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ABSTRACT: Post-breakage crystal growth is obscure. Recently, form I Paracetamol
paracetamol (PCM) crystals, broken to expose their internal cleavage plane
(010), grew back into their original shapes through “regeneration.” This
work reports on regeneration in crystals with multiple breakage sites, Broken / 1 \
regeneration growth kinetics, and regeneration’s process optimization i

N Regeneration Kinetics
potential. Single PCM crystals with two breakage sites grew into their / T > ,

—38.2k]J/mol

original shapes in ethanol, with a rate twice that of crystals with one \ A (34-1"‘/5“"*’( W >(S’1"”"
breakage site. In a surface integration-limited regime, PCM regeneration in o (@) + Regonoration’» Regutarrate
ethanol followed the kinetic equation G = (34.1 ms™") exp (—38.2 kJmol™!/ ~ "=er=" l l l  Enhancing process models
RT)(S — 1)"*. With a higher pre-exponential factor and lower activation
energy, regeneration is indicated to proceed significantly faster than regular @ @ @
growth across different temperatures and concentrations. A modified “two-

crystal” setup enabled the comparison of mass growth rates between

regenerating and unbroken crystals during PCM evaporative crystallization in acetone, evaporative crystallization in ethanol, and
isothermal crystallization in ethanol. In these cases, regenerating crystals grew faster by 36 & 8 wt %, 75 &+ 19 wt %, and 94 + 34 wt
%, respectively. Projections to multi-crystal systems indicated that crystallization processing times could be lowered by up to 42%,
60%, and 65% for the respective cases. These findings offer improvements for crystallization process modeling and optimization.

1. INTRODUCTION post-breakage is not well explored, and broken crystals are
usually modeled to grow indifferently from unbroken
crystals.”” Regarding breakage mechanisms, crystal—agitator
collisions are the most prevalent, whereas crystal—crystal and
crystal—wall collisions are relatively negligible.'’ Regarding its

Regarded as one of the earliest chemical engineering
processes, crystallization is today used in a wide range of
applications, including pharmaceuticals, food, fine chemicals,
and agrochemical production.'™ The applications of crystal-

lization are expected to widen further, particularly in replacing extent, breakage incidences have been reported to increase
chromatography operations, which tend to be economically with higher agitation rates,'"'* larger crystal sizes,'""* higher
and environmentally very costly for overall processes.”” supersaturation,'' and higher magma density.'"> From a
Crystallization is considered a two-stage process: nucleation thermodynamic perspective, upon a breakage impact, the
and crystal growth. The former refers to the formation of stable directional preference of crystals is to be cleaved to expose
clusters (i.e., nuclei) in a supersaturated solution. The latter their internal cleavage planes, that is, the set of parallel planes
describes the growth of the formed crystals. Crystal growth is within the crystal featuring the weakest interplanar interaction
composed of two steps: the mass transfer step, which describes energy.' '
the transport of solutes from the bulk solution to the crystal Recently, a novel phenomenon named “crystal regeneration”
surface and the surface integration step, which follows the mass was reported for the post-breakage growth of form I

transfer and describes the integration of solutes onto the
crystal surface by stable intermolecular interactions. Rates of
both mass transfer and surface integration contribute to the
overall crystal growth rate. Most industrial processes are
initiated with crystal seeds and operate within the metastable
zone to allow crystal growth without nucleation, in order to
obtain ultimate crystal products with a narrow distribution of
attributes (e.g., size).”’

Crystal breakage is another phenomenon occurring in real
crystallization processes. Accordingly, the growth of crystals

paracetamol (PCM) crystals in ethanol. When cleaved along
their (001) surface, resulting in the exposure of the (010)
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Figure 1. (a) Pre- and post-breakage pictures of paracetamol crystals for one-sided regeneration experiments in ethanol, one-sided regeneration
experiments in acetone, and two-sided regeneration experiments in ethanol. (b) Schematic diagram of the evaporative crystallization experimental
setup utilized for single-crystal and two-crystal experiments. (c) Schematic diagram of the isothermal crystallization experimental setup utilized for
two-crystal experiments. (d) Schematic diagram of the isothermal crystallization experimental setup utilized for single-crystal experiments in the
kinetic studies. (e) Visual developments of one-sided paracetamol regeneration in ethanol.

internal cleavage plane, the broken PCM crystals rapidly grew
from their exposed (010) surface into their original shape.
Regeneration was demonstrated for PCM crystals of different
sizes. It was also reported to be independent of the extent of
cleavage, i.e., both of the resulting broken crystals regenerated
as long as the cleavage exposed a surface constituting planes
with a (010) Miller index. Moreover, regeneration was
reported to be unique for breakages exposing the (010)
surfaces—upon cleavages in other directions, the crystals
showed growth trends similar to unbroken crystals and did not
rapidly grow into their original shape.” It was subsequently
reported that crystal regeneration is not exclusive to the
PCM-—ethanol system. Regarding different solvents, regener-
ation of PCM was later reported for acetone and
tetrahydrofuran solvents.'® Considering different solutes,
regeneration of aceclofenac crystals was also reported, for
acetone and methyl acetate solvents.'” Therefore, crystal
regeneration is a recently explored phenomenon, and its
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further elucidation and integration into process models would
enhance the prediction and optimization of crystallization
processes.

Kinetics of crystal growth can be formulated to describe
dependencies on supersaturation and temperature for a given
crystal—solvent combination. Kinetic formulations are estab-
lished for individual crystal surfaces and therefore have
[distance/time] units. The general form of crystal growth
kinetics is provided in eq 1. The terms G, Ay, E,, R, T, and S,
respectively, denote the surface growth rate, pre-exponential
factor, activation energy, ideal gas constant, temperature, and
supersaturation. The exponent g, describing the growth’s
dependency on supersaturation, takes a value between 1 and
2. Importantly, considering the two steps of crystal growth,
kinetic measurements should be conducted in a surface
integration-limited regime to avoid being influenced by bulk
mass transfer rates.”''” Kinetic formulations are useful for

https://doi.org/10.1021/acs.cgd.5c00806
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predicting crystal growth rates under process conditions, as
well as for modeling and optimize processes.”””’

E, g
G=A0exp—E(S—l), 1<g<2 W

Experimental techniques for crystal growth are mainly
categorized into direct and indirect methods. Direct methods
refer to single-crystal experiments and involve monitoring the
growth of individual crystals by using laboratory-scale setups.
Indirect methods utilize suspensions of crystal seeds in agitated
crystallizers, where growth trends are inferred from concen-
tration measurements. Thus, direct methods are beneficial for
gathering detailed and accurate information about growth rates
and mechanisms, although their small sample size could be a
limitation. Indirect methods are advantageous due to their
larger sample size and better mimicking industrial-scale
hydrodynamics, although it is difficult to explore detailed
growth mechanisms of particular crystal surfaces.””**

To advance the knowledge on post-breakage growth,
exploring the feasibility and growth trends of regeneration
for particles with multiple breakage sites would be a timely
contribution to the field. Moreover, crystallization process
models are increasingly used and developed, with kinetic
growth equations being utilized in computational softwares,
including gPROMS,20 Python,21 and MATLAB,** as well as
within machine learning frameworks that employ neural
networks.”"*° Therefore, formulating the growth kinetics of
regeneration and comparing it with regular crystal growth
would enhance the accuracy and capability of crystallization
process models. From an industrial perspective, as most
industrial processes start with a certain mass of seeds to reach a
target final mass,”®” and regeneration is reported to be faster
than regular growth while resulting in the same particle shape,’
studying the effect of regeneration on crystal mass growth
would elucidate its potential to improve the productivity of
crystallization processes.

In this study, the possibility of simultaneous regeneration for
particles with multiple breakage sites was first investigated
using PCM—ethanol system via single-crystal experiments.
Then, via controlled isothermal crystallization experiments
with the PCM—ethanol system, surface growth kinetics of
crystal regeneration was formulated. In addition, via a modified
two-crystal setup, the advantages of regenerative crystal growth
compared to regular growth are translated into mass
production rates. In these tests, two crystals with similar initial
masses were selected to grow together, one being broken with
an exposed internal cleavage plane (i.e., to follow regenerative
growth) and the other being unbroken (i.e., to follow regular
growth). Two-crystal tests were conducted for PCM—acetone
regeneration with evaporative crystallization, PCM—ethanol
regeneration with evaporative crystallization, and PCM-—
ethanol regeneration with isothermal crystallization cases.
Finally, based on these outcomes, the potential of crystal
regeneration to reduce processing times was estimated,
highlighting improvements in the productivity and efficiency
of crystallization processes.

2. EXPERIMENTAL SECTION

2.1. Materials. Paracetamol (>98.0%) was procured from
Sigma-Aldrich. Ethanol (>99.8%) and acetone (>99.8%) were
procured from VWR Chemicals.
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2.2. Preparation and Cleavage of Crystals. PCM
crystals of millimeter scale were grown for use in the
experiments. For that, initially, saturated solutions were
prepared via mixing excess PCM with solvents overnight.
Then, small seeds were obtained through slow evaporation of
30 mL of saturated PCM solutions in 50 mL of borosilicate
glass beakers at room temperature. The seeds were collected
using tweezers and gently dried with a tissue. Subsequently, the
seeds were grown individually in 10 mL borosilicate glass vials
via slow evaporation of saturated solutions at room temper-
ature until they reached the desired size. Finally, the crystals
were collected and gently dried with a tissue. For both seed
production and growth procedures, slow evaporation was
enabled via covering the beaker or vial with parafilm, followed
by piercing the covered parafilm with tweezers to open 3 holes
of around 1 mm each.

For regrowth experiments, prepared crystals were cleaved via
applying point pressure to their (001) external surface using a
scalpel. This resulted in a self-propagating clean fracture, with
both resulting fragmented crystals exposing a flat (010) surface
on a microscopic level. The crystals were cleaved around their
midpoint for one-sided regeneration experiments, whereas they
were cleaved parallelly from both sides for two-sided
regeneration experiments. Images of crystals before and after
cleavage are shown in Figure la for a one-sided cleaved PCM
crystal from ethanol, one-sided cleaved PCM crystal from
acetone, and two-sided cleaved PCM crystal from ethanol,
respectively.

2.3. Crystal Regrowth via Evaporative Crystallization.
Borosilicate glass crystallization dishes with a 6 cm diameter
and 3.5 cm height were filled with 60 mL of saturated PCM—
ethanol or PCM—acetone saturated solutions. For single-
crystal experiments used in the studies on crystal regeneration
with multiple breakage sites, cleaved single crystals were placed
inside the dishes. Borosilicate glass plates were placed on the
dishes, allowing slow evaporation at room temperature. For
two-crystal experiments, utilized to study the effect of
regeneration on mass growth, the setup was modified so that
it was initiated with a broken and an unbroken crystal with a
similar initial mass (£15%) (Figure 1b). Details of the
evaporative crystallization setup are provided in Figure SI.

2.4. Crystal Regrowth via Isothermal Crystallization.
Two types of isothermal crystallization setups were utilized in
this study. For two-crystal experiments, borosilicate glass
crystallization dishes with a 3.8 cm diameter and 5.8 cm height
were filled with 60 mL of PCM—ethanol solution saturated at
room temperature. A pair of broken and unbroken crystals of
similar initial mass (£15%) were placed inside the dishes, and
the dishes were enclosed with lids. The dishes were inserted
into a water bath of 15 °C, corresponding to a supersaturation
(S) of 1.1 (Figure 1c). Details of the isothermal crystallization
setup are provided in Figure S2.

The kinetics study involved single-crystal experiments with
the same crystallization dishes with a diameter of 3.8 cm and a
height of 5.8 cm. To prepare solutions with specific
supersaturation and temperature, a bulk solution was initially
prepared at a higher temperature (T;) based on PCM’s
solubility curve (Figure S3). Then, 60 mL of the bulk solution
was filtered into the crystallization dish and kept for 2 h at the
experimental temperature (T,) for equilibration. The list of T;
and T, values for tested cases can be found in Table S4. The
high solution volume relative to the growth of a single crystal
ensured negligible changes in supersaturation throughout the

https://doi.org/10.1021/acs.cgd.5c00806
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experiments, which was confirmed via gravimetric analysis.
Cleaved PCM crystals were glued to the tips of glass capillaries
with a I-mm diameter and 10-cm length. To note, the glue was
minimally applied to the adhesion point of the crystal to ensure
that crystal growth was not affected. A 1 mm hole was opened
on the lid of the dishes to allow the capillaries to pass through
so that the cleaved crystals were submerged in supersaturated
PCM—ethanol solutions. For cases involving stirring, a 1.5 cm
magnetic stirrer was placed at the bottom of the dish. Once the
crystal was submerged, the setup was allowed 10.5 min for
crystal growth (Figure 1d).

2.5. Crystal Regrowth Monitoring and Analysis. For
the evaporative crystallization setups, crystallization dishes
were monitored with a USB microscope (RS Pro, SM)
throughout the crystal growth. The USB microscope was
connected to a robotic arm (DOBOT, Magician), enabling
simultaneous monitoring of multiple crystallization dishes
(Figure 1b). In addition, pictures of the crystals were taken
with a stereomicroscope (Leica Microsystems, M60) before
and after the experiments, also allowing the measurement of
crystal dimensions. Using the calibrated stereomicroscopic
measurements, growth rates of crystal surfaces and dimensions
were estimated via ImageJ software from the recordings of the
USB microscope. As an example case, visual developments for
the regeneration of one-sided broken PCM crystal in ethanol
are illustrated in Figure le. For the two-crystal experiments,
additionally, crystals were also gently dried with soft tissue, and
their mass measurements were taken with a microbalance
(OHAUS, Pioneer PA214C).

For the isothermal crystallization experiments, pictures of
the crystals were taken with the stereomicroscope before and
after the experiments. In the kinetic studies, the growth
distance of the regenerating (010) surface was calculated by
the difference in measurements between the pictures, and the
result was divided by 10.5 min to estimate the growth rate. In
the two-crystal experiments, mass measurements were also
taken as described for the evaporative crystallization case.
Reported experimental errors were calculated based on
repetitions of the same experiment with different crystals for
both isothermal and evaporative crystallization setups.

3. RESULTS AND DISCUSSION

3.1. Crystal Regeneration with Multiple Breakage
Sites. The possibility of simultaneous regeneration from
multiple surfaces was tested with PCM crystals with 2 breakage
sites. Growth trends, in terms of visual developments and
quantified dimensional growth rates, are provided in Figure 2.
The regenerating crystal dimension and the normal dimension
are also marked in the first image (#:0). As seen, PCM crystals
cleaved from two sides were successfully regenerated in
ethanol, demonstrating the capability of crystals to simulta-
neously regenerate from multiple surfaces, returning to their
original shape. A video showing the growth developments of
this case is also provided in Movie SI. Regarding the growth
rates, during the first half of the regeneration (0—16 h), the
regenerating dimension grew at a rate of 0.068 mm/h. In the
second half of the regeneration (16—32 h), the regenerating
dimension gradually transitioned with an average rate of 0.032
mm/h. After regeneration (32—48 h), the regenerating
dimension proceeded at a rate of 0.009 mm/h. The rate of
normal dimension varied insignificantly and proceeded at
0.015 mm/h throughout the overall process (0—48 h). For
comparison, during one-sided PCM regeneration in ethanol
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Figure 2. Appearance over time and dimensional growth trends for
two-sided paracetamol regeneration in ethanol (n = 3). The period of
0—32 h corresponds to the regeneration time, and the period of 32—
48 h corresponds to the crystal growth after regeneration.

under the same conditions, the regenerating dimension was
reported to grow at a rate of 0.037 mm/h during the first half
of the regeneration period.'® Therefore, the measured rate of
0.068 mm/h for two-sided regeneration, which is approx-
imately twice that of 0.037 mm/h, indicates that regenerating
surfaces do not compete in the two-sided regeneration case,
thereby fastening the growth rate of the overall dimension.
Notably, after regeneration, the ratio of the growth rates for the
regenerating dimension (0.009 mm/h) to the normal
dimension (0.015 mm/h) was around 0.6. As reported
earlier,'* a growth rate ratio of around 0.7 is expected after
regeneration, which is dictated by PCM’s regular shape
dimensions in ethanol.

Outcomes of this study demonstrate the potential of
utilizing regeneration as a seeding tactic. Accordingly, crystal
seeds tailored to expose their internal cleavage planes can
facilitate faster crystal growth through regeneration. Thus, for
instance, the process time needed to achieve target crystal mass
and resource consumption can be reduced. Likewise, breakage
tactics targeted to expose the crystals’ internal cleavage planes
can be explored (e.g., certain agitator types) and implemented
for process optimization.

3.2. Crystal Regeneration Kinetics. Surface integration
kinetics of crystal regeneration were explored for the PCM—
ethanol system, within a supersaturation (S) range of 1.027—
1.237 and a temperature range of 14—30 °C. The study started
with the detection of the surface integration-limited growth
regime. Given that the mass transfer rate has a linear
dependence on concentration whereas the surface integration
rate increases exponentially (1 < g < 2) with it, the rate regime
was investigated for the highest supersaturation under study (S
1.237). Thus, the detected agitation rate for a surface
integration-limited regime would be valid for the whole
supersaturation range. The results of this study are visualized
in Figure 3a. As seen, the growth rate of (010) surface
increases from 7.6 + 0.4 ym/min without agitation to 18.3 +
1.8 ym/min at 125 rpm and to 27.1 + 1.1 ym/min at 250 rpm.
When the agitation rate increased further up to 625 rpm, the

https://doi.org/10.1021/acs.cgd.5c00806
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Figure 3. (a) Growth rate of the exposed (010) surface by stirring rate at 22 °C and S = 1.237 (n = 3). (b) Growth rate of the exposed (010)
surface by the degree of supersaturation at 22 °C and a stirring rate of S00 rpm (n = 3). (c) Arrhenius plot for the growth rate of the exposed (010)
surface at § = 1.130 and a stirring rate of S00 rpm (n = 3). (d) Estimated growth rates for paracetamol in ethanol by supersaturation at 30 and 15
°C for crystal regeneration based on results of the presented work, for unbroken crystal growth based on Mitchell et al,,"” and for unbroken crystal

growth based on Worlitschek and Mazzotti.*®

growth rate did not meaningfully change. Hence, under these
conditions, agitation rates of 250 rpm and higher result in a
surface integration-limited regime, with the demarcation point
indicated to be within 125 and 250 rpm. It was therefore
decided to study the supersaturation and temperature
dependencies at 500 rpm agitation rate, ensuring operation
in the surface integration-limited regime.

Subsequently, the effect of supersaturation was quantified.
Kinetic measurements were conducted at 22 °C and a stirring
rate of 500 rpm at S values of 1.027, 1.073, 1.130, 1.204, and
1.237. As seen in Figure 3b, the growth rate of the (010)
surface increased with an exponent of 1.80 (R* > 0.999)
depending on the degree of supersaturation. The outcome is
solidified by the fact that the exponent g is expected to be in
the range of (1 < g < 2), and 1.80 falls within this range.

Finally, the effect of the temperature was studied. Isothermal
crystallization tests were performed at a stirring rate of 500
rpm and the median studied S of 1.130. Experiments were
conducted at temperatures ranging from 14 to 30 °C with 4 °C
increments. After quantifying the exponent g, rearranging eq 1,

ﬁ) terms and

surface growth rates were adjusted to ln(
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plotted against inverse of absolute temperature (K™') to
determine the activation energy and the pre-exponential factor
(Figure 3c). Consequently, the activation energy and the pre-
exponential factor were, respectively, calculated as 38.2 kJ/mol
(Figure 3¢, —slope X R) and 2.05 X 10° gm/min (Figure 3c,
™) The pre-exponential factor of 2.05 X 10° ym/min is
equivalent to 34.1 m/s in SI units, as conventionally reported.
Thus, the surface integration kinetics for the regeneration of
PCM in ethanol are formulated in eq 2:

2 )i e

G=A4, exp(—R—;

38.2 kJ/mol

RT )(S - D

= (34.1m/ —
( ) eXP( )

This study showcases the determination of surface growth
kinetics for post-breakage regeneration for the first time. Thus,
the methodology can be likewise used to determine kinetic
equations for various systems that show regenerative growth.

Considering the outcomes, the activation energy tends to be
around 10—20 kJ/mol for mass transfer-limited growth

https://doi.org/10.1021/acs.cgd.5c00806
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Figure 4. Visual developments of broken and unbroken crystal pairs and projected crystallization process time reductions by weight fraction of one-
sided and two-sided regenerating seeds for a) paracetamol—acetone evaporative crystallization at room temperature (n = 4), b) paracetamol—
ethanol evaporative crystallization at room temperature (n = 3), and c) paracetamol—ethanol isothermal crystallization at 15 °C (n = 9). Internal

cleavage plane is abbreviated as ICP.

regimes, while the expected range is 40—60 kJ/mol for surface
integration-limited cases.”’ Thus, the detected activation
energy of 38.2 kJ/mol indicates a relatively small activation
energy for the regenerative growth of PCM in ethanol, given
the surface integration-limited operation. For PCM growth in
ethanol without breakage, in the literature, A, values of 9.979
m/s'"’ and 21 m/s,”° E, values of 40.56 kj/mol19 and 41.6 kJ/
mol,*® and g values of 1.602"° and 1.9%° were reported.
Differences in crystal growth rates estimated by these kinetic
equations are plotted in Figure 3d, visualizing the significantly
faster rate of regeneration compared to regular growth across
different temperatures and supersaturations. The difference in
growth rates is reflected by a higher A, and a lower E, for
regeneration, whereas the detected g is within the reported
values for regular growth. The increased A; is linked to the
significant instability of the newly exposed (010) facet,
1ntr1ns1cally increasing the frequency of solute attachment
events.” The lower E, is attributed to the more nonpolar nature
of the (010) facet compared to the facets on the exterior of
unbroken paracetamol crystals,'* reducing the desolvation
energy barrier for incoming solute molecules.”’

In addition to estimating surface growth rates based on
temperature and concentration, the detected kinetic formula-
tion can also be useful for implementation into crystallization
process models (as detailed in the Introduction section) to
enable accurate process modeling and optimization.

3.3. Impact of Crystal Regeneration on Mass Growth.
Inspired by the faster growth trends observed in regeneration
compared to regular growth, the potential of regeneration to
enhance industrial crystallization processes was explored via
translating its benefits into mass growth. In this study, the
conventional single-crystal experiment technique was modified
to design “two-crystal experiments,” in which two crystals (one
broken and one unbroken) with similar initial masses were
grown in the same crystallization setup to comparatively
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analyze their growth. Three cases were studied: PCM—acetone
regeneration with evaporative crystallization, PCM—ethanol
regeneration with evaporative crystallization, and PCM-—
ethanol regeneration with isothermal crystallization.

The outcomes of the two-crystal experiments for the
respective crystallization cases are provided in Figure 4.
During regeneration, compared to their unbroken counter-
parts, the broken crystals grew faster by 36 + 8 wt % for
evaporative crystallization in acetone, by 75 + 19 wt % for
evaporative crystallization in ethanol, and by 94 + 34 wt % for
isothermal crystallization in ethanol. Mass growth measure-
ments from the studied cases are also provided in Table SS.
Therefore, regenerative growth has been demonstrated to
enhance mass production rates in processes. Moreover, the
findings of relatively higher increases for the cases with ethanol
compared to acetone are in line with the literature, since PCM
regeneration has been reported to proceed at faster rates in
ethanol compared to acetone.'®

3.4. Scale-up Potential of Crystal Regeneration. The
potential for regeneration in terms of faster mass growth has
been demonstrated in this work, in addition to the findings
that simultaneous regeneration of multiple crystal surfaces is
feasible. These findings motivated the exploration of
regeneration’s scale-up potential to optimize crystallization
processes. Accordingly, faster mass growth rates can be
harnessed to reduce process batch times (or residence times,
considering continuous processing), thus improving produc-
tivity as well as resource efficiency.

Equation 3 is formulated for the scale-up projections, with
the term o describing the additional crystal growth rate
induced by regeneration. Accordingly, the process time
reductions are based on the time it takes for 100 mass units
of crystals to grow an additional 100 mass units. Thus, seeds
with one exposed breakage side and two exposed breakage
sides are adjusted with additional growth rates of @ and 2a,

https://doi.org/10.1021/acs.cgd.5c00806
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respectively. Based on our findings, @ is given a value of +36
for PCM—acetone evaporative crystallization, +75 for PCM—
ethanol evaporative crystallization, and +94 for PCM—ethanol
isothermal crystallization.

Process time reduction (%)
=~ 100(1 — 100/[100(Wt %ypbroen) + (100 + @)

(Wt %One-sided) + (100 + 2a)<Wt %Two-sided)]) (3)
The projected impact of regeneration on multi-crystal
processes is visualized in Figure 4a, b, and ¢ for the respective
crystallization cases. The figures describe corresponding
process time reductions based on the weight fractions of
one-sided and two-sided regenerating seeds. Given that the
overall fraction of crystals adds up to 100 wt %, the graphs
have a pyramidal shape. For instance, if a system contains 40
wt % crystals with one breakage site, there can be up to 60 wt
% crystals with two breakage sites, as the 60 wt % also includes
unbroken crystals in that case. As an example, the condition of
40 wt % crystals with one breakage site and 40 wt % crystals
with two breakage sites (therefore, the remaining 20 wt %
being unbroken) is marked with points A, B, and C in the
respective graphs. For this condition, as shown, the respective
process time reductions are estimated as 30%, 47%, and 53%.
Therefore, overall, harnessing solely one-sided regeneration is
estimated to reduce processing times by up to 26%, 43%, and
48% for PCM—acetone evaporative crystallization, PCM—
ethanol evaporative crystallization, and PCM—ethanol iso-
thermal crystallization, respectively. When two-sided regener-
ating crystals are also involved, the respective processing time
reduction potentials are estimated to be up to 42%, 60%, and
65%. Although these estimations are not highly detailed and
are based on single-crystal studies that differ considerably from
large-scale units in aspects such as hydrodynamics, they
demonstrate the sizable potential of regeneration to improve
industrial processes. To actualize this potential, the effect of
different breakage inducers (e.g, agitator types) on the
resulting breakage mechanism (i.e., the fraction of crystals
which are broken to expose their internal cleavage plane) in
multi-crystal systems can be investigated as a future study.

4. CONCLUSION

In this study, regeneration of crystals with multiple cleavage
sites was demonstrated for the first time. PCM crystals, cleaved
parallelly from two sides, were grown back into their pre-
breakage shape. The overall growth rate of the regenerating
dimension was around twice as fast for two-sided regeneration
compared to one-sided regeneration, indicating that regenerat-
ing surfaces do not inhibit the growth of each other. The
growth kinetics of PCM regeneration in ethanol were studied
in a surface integration-limited regime, yielding the equation
(34.1 ms™') exp (=382 kJmol™!/RT) (S — 1)"*. With a
higher pre-exponential factor and lower activation energy,
regenerative growth is estimated to proceed faster than the
growth of unbroken crystals across different temperatures and
supersaturations. The kinetic equation can also be imple-
mented into crystallization process models, improving accuracy
and capability for cases involving crystal breakage. A modified
“two-crystal” setup was designed to monitor the growth of a
broken and an unbroken crystal with a similar initial mass in
the same crystallization dish. Two-crystal experiments were
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conducted for PCM—acetone evaporative crystallization at
room temperature, PCM—ethanol evaporative crystallization at
room temperature, and PCM—ethanol isothermal crystalliza-
tion at 1.1 supersaturation. In the respective cases, broken
crystals grew faster by 36 + 8 wt %, 75 + 19 wt %, and 94 + 34
wt %. Based on these outcomes, the effect of regeneration on
mass production was projected to multi-crystal systems, and
regeneration was estimated to reduce crystallization processing
times by up to 42%, 60%, and 65%, respectively. This study
reports the feasibility of crystal regeneration for particles with
multiple breakage sites, a methodology to formulate regener-
ative growth kinetics and its implications, the translation of
regeneration to improve mass production rates, and its
potential to enhance the productivity and efficiency of
crystallization processes.

5. HIGHLIGHTS

o Crystal regeneration is demonstrated for crystals with
multiple breakage sites.

e Growth kinetics for paracetamol regeneration in ethanol
followed (34.1 ms™') exp (—38.2 kjmol™!/RT) (S —
1),

® Regeneration significantly improves crystal mass growth
rates and can remarkably reduce processing times.
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