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This study investigated the impact of aspect ratio and crystal size distribution on the mother liquor content

and drying rate of L-glutamic acid (LGA). LGA cooling crystallization was performed using two methods:

spontaneous nucleation and seeding. First, to identify various crystalline forms of LGA and obtain a-form

seeds, cooling crystallization was carried out through spontaneous nucleation and seeding. Seeding

improved the aspect ratio of the crystals, and both a- and b-form crystals had hexagonal shapes when

their aspect ratio was enhanced. During seeding, the aspect ratio of a-form seeds improved under slow

cooling rates and low supersaturation, while that of b-form seeds improved under fast cooling rates and

high supersaturation. When assessing drying efficiency based on mother liquor content and drying rate,

the highest efficiency was observed in crystals with an average aspect ratio of 1.25 and an average

particle diameter of 416 mm, with a mother liquor content of 5.60%. Conversely, the lowest efficiency

was found in crystals with an average aspect ratio of 16.40 and an average particle diameter of 170 mm,

resulting in a mother liquor content of 25.21%. The time required for complete drying in these two cases

showed a roughly twofold difference, taking approximately 120 minutes for the highest efficiency case

and 240 minutes for the lowest. Consequently, this study was able to evaluate the drying efficiency of

LGA crystals with varying aspect ratios and other crystal size distributions (CSD) in terms of mother liquor

content and drying rate.
1. Introduction

L-Glutamic acid (LGA) is one of the 20 amino acids used by cells
to synthesize proteins. In addition to its role in protein
synthesis, LGA is a precursor to g-aminobutyric acid, an
inhibitory neurotransmitter in the central nervous system. It is
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also used in the food industry, particularly in the production of
monosodium L-glutamate and seasonings. LGA is a polymorph
that possesses more than one crystalline form, with the known
forms being the a (rhombic) and b (needle-like) forms.1 LGA is
industrially produced via the action of microorganisms or
fermentation; however, high-purity LGA can only be obtained
through further separation and purication, such as by
membrane separation, electrodialysis, and crystallization.2

During crystallization, the target substance is recovered as solid
crystals from a solution. In addition to the operating conditions
of the crystallization process, downstream crystal recovery and
transport are important considerations for obtaining high-
quality crystals. Isotropic crystals are preferred for effective
downstream processing, and a-form crystals are more isotropic
than b-form crystals.3,4 Therefore, the crystallization industry
may require selective crystallization to obtain isotropic crystals,
such as those of the a form.

Previous studies indicate that the key process variables for
obtaining a-form LGA are supersaturation, cooling rate, and
temperature. Supersaturation is an important driving force in
crystallization;5 the spontaneous nucleation of a-form crystals
can be observed at high supersaturation, whereas b-form crys-
tals are observed at low supersaturation. Moreover, a-form
RSC Adv., 2025, 15, 83–93 | 83

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05935b&domain=pdf&date_stamp=2024-12-26
http://orcid.org/0000-0002-7528-5552
https://doi.org/10.1039/d4ra05935b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05935b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015001


Fig. 1 Optical micrographs (OM) of b-form LGA.
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crystals are preferentially obtained at low temperatures.6,7

Existing studies focus on the selective preparation of specic
crystalline forms of LGA, particularly the a and b forms. Zhen-
guo et al. reported that using a batch crystallizer allows for the
precise control of polymorphs during cooling crystallization.8

Ma et al. reported that continuous crystallization using mixed-
suspension mixed-product-removal crystallizers is feasible for
polymorphs such as LGA.9 Ni et al. reported that using an
oscillatory baffled crystallizer (OBC) can reduce the induction
time for nucleation.10 Other studies have also shown that using
an OBC allows for precise control over continuous processes
and crystallization.11,12 Recent studies have aimed to precisely
control polymorphs in real time using analytical techniques
such as Fourier transform infrared and Raman
spectroscopy.13–16 These methods can determine the optimal
conditions for controlling the polymorphism of LGA and are
effective in identifying the fraction of each crystalline form or
transformation conditions at a specic supersaturation level or
temperature. However, in some cases, the nucleation of b-form
crystals occurs on the surface of a-form crystals, rendering
polymorphism control difficult.15,17–19 Lindenberg et al. and
Liang et al. attempted to solve these issues through simula-
tions.20,21 Simulations with thermodynamic and kinetic data can
be used to achieve precise process control. During crystalliza-
tion, polymorphism tends to favor thermodynamically stable
and kinetically metastable forms.22,23 The a form is thermody-
namically metastable, while the b form is stable. Tahri reported
that the prolonged agitation of metastable a-form crystals can
lead to their transformation into stable b-form crystals.24 Sakata
reported measuring the velocity of the a-b transition in the dry
state by heating a-crystals in a hot air bath.25

Crystals with large aspect ratios can cause lter blinding
during ltration.5,26,27 Reducing the aspect ratio of the crystals
can minimize this issue. Seeding is a common method used to
alter the shape of a crystal by reducing unnecessary nucleation
and promoting seed growth.28 Unlike spontaneous nucleation,
this process involves only crystal growth,29,30 and the shape of
the growing crystals can vary depending on the crystal habit.
Seeding enables better control of the crystal size distribution
(CSD),31,32 higher yields, and reduced process times. Dhanase-
karan et al. reported that LGA crystals grow into a hexagonal
shape aer seeding.33 This study found that using a-form seeds
resulted in increased isotropic crystal growth. By contrast,
Zhang et al. investigated changes in crystal shape using b-form
seeds with a large aspect ratio,34 Liu et al. investigated crystal
growth kinetics and CSD using b-form seeds.35 Most studies
focus on selective crystallization and changes in crystalline
form, specically between the a and b forms, through seeding.
However, limited research on the differences between the two
crystalline forms in downstream processes, such as precipita-
tion, ltration, drying, and transportation, is available. There-
fore, further investigation of the differences in these processes
depending on the crystalline forms of LGA, as well as methods
to improve their aspect ratio, is necessary. Given this back-
ground, this study aimed to investigate the differences in the
downstream processes of different crystalline forms of LGA.
Specically, cooling crystallization was performed using a batch
84 | RSC Adv., 2025, 15, 83–93
reactor, and LGA crystals were obtained through spontaneous
nucleation and seeding. Seeds of the a (rhombic) and
b (columnar) forms were used. The mother liquor content and
drying rate of the produced crystals were measured and
compared to investigate the effect of their aspect ratio on their
ltration and drying processes.

2. Experimental
2.1 Materials and experimental equipment

Powdered LGA (F.W. 147.13, assay min 99.0%; DUKSAN, Korea,
Fig. 1) and distilled water were used to prepare the LGA solu-
tion. Mass was measured using scales (GR-200, A&D; Adventurer
AR5120, OHAUS). A 200 mL double-jacketed glass vessel and
stirrer (HS-100D, DAIHAN Scientic) equipped with a triple-
blade impeller were used to mix the powder and distilled
water. The stirring rate is constant at 300 rpm. A circulator (RW-
2025G, JeioTech) connected to the double-jacketed vessel was
used to control the temperature of the LGA solution. The solu-
tion containing the generated crystals was ltered through an
aspirator (VE-11, JeioTech) and glass lter (17G4, PYREX).
Optical microscopy (OM, JP CX-31, OLYMPUS) was used to
inspect the shape of the crystals produced in the experiment,
and their crystalline form was conrmed using X-ray diffraction
(XRD) analysis (SmartLab, Rigaku). In this study, each experi-
mental case was numbered and referred to as a ‘Run’.

2.2 Crystallization process

2.2.1 Cooling crystallization method. The LGA solution was
allowed to reach equilibrium and then cooled to the target
temperature to induce crystal generation. Cooling can be per-
formed by decreasing the temperature uniformly over time or
rapidly in an exponential curve.32,36 LGA crystals can be obtained
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05935b


Fig. 2 Schematic illustration of the experiment process: unseeded (spontaneous nucleation) and seeding crystallization process.
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via spontaneous nucleation or seeding. When the solution
reached the nal temperature, it was maintained for 1 h, and
the generated crystals were sampled and observed under an
optical microscope. The LGA solution containing the crystals
was ltered to remove the mother liquor. The crystals remain-
ing on the lter were collected, and their masses were measured
at regular intervals to analyze their drying characteristics. Fig. 2
present the experiment process in this study.

2.2.2 Solubility. The solubility of the LGA solution was
measured at its equilibrium point (Fig. 3). Approximately 100 g
of the solvent (distilled water) was mixed with a specic mass of
LGA in a double-jacketed vessel. If equilibrium was reached,
more solute was added to the mixture; otherwise, the
Fig. 3 Solubility of b-form LGA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature was increased at a rate of 0.167 K min−1. The
solutions were maintained at each temperature for 3 h to ensure
accurate solubility measurements. This process was repeated to
determine the equilibrium points of all solutions. The
temperature range for the solubility measurements in this study
was 283–343 K, and the temperature was increased at 10 K
intervals. The supersaturation values at specic temperatures
were calculated from the solubility data shown in Fig. 3 and are
presented in Table 1. Eqn (1) is a regression line calculated
using the least squares method from a log plot of the solubility
data (R2 = 0.9992). Eqn (1) was used to calculate the saturation
mole fraction of the solute at any given temperature, which, in
turn, allowed for the calculation of the saturation concentra-
tion. Eqn (2) was used to numerically represent supersaturation
in this study; in this equation, C and Csat are the initial and
saturation concentrations of the LGA solution, respectively.

ln(XSolute) = 11.5344 ln(T) − 72.7282 (1)

s ¼ C � Csat

Csat

(2)
Table 1 Molar fraction and temperature log–log plot of b-LGA
solution

T (K) Solubility (g/100 g) XSolute ln (T) ln (XSolute)

283 0.40 0.0004891238 5.6460 −7.6229
293 0.61 0.0007457223 5.6807 −7.2012
303 0.92 0.0011242698 5.7142 −6.7906
313 1.27 0.0015513177 5.7467 −6.4687
323 1.92 0.0023434385 5.7781 −6.0561
333 2.70 0.0032923260 5.8086 −5.7162
343 3.66 0.0044577126 5.8382 −5.4131

RSC Adv., 2025, 15, 83–93 | 85
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2.2.3 Metastable zone limit. The temperature at which
spontaneous nucleation occurred was identied to determine the
metastable zone limit.37–39 The interval between the temperatures
at which the saturation concentration and spontaneous nucle-
ation occur corresponds to themetastable zone width (MSZW). In
this study, MSZW was measured by excluding cases in which
spontaneous nucleation occurred at excessively high or low
temperatures, considering that the solvent was water (ESI 1†).
The solution was prepared by adding 2.4 g, 2.7 g, 3.0 g, and 3.3 g
of solute to 100 g of solvent (distilled water), respectively.

3. Result and discussion
3.1 Unseeded (spontaneous) nucleation

Based on the crystalline form and supersaturation levels
observed at various cooling rates, it was found that faster
Fig. 4 Image of a-form LGA by switch method.

Fig. 5 OM image of LGA crystals using b-form seed in Table 2: Run 1
supersaturation and Run 9 to Run 14 are about the effects of seed mass

86 | RSC Adv., 2025, 15, 83–93
cooling rates and higher supersaturation levels promote the
formation of a-form LGA (ESI 2 and 3†). Because supersatura-
tion is driven by temperature differences, a high level of
supersaturation indicates a large temperature difference owing
to cooling. These results are consistent with previous studies
that found that the a form is preferentially formed at lower
temperatures.6,7 Faster cooling rates tended to favor the
predominant generation of a-form crystals because this form
produces stable hydrogen bonds at low temperatures; differ-
ences in the positions of crystal growth may also inuence the
crystal form.36 Additionally, the differences in crystal shape may
be attributed to the crystal habit, which dictates how the crystals
grow aer nucleation.40 Thus, fast cooling rates may be inferred
to be required to obtain a-form crystals through spontaneous
nucleation.

In this study, switching between two circulators was utilized
to rapidly cool the LGA solution. Here, the solution was trans-
ferred from a high-temperature (343 K) circulator to a low-
temperature (283 K) circulator connected to the double-
jacketed vessel, resulting in a rapid cooling effect that caused
the temperature to decrease exponentially rather than linearly
(ESI 4†). Switching did not induce cooling at a xed cooling rate,
such as 1 K min−1, but rapidly decreased the temperature at the
beginning of the cooling process. Thus, a-form crystals were
successfully obtained through spontaneous nucleation,7 as
shown in Fig. 4.
3.2 Seeding

Two types of seeds were used: the b-form seed shown in Fig. 1
and the a-form seed shown in Fig. 4. The crystals grown used b-
form seed are shown in Fig. 5 and the crystals grown used a-
form seed are shown in Fig. 6. The conditions used for the
seeding experiments are listed in Table 2. Supersaturation was
calculated from the seeding temperature, and the supersatu-
ration of Table 2 was calculated and represented along with the
initial concentration. In all seeding experiments, the solution
was prepared with an initial concentration of 2.7 g of solute per
100 g of distilled water.
to Run 4 have different cooling rate, Run 5 to Run 8 have different
.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05935b


Fig. 6 OM image of LGA crystals using a-form seed in Table 2: Run 15 to Run 19 have different cooling rate, Run 20 to Run 24 have different
supersaturation and Run 24 to Run 28 are about the effects of seed mass.
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Runs 1–4 were conducted at a cooling rate of 0.4 K min−1,
which was the highest cooling rate at which the spontaneous
nucleation of a-form seeds did not occur. An increase in
supersaturation tended to decrease the aspect ratio of the
crystals formed from b-form seeds. Seeding at temperatures
below 288 K to achieve higher supersaturation may be expected
to further improve the aspect ratio. However, this approach
brings the process closer to the metastable zone limit, which
may lead to spontaneous nucleation. For Runs 5–8, the aspect
ratio of the formed crystals decreased as the cooling rate
increased at the same level of supersaturation. In the case of
rapid cooling (Runs 9 and 10), a-form crystals were observed,
indicating that the b-form seeds did not grow sufficiently. This
phenomenon may be attributed to the fact that the seed mass
was only approximately 1% of the solute mass, which is too low
for sufficient crystal growth. If the seed mass is sufficient,
unnecessary nucleation may be avoided (Runs 13 and 14).

At a cooling rate of 0.6 Kmin−1, which was the cooling rate at
which the spontaneous nucleation of b-form seeds did not
occur, the a-form seeds grew and changed in shape from
rhombic to hexagonal at low supersaturation levels. The aspect
ratio decreased at low supersaturation levels (Run 15–19). These
results are in contrast to those of the b-form seeds (Runs 1–4),
which showed improvements in the aspect ratio of the resulting
crystals under high supersaturation. In the case of Run 20, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
a-form seeds grew, but the nucleation of the b-form seeds also
occurred. In Runs 21–23, b-form seed nucleation was not
observed, but no signicant improvement in the aspect ratio of
the obtained crystals was noted. Similarly, in Run 24, in which
the cooling rate involved switching, no improvement in aspect
ratio was observed. If the seed mass is sufficient, unwanted
nucleation can be prevented, similar to the case for the b-form
seeds. However, the spontaneous nucleation of the b-form seeds
can still occur under a slow cooling rate.
3.3 XRD analysis

The XRD patterns for the needle-like shape, b-form seed, Run 8,
a-form seed, and Run 25 are presented in Fig. 7. For a-form seed,
the XRD analysis results indicated that aminor presence of the b-
form was observed, but the proportion of the a-form was signif-
icantly higher. The peaks detected at 2q = 10°, 30°, and 66° are
characteristic of the b-form seeds, while those at 2q = 18.5°, 24°,
and 27° are characteristic of the a-form seeds.41 The crystals of
the powdered LGA (Fig. 1) used in the experiment are of the
b form. Runs 8 and 25 conrmed that the crystalline forms of the
seeds were preserved. Although the focus of seeding in this study
was not transformation, the preservation of crystal form can be
attributed to differences in crystal growth positions depending
on the crystal habit21 and the insufficient time for the metastable
a-form crystals to transform into the b form.24,42
RSC Adv., 2025, 15, 83–93 | 87
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Table 2 Experiment conditions of seedinga

Run Seed
Cooling rate
(K min−1)

Seedmass
(%)

TSeeding
(°C) sSeeding

Run 1 b-
Form

0.4 10.0 40 1.08
Run 2 30 2.03
Run 3 22 3.12
Run 4 17 4.02
Run 5 b-

Form
0.6 10.0 17 4.02

Run 6 1.0
Run 7 1.4
Run 8 Switch
Run 9 b-

Form
Switch 1.0 40 1.08

Run 10 30 2.03
Run 11 17 4.02
Run 12 2.5 30 2.03
Run 13 5.0
Run 14 10.0
Run 15 a-

Form
0.6 5.0 40 1.08

Run 16 35 1.51
Run 17 30 2.03
Run 18 25 2.67
Run 19 17 4.02
Run 20 a-

Form
0.2 5.0 30 2.03

Run 21 0.4
Run 22 0.6
Run 23 0.8
Run 24 Switch
Run 25 a-

Form
0.6 5.0 40 1.08

Run 26 10.0
Run 27 5.0 17 4.02
Run 28 10.0

a ln(xSolute) = 11.5344 ln(TSeeding) – 72.7282, sSeeding ¼ C � Csat

Csat
(sSeeding:

supersaturation of spontaneous nucleation).

Fig. 7 XRD pattern – needle-like shape, b-form seed, Run 8, a-form se

88 | RSC Adv., 2025, 15, 83–93
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3.4 (Dry/wet)% and drying speed

The drying rates of four types of crystals—needle-like, Run 8,
a-form seed, and Run 25 are presented in Fig. 8. Drying was
conducted by collecting the crystals obtained immediately
aer ltration, spreading them evenly on a Petri dish, and
placing it on a scale to measure weight changes at room
temperature. The ambient temperature was maintained at 298
K. Weight changes were measured at time intervals of 0, 30, 60,
90, 120, 150, 180, 210, 240, 270, 300, 330, and 360 minutes.
(Dry/wet)% represents the mass percentage of a dried crystal
relative to its initial mass containing the mother liquor by eqn
(3). Each crystal dried completely within 240 min. Among the
crystals investigated, needle-like shape contained the most
mother liquor, whereas those obtained in Run 25 contained
the least. In addition, the crystals obtained in Run 25 dried the
fastest. In the experiments using b-form seeds, the crystals
obtained in Run 8 showed the greatest improvement in aspect
ratio. However, the drying rates of these crystals did not differ
signicantly from that of the needle-like crystals. When the
removal rates of the mother liquor between the fastest drying
interval (aer 60 min) and end of drying (aer 360 min) were
compared, Run 25, a-form, Run 8, and needle-like shape
showed differences of approximately 0.4%, 5%, 11%, and 14%,
respectively.

ðDry=wetÞ% ¼

mass of dried crystal at a specific time ðgÞ
initial mass of crystal with 100% mother liquor ðgÞ � 100ð%Þ

(3)
ed, Run 25.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Removal of mother liquor over time at room temperature.
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Aer ltration, the needle-like shape and Run 25 exhibited
different cake forms on the lter, as shown in Fig. 9. Themother
liquor contents of the crystals appeared to vary depending on
the cake structure formed.43 The cake structure of the needle-
like crystals appeared to be more compact than that of the
crystals obtained in Run 25, which had a low aspect ratio.
Needle-like crystals with a large aspect ratio, tend to cluster
during ltration, potentially trapping the mother liquor or
impurities between them.44
Fig. 9 OM image of a crystal being transferred to a Petri dish immediatel
25): looks like grain of salt.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5 Aspect ratio and CSD

Fig. 10 and 11 show the aspect ratios and CSD of the crystals
shown in needle-like shape, b-form seed, Run 8, a-form seed
and 25, respectively. The aspect ratio is dened by eqn (4). The
width and length of the crystal were measured across the center
of the crystal, with the larger of the two values designated as “a”.
The crystal diameter was calculated using the following
formula,45 eqn (5):

Aspect ratioðARÞ ¼ a

b
(4)

pr2 = L × S (5)

The needle-like shape crystals have a very high aspect ratio.
Owing to seeding, the crystals obtained in Run 8 showed
improvements in aspect ratio and average crystal diameter
compared with those in b-form seed. Comparison of the crystals
in a-form seed and Run 25 revealed that the average crystal
diameter was larger in Run 25. The some crystals in Run 25 had
higher aspect ratios than those in a-form seed, this is due to
changes in the aspect ratio as the crystal grows. The overall
average aspect ratio was lower in a-form seed. Nevertheless, the
signicant difference in mother liquor removal rate between
these crystals (Fig. 8) suggest that the average crystal diameter
(or size) has a stronger inuence on the drying process than the
crystal aspect ratio.
y after filtration, needle-like shape: looks like fiber, a-form seeded (Run
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Fig. 10 Distribution of aspect ratio (x-axis: aspect ratio range).
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Table 3 ranks the crystals based on the results shown in
Fig. 8, 10 and 11. The most favorable crystals are characterized
by a low aspect ratio (close to 1) and large diameter, corre-
sponding to those in Run 25; these crystals have the lowest
mother liquor content and fastest drying rate among the crys-
tals investigated. Next, crystals with intermediate average
crystal sizes (a-form seed and Run 8) were compared. Consid-
ering their mother liquor content and drying rate, a-form seed
are preferable. Crystals with low aspect ratios are favored when
the average crystal diameters in different cases are similar.
90 | RSC Adv., 2025, 15, 83–93
Finally, the needle-like shape have the highest aspect ratio
among the crystals considered and a relatively small diameter.
The crystals obtained for this case also have a high mother
liquor content and slow drying rate. Therefore, these crystals are
considered the least preferred crystalline form. However,
generalizing the results of this study to establish a 'preferred
ranks the crystals' for LGA crystallization may be somewhat
premature. Therefore, additional factors need to be considered
for the crystallization target.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Distribution of crystal diameter (x-axis: crystal diameter range).

Table 3 Preference rank based on aspect ratio, CSD, and drying efficiency in this study

Case Crystalline form Average crystal size Mother liquor contents Aspect ratio Preference rank

Needle-like shape b-Form Small High High 4 (Bad)
Run 8 b-Form Middle Middle Middle 3
a-Form seed a-Form Middle Middle Low 2
Run 25 a-Form Large Low Low 1 (Good)

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 83–93 | 91
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4. Conclusion

In the case of spontaneous nucleation, faster cooling rates lead
to higher supersaturation, which favors the formation of
isotropic a-form crystals. These results are consistent with those
of previous studies. Seeding was used to improve the aspect
ratio of the formed crystals. The a-form seeds showed
improvements in aspect ratio under slow cooling rates and low
supersaturation, whereas the b-form seeds showed improve-
ments under fast cooling rates and high supersaturation. XRD
analysis conrmed that the inherent crystalline form of the seed
did not change, and that the crystals grew into a hexagonal
shape when their aspect ratio was improved during seeding.
The crystals obtained in Run 25 showed the greatest improve-
ment in aspect ratio, lowest mother liquor content, and shortest
drying time. However, drying was inuenced not only by the
aspect ratio, but also by the average crystal diameter. The results
of this study indicate that a low aspect ratio and large average
crystal diameter are optimal for the drying phase of the LGA
crystallization process. The most favorable crystals were those
grown using a-form seeds. If increasing the crystal diameter is
not feasible, a-form seeds with a low aspect ratio obtained
through spontaneous nucleation are the next best alternative
for obtaining the desired crystals. However, a limitation of this
study is the lack of detailed explanation regarding the crystal
aggregation mechanism from a molecular perspective.
Approaching the issue from a molecular perspective could
provide deeper insights into the fundamental causes of aggre-
gation beside the impact of crystal particle size and impact of
aspect ratios.
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