogonal to one of the characteristic directions of the
particles. It is assumed that each breakage event involves one
particle breaking into two new crystals. Growth, dissolution,
and agglomeration are neglected during the wet milling stage.
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The residence time in the wet mill is denoted as τ [s]. Bi and
Ei denote the birth and death terms along the characteristic
length i, respectively. The birth term represents the creation of
new particles at size L̲ during a breakage event, while the death
term accounts for the disappearance of particles of the same
size due to breakage.

The two expressions characterizing the birth and death
terms are the breakage frequency and daughter distribution.
The breakage frequency considers the effects of the operating
conditions of the rotor-stator wet mill, particle size, and
particle shape. The functional form draws inspiration from a
study on the breakage of needle-like particles.32 Depending on
the dominating breakage mechanism, the daughter distribution
can take different functional forms. In this work, a uniform
probability is used, where all sizes of daughter crystals are
equally likely to occur. The breakage PBE model is solved
using the fixed pivot method47 to guarantee the preservation of
mass and the creation of an additional particle per event. The
breakage model is described in detail in Section S2.2 in the
Supporting Information.
4.2. Reference Simulation. To gain a general under-

standing of the evolution of the PSSD throughout the
multistage crystallization process, a simulation using a
reference set of operating conditions and compound-specific
properties has been analyzed. The operating conditions and
process parameters used for the reference simulation can be
found in Table 4.

The reference set of kinetic parameter values can be found in
Table S3 in the Supporting Information. In the reference
simulation, the linear growth kinetic parameters k1G and k2G are
modified, i.e., k1G = 5krefG and k k52

G
ref
G= , to ensure that

growth is the fastest for L1 and the slowest for L3.
The three-dimensional grid used to discretize the PSSD

contains 80, 60, and 30 bins along L1, L2, and L3, respectively.
This results in a grid containing 144,000 voxels. The grid is

Figure 6. (a) Correlation between the filter cake resistance, αm, and the mass fraction of particles with a volume smaller than a cube with a side
length of 40 μm. (b) Visualization of the filter cake resistance, αm, versus the mass dissolved, mD.
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defined for 0 μm < L1 < 800 μm, 0 μm < L2 < 600 μm, and 0
μm < L3 < 300 μm. All simulations are performed on a desktop
computer with an Intel Core i7-1065G7 CPU@1.30 GHz with
4 cores and 16 GB of RAM using MATLAB.

To ensure a more direct comparison between the experi-
ments and the simulations, the seed PSSD for all simulations is
the measured population of seeds used during the experimental
campaign, as described in Section 3. A more detailed
description of the seed PSSD can be found in Section S1.1
in the Supporting Information.

Figure 7 provides an overview of the evolution of some of
the key metrics of the population throughout the reference
simulation. Figure 7a illustrates the temperature profile.
Referencing Figure 7b, changes in the PSSD can be assessed

qualitatively using the marginal distributions of the initial (red)
and final (green) populations. Figure 7c tracks the shift in
volume-weighted mean characteristic lengths, showing an
increase during the growth phases, a decrease while milling,
and minimal changes during dissolution. Figure 7d displays the
changes in aspect ratio throughout the process. During growth
and milling, the aspect ratios decrease. The decrease during
milling is reflective of breakage across the longest characteristic
length being the most likely. This follows from the propor-
tional parameters for breakage being the same for all
characteristic lengths and the breakage kernel containing a
dependence on the absolute length. The increase in aspect
ratio during dissolution is explained by the fact that the smaller
characteristic lengths undergo a faster relative reduction in
their size compared to the larger characteristic lengths as the
dissolution rates along all characteristic lengths are the same.
Looking at the initial and the final PSSD, the aspect ratios ϕ13
and ϕ12 are significantly reduced, thus demonstrating that for
this set of rate parameters, the multistage process can
effectively alter the PSSD of plate-like particles.
4.3. Parametric Study. Simulating different crystallization

processes by varying the three key process parameters, the
number of cycles, nC, the milling intensities, θ, and the mass
dissolved per cycle, mD, helps to assess the effect of process
conditions for a given set of compound properties. Using all
possible permutations of the key process parameter values
listed in Table 5 results in 30 distinct crystallization processes
per set of compound properties.

The kinetic rate expressions for growth, breakage, and
dissolution linearly depend on parameters kiG, kiB, and kiD,
respectively, with i denoting the different characteristic lengths.
These parameters are obtained by multiplying the reference
kinetic values krefG , krefB , and krefD , listed in Table S3 in the
Supporting Information, using scaling factors. Three sets of
scaling factors are used for each of the three phenomena, as
listed in Table 6, creating 27 individual scenarios.

The kinetic scaling factors of Table 6 are selected such that
the ratio between the factors for L1 and L2 and between the
factors for L2 and L3 is kept constant. In addition, the middle
scenario always contains values corresponding to the geometric
mean of the two extremes. Starting from the growth kinetics
Low, the growth rates of the larger characteristic lengths
increase going to Medium and again to High. For breakage,
Low refers to a case with no preferential breakage along any
characteristic length, while Medium and High refer to
progressively increased probabilities of breakage along the
smaller characteristic lengths. The dissolution kinetics go from
Low, a set of kinetics where the larger characteristic lengths
dissolve faster, to Medium where the rates of dissolution along
all characteristic lengths are the same, and to High where
smaller characteristic lengths dissolve faster.

Utilizing a specific kinetics scenario outlined in Table 6, the
impact of the different process parameters on the product

Table 4. List of the General Operating Conditions and the
Specific Operating Conditions for the Three Different
Types of Stages

general number of cylces nC [�] 4
rotor speed θ [103 rpm] 24
fraction of mass dissolved
per cycle

mD [�] 0.4

initial temperature T0 [°C ] 35
final temperature Tend [°C ] 20
seed mass m0 [g/kgsol] 2

growth stage cooling rate γc [K h−1] 3
hold after cooling th,G [min] 120

milling stage residence time in the wet
mill

τ [s] 4

dissolution
stage

heating rate γh [K h−1] 6

hold after heating th,D [min] 15

Figure 7. (a) Temperature evolution, the milling events are marked
with a yellow dot. (b) Marginal distributions of the seed and product
PSSD (in red and green, respectively). The contour areas enclose
fractions 0.9, 0.5, and 0.1 of the total particle volume. (c) Evolution of
L1,v, L2,v and L3,v (with progressively lighter colors). (d) Evolution of
the aspect ratios ϕ13, ϕ23, and ϕ12 (with progressively lighter colors).
This simulation was run with nC = 4, θ = 24,000, and mD = 0.4.

Table 5. List of All Values Used for the Different Key
Operating Parameters in the Parametric Study, Namely, the
Number of Cycles, nC, the Milling Intensities, θ, and the
Mass Dissolved Per Cycle, mD

number of cycles nC [�] [2−6]
rotor speed θ [103 rpm] [12, 18, 24]
fraction of mass dissolved per cycle mD [�] [0, 0.2, 0.4]

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00277
Cryst. Growth Des. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00277/suppl_file/cg4c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00277/suppl_file/cg4c00277_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00277?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00277?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00277?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00277?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


population is evaluated. The case with High growth and
breakage kinetics and Low dissolution kinetics is used to
perform 45 process simulations based on all potential
permutations of the key process parameter values listed in
Table 5. The results are illustrated in Figure 8, where a light
gray hull delineates the area encompassing all simulated
product populations. This region is subdivided by three smaller
hulls, which contain the outcomes for processes with mD = 0.4,
mD = 0.2, and mD = 0, respectively. Individual simulation
outcomes are indicated using circular, square, and triangular

markers representing milling intensities of θ = 12,000, θ =
18,000, and θ = 24,000, respectively. All attained products in
Figure 8a lay along the dashed line, which represents an aspect
ratio ϕ12 = (10/3). In Figure 8b, a slight increase in the aspect
ratio ϕ13 with increasing mD can be observed. An increase in
milling intensity, θ, results in a significant reduction in the
average size of the product particles. Increasing the number of
cycles, nC, slightly decreases the average particle size in all
scenarios.

The simulation outcomes for all 27 sets of kinetics are
presented on the L1−L3 plane in Figure 9. An analogous
representation in the L1−L2 plane is available in Figure S3 in
the Supporting Information, showing consistent trends.
However, the visual differences between simulations are
more pronounced in the L1−L3 plane as the kinetic parameters
for L1 and L3 are the most different. Figure 9 contains nine
panels that segment the results horizontally for different
dissolution parameters and vertically for different breakage
parameters. Within each panel, the three corresponding
scenarios with different growth parameters are visualized.
Each colored hull envelopes all 45 simulations with varying
process parameters. The light and dark colored areas highlight
scenarios with mD = 0.4 and mD = 0, respectively. As the dark
regions with mD = 0 are not influenced by changes to the
dissolution kinetics, they provide a reference for comparing
results between panels with the same breakage parameters.

A key observation from Figure 9 is the narrowing of the
attainable product regions and their shift toward higher aspect
ratios as breakage along smaller characteristic lengths becomes
more probable, regardless of the specific growth or dissolution

Table 6. List of the Nine Different Sets of Kinetics (Three
Per Growth, Breakage, and Dissolution) Used for the
Parametric Studya

growth k1G/krefG k2G/krefG k3G/krefG

Low 1.56 1.25 1
Medium 5 2.24 1
High 16 4 1
breakage k1B/krefB k2B/krefB k3B/krefB

Low 1 1 1
Medium 1 6 36
High 1 36 1296

dissolution k1D/krefD k2D/krefD k3D/krefD

Low 2.25 1.5 1
Medium 1 1 1
High 0.44 0.67 1

aLow, Medium, and High refer to sets of kinetics, which progressively
lead to higher aspect ratios. The base values krefG, krefB, and krefD are
reported in Table S3 in the Supporting Information.

Figure 8. Visualization of the simulation results for varying key process parameters and a given set of kinetics (High growth and breakage kinetics
and Low dissolution kinetics based on Table 6). (a,b) Different hulls enveloping the volume-weighted mean characteristic lengths on the L1−L2-
and the L1−L3-planes, respectively. The light gray hull delineates the area encompassing all simulated product populations. This region contains
three smaller hulls containing the results for processes with mD = 0.4, mD = 0.2, and mD = 0, respectively. Individual simulation outcomes are
indicated using circular, square, and triangular markers representing milling intensities of θ = 12,000, θ = 18,000, and θ = 24,000, respectively. Both
panels contain solid lines indicating a shape with all characteristic dimensions being of the same size. The dashed line in each panel represents an
aspect ratio of ϕ12 = (10/3) and ϕ13 = 10, respectively.
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kinetics. The growth kinetics have more influence on the
position of the product region than the dissolution kinetics,
especially with regard to the aspect ratio. The dissolution
kinetics have a small effect on the product regions. Depending
on the specific growth and dissolution kinetics, the aspect
ratios reduce or increase as the fraction of mass dissolved is
increased. To conclude, the findings indicate that although the
multistage crystallization process can tune the absolute size of
the product crystals effectively, its capacity to significantly alter
the crystal shape depends strongly on the growth and breakage
kinetics.
4.4. Comparison of Experimental Measurements and

Simulation Results. Conclusions about the dominating
phenomena within the multistage process for adipic acid can
be drawn by comparing the experimentally obtained product
region (Figure 3) with the results of the more general
parametric simulation study (Figure 9). The kinetics of growth,
breakage, and dissolution have not been measured as it is a
laborious and challenging task. Therefore, such a comparison
can only be qualitative, or semiquantitative at best, focusing on
the relative impact of the different parameters.

The set of kinetics from the parametric study, which
provides the closest match with the experiments with regard to
the region of attainable product powders, can be found by first
looking at the different breakage kinetics used in the
simulations. The experimentally attained regions extend

along the dashed lines, which highlight specific aspect ratios,
e.g., ϕ12 = 10/3 and ϕ13 = 10. Similar results were obtained in
the parametric study for High breakage kinetics. This
comparison suggests that the breakage of adipic acid crystals
is significantly influenced by their crystal structure as the
breakage kinetic parameter for L3 is 3 orders of magnitude
higher than for L1.

Second, given the High breakage kinetics, the position of the
experimental regions aligns the closest with the High growth
kinetics. This suggests that adipic acid growth along L1 occurs
likely an order of magnitude faster than along L3. Lastly, while
the dissolution kinetics change the attainable regions little
under these breakage and growth kinetics, Low dissolution
kinetics provide the best match. The sets of kinetics that match
the experimental results the closest are thus High growth and
breakage and Low dissolution kinetics. This corresponds to the
set of kinetics used to generate the results visualized in Figure
8.

One of the conclusions drawn in Section 4.3 is that the
region of attainable PSSDs is mainly dependent on the
breakage characteristics of the crystals. If breakage does not
reduce the aspect ratios of particles, the attainable region is
narrow and is only minimally dependent on the growth and
dissolution kinetics. This is likely the case for adipic acid as a
set of experiments in which a population of adipic acid crystals
is milled at various rotor speeds, explained in detail in Section

Figure 9. Visualization on the L1−L3 plane of the volume-weighted mean characteristic lengths of the final populations resulting from the
parametric study (see Table 6 for the details about the model parameters considered). The three panels going from left to right in each row
correspond to different dissolution kinetics. The three panels from top to bottom in each column show the results for different breakage kinetics.
Within each of the nine panels, three different sets of growth kinetics are considered. The light and dark colored regions contain experiments with
mD = 0.4 and mD = 0, respectively. The results of simulations in the dark regions are not affected by the dissolution kinetics and are the same in
each set of horizontal figures. The solid line indicates a shape with all characteristic dimensions being of the same size. The dashed line represents
an aspect ratio of ϕ13 = 10. The purple square marks the seed populations.
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S1.3 in the Supporting Information, shows no significant
reduction in aspect ratio.

In summary, although the multistage crystallization process
can influence the absolute size of adipic acid crystals, the shape
of these crystals could only be changed to a small extent under
the conditions of our experiments. The PBE simulation results
align with the experimental measurements when one assumes
that breakage is 3 orders of magnitude more likely along the
smallest characteristic length than expected for a cube with no
preferential breakage direction, consistent with the result of
dedicated milling experiments.

5. CONCLUSIONS
By utilizing novel size and shape characterization techniques,
populations of plate-like crystals were accurately characterized
in suspension for the first time. This capability was
subsequently utilized to systematically explore the influence
of a broadly applicable multistage crystallization process on the
PSSD of plate-like crystals.

First, the multistage crystallization process was applied to
the model compound adipic acid in an experimental campaign.
The average aspect ratios of the product crystals did not
change much regardless of the operating conditions. However,
the average size of and the fraction of fines in the product
PSSDs were successfully modified by varying key operating
conditions, namely, the number of cycles, the milling intensity,
and the fraction of mass dissolved.

Increasing the fraction of mass dissolved per cycle, mD, led to
a slight increase in the aspect ratio of the product particles.
This finding agrees with a previous study, where an increase in
the aspect ratio of adipic acid crystals was observed when
exposed to repeated growth and dissolution cycles.27

A complex interplay between the number of cycles, nC, and
the fraction of mass dissolved per cycle, mD, was observed. The
average particle size decreased with an increasing nC for no
dissolved mass, as reported in previous studies.22,30,31

However, in this experimental campaign, at high fractions of
mass dissolved, e.g., mD = 0.4, the particle size significantly
increased at the higher nC. A likely explanation for this
observation is that the breakage rate of adipic acid is much
lower compared to previously investigated compounds (β L-
glutamic acid and γ D-mannitol) under comparable con-
ditions.22,30,31 This low breakage frequency likely leads to a
regime where the particle count decreases from cycle to cycle
due to dissolution removing more particles than what was
generated during milling. This leads to more mass per particle
per cycle and thus to an increasing average particle size. This
explanation could be verified if the evolution of the PSSD was
tracked, which was not possible because of a lack of an effective
tool to measure the PSSD in suspensions with high particle
densities, as in this case.

Second, the filter cake resistances of accurately characterized
crystal populations of plate-like particles were measured, thus
demonstrating the potential improvements in the downstream
processability of the product crystals through an optimal
design of the crystallization process. The results indicate a
significant reduction of the filter cake resistance as the average
particle size increases and the fines fraction is reduced. These
findings match results previously reported for needle-like
compounds.36

Third, a modeling framework, containing multiple morpho-
logical population balance equation models, was used to
understand the evolution of the PSSD through the multistage

process. This model was subsequently used to conduct a
comprehensive characterization of the process’s PSSD
modification capabilities under various conditions and for a
diverse set of kinetics. The studies revealed that the growth
and dissolution kinetics of the crystals are of secondary
importance regarding the crystal shape if crystal breakage
produces particles with high aspect ratios.

The good qualitative match between the experimental and
simulation studies underscores the importance of a combined
experimental and modeling approach when designing crystal-
lization processes. Ideally, efforts should be invested in
experimentally estimating growth, dissolution, and breakage
kinetics with the least experimental effort. This would allow for
the use of modeling frameworks to rapidly evaluate the efficacy
of the multistage process for shape manipulation. This
approach would allow for quick screening of process
alternatives, saving time and resources compared to process
development without the aid of modeling.

Based on the size and shape engineering strategies previously
developed for needle-like particles,21,22,32,48 here, we have
expanded the characterization capabilities, experimental
techniques, and modeling frameworks to plate-like crystals.
The modification of the PSSD of plate-like crystals, and with it
the adjustment of the product properties for downstream
processing, has been successfully achieved. While the degree of
shape manipulation achieved is not as significant as in previous
studies on needle-like compounds, this work has illuminated
the complexities and opportunities for future investigations
into crystallization processes designed specifically for plate-like
crystals.
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■ NOTATION
A filtration area [m2]
B birth term [μm kg−3 s]
c solute concentration in the liquid phase [g kg−1]
c0 initial solute concentration in the liquid phase [g kg−1]
c* solubility [g kg−1]
Di dissolution rate in Li direction [μm s−1]
E death term [μm kg−3 s]
F pump flow rate [L min−1]
f number density function [μm−3 kg−1]
Gi growth rate in Li direction [μm s−1]
Ki breakage frequency in Li direction [s−1]
k cake permeability [m2]
kv shape factor [-]
Li crystal characteristic dimension i [μm]
Li,n number-weighted average characteristic dimension i [μm]
Li,v volume-weighted average characteristic dimension i [μm]
mC mass of the filter cake [kg]
ΔP pressure drop over the filter cake [Pa]
Qv volumetric flow rate during filtration [m3 s−1]
S supersaturation [-]
t time [s]
T temperature [°C]
αm filter cake resistance [m kg−1]
β blank resistance [m−1]
γc cooling rate [K h−1]
γh heating rate [K h−1]
Γi growth/dissolution rate in Li direction [μm s−1]
θ wet mill rotor speed [rpm]
μ dynamic viscosity [Pa s]
μijk cross moment ijk of the PSSD [varies]
ρ density of the crystalline phase [kg m−3]
τ residence time in the wet mill [s]
ϕij aspect ratio Li/Lj [−]
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