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ARTICLE INFO ABSTRACT

Keywords: In this paper, the crystallization of L-glutamic acid with application of ultrasound was explored in detail, in-
Ultrasound cluding the process of nucleation, polymorphic control and polymorphic transformation. The induction time and
L-glutamic acid metastable zone widths (MSZWs) were measured with and without ultrasound during the nucleation process.
Nucleation

The induction time and MSZWs were decreased by ultrasound and the induction time was further decreased by
higher ultrasonic power. The calculated nucleation parameters (such as interfacial energy, critical nucleus size
and critical Gibbs energy) showed an obvious decrease in the presence of ultrasound, indicating that the nu-
cleation was enhanced with application of ultrasound. By adjusting the ultrasonic power in the quench cooling
process, the difference in nucleation temperatures would determine the distribution of polymorphs. In further,
the polymorphic transformation was investigated quantitatively, and to the best of our knowledge, it was the
first time to study the transformation kinetics with ultrasound using Avrami-Erofeev model. In the transfor-
mation process, the crystallization mechanism of the stable form was modified by ultrasound. The ultrasound
eliminated the nucleation element in the rate-limiting step and facilitated the crystal growth of stable form.

Polymorphic transformation

Thus, the ultrasound has a profound influence on L-glutamic acid crystallization.

1. Introduction

Solution crystallization is an important and energy-efficient se-
paration process for crystalline material production as well as high
value-added properties engineering, which is widely used in the phar-
maceutical industry. The properties of the crystals, e.g., purity, stability,
crystal size, crystal size distribution (CSD), crystal morphology would
determine the value or the function of the crystal products. For phar-
maceuticals, the crystal properties have a direct effect on stability,
dissolution rate [1], solubility [2] and tableting properties [3], etc.
More importantly, the polymorphism phenomenon in crystallization,
which is the same component crystals exhibit more than one crystal
lattice structure, has a significant effect on drug efficacy or toxicity
[4-6]. Thus, numerous researches studied the crystallization process
parameters and control recipes to improve product quality and process
robustness [7-9]. In the past few years, several external fields were
introduced to optimize the crystal product [10-12], in which the

ultrasonic irradiation was proved to be one of the most effective tech-
nologies to tune crystal properties and intensify the crystallization
process [13,14].

The ultrasound devices with the frequencies ranged from 20 kHz up
to several gigahertz could form acoustic cavitation in liquid, resulting in
the initiation and enhancement of crystallization in a supersaturated
solution [15,16]. The application of ultrasound in a crystallization
process, or called sonocrystallization, could modify the crystal mor-
phology [17,18], change the crystal size and CSD [19,20], control
polymorph formation [21,22], affect crystal agglomeration [23] and
enhance process robustness [24]. To evaluate the influence of ultra-
sound on the nucleation process, the metastable zone widths (MSZWs)
which are defined as the region between the solubility curve and the
supersolubility curve, and the induction time are widely studied. Zeng
et al. [25] reported that the induction time of sodium sulfate was
shortened by implementing ultrasound in a cooling crystallization
process. Jiang [26] studied the effect of ultrasound on the MSZWs in the
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crystallization of L-glutamic acid and calculated the nucleation para-
meters (nucleation order and nucleation constant) with Nyvlt's model.
In further, Mastan et al. [27] calculated theoretical nucleation para-
meters, e.g., the apparent nucleation order and nucleation rate constant,
by combining the experimental MSZWs data with four different nu-
cleation models. For the polymorphic crystallization system, the ultra-
sonic irradiation could selectively promote the nucleation of a specific
crystal form [13,22,28]. What’s more, in the system with polymorphic
transformation phenomenon, ultrasonic irradiation could accelerate the
transformation process to reach steady state, but research remains on
the discovery and description of experimental phenomenon [29,30].
Though the ultrasound could be an effective process intensification
technology for crystallization, no reported study has focused on the
polymorphic transformation kinetics in the presence of ultrasound so
far.

L-glutamic acid (LGA) is one of the most important amino acids
which plays an active role in treating ulcers, hypoglycemia, epilepsy,
Parkinson’s and other neurological disorders [31]. The LGA has two
crystal polymorphs, metastable o form and stable f form which are
prismatic and needle-like, respectively [32-34]. The stable 3 form
crystals are fine and fragile, which can cause difficulties during the
filtration and drying processes. Thus, the prismatic o form crystals are
usually preferred for downstream processing [35]. Generally, it is dif-
ficult to control spontaneous nucleation due to the formation of poly-
morphic mixture. Hatakka [36] designed a method of reactive crystal-
lization to produce pure a form crystals with application of ultrasound
and pointed out that only in high supersaturation (1 M) with ultrasound
the pure a form could be obtained. However, some studies also declared
that the temperature and solution concentration played a significant
role in LGA polymorphs [37-39]. In the current study, a strategy of LGA
polymorphic control dependent on the nucleation temperature and
solution concentration was proposed with different ultrasonic power in
cooling crystallization process.

Hence, in this work, a systematic study of LGA sonocrystallization
was investigated, including crystal nucleation, polymorphic control and
transformation process. The effect of ultrasound on induction time,
MSZWs and nucleation parameters were studied. Besides, the poly-
morph distribution in the nucleation stage was controlled by changing
operation parameters (ultrasonic power and solution concentration).
Finally, the solvent-mediated polymorphic transformation was explored
with different ultrasonic power. It was the first time to study the
transformation process with LGA system in the presence of ultrasound
and establish the relationships between transformation kinetic para-
meters and ultrasonic power. More importantly, the mechanism of each
process in the LGA sonocrystallization was discussed in detail.

2. Materials and methods
2.1. Materials

The L-glutamic acid was purchased from J&K Chemical Ltd.
(Shanghai, China). The raw material is f form with the purity of 99%
(HPLC). Deionized water was prepared by an ultrapure water system
(YPYD Co., China) in the laboratory. The deionized water was used as
solvent in the following sections: 2.3-2.6.

2.2. Ultrasonic processor

The ultrasonic irradiation frequency was fixed at 20 kHz using an
ultrasonic processor (JY92-IIDN, Scientz, China) with the tip diameter
of 6 mm providing a maximum irradiation power of 90 W. For all the
set of experiments, continuous (100% duty cycle) and pulsed ultra-
sound were employed in the solutions. The operating parameters used
in the experiments were listed in Table S1 and further described in the
following sections: 2.3-2.6.
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2.3. Induction time measurements

Based on the reported solubility data [37], LGA saturated aqueous
solutions were prepared at different temperatures ranging from
308.65 K to 323.15 K, producing supersaturation ratio S of 1.8-3.0
accordingly, in which S = c¢/c* (c* is the saturated concentration at
293.15 K). The solution concentrations that correspond to each super-
saturation were shown in Table S2. The solution was mixed homo-
geneously by magnetic stirrer (ZNCL-BS, Xingke Sci. Ltd., China) at
200 rpm. After stirred for one hour, the solution was filtered via a
polytetrafluoroethylene (PTFE) filter with 0.22 um pores into the vials
(~10 mL). Then transferring the vials to a thermostatic water bath
(CF41, Julabo, Germany) of 293.15 K rapidly for nucleation experiment
at an agitation rate of 200 rpm. And at the same time, the ultrasound
was applied in the working solution (~10 mL) with two methods
(continuous irradiation and pulsed irradiation) till the detection of
nucleation. A series of ultrasonic power (9.0-22.5 W) was applied
during continuous irradiation process. In addition, a fixed power of
13.5 W was applied during pulsed irradiation experimental process
with duty cycles of 16.7% (10 s ON and 50 s OFF), 50% (30 s ON and
30 s OFF) and 83.3% (50 s ON and 10 s OFF), respectively. Based on the
pre-experiments, the choice of ultrasound power should consider the
existence of measuring error to make sure that the induction time was
large enough to be measured exactly. The occurrence of crystals was
detected by visual observation. The induction time (t;,q) was the time
period between reaching certain supersaturation level and appearing
crystals [40]. To compare with the results in continuous irradiation
process, the pulsed irradiation experiment was also provided.

2.4. MSZWs measurements

Similarly, based on the reported solubility data [37], 30 mL satu-
rated aqueous solution at different temperatures (348.15 K, 344.15 K,
339.15 K, 334.15 K and 315.15 K) was prepared. The solution con-
centrations that correspond to each supersaturation were shown in
Table S3. Then the saturated solution was preheated to 10 K above the
saturated temperature under agitation for 60 min to ensure that the
solute was dissolved completely. A turbidity meter (InPro8200, Mettler-
Toledo, Switzerland) was used to determine the transparency of the
solution. With constant cooling rates (6-90 K/h), nucleation was ob-
served at the moment when a rapid decrease appeared in transparency,
and then the temperature was recorded as nucleation temperature. The
difference between saturation temperature (T,) and nucleation tem-
perature (T7) is the MSZWs (AT,ax/K). The whole cooling process was
controlled by a thermostat (Ministat 240, Huber, Germany) with a
thermocouple to monitor the temperature. The above experiments were
carried out in the absence and presence of ultrasound (continuous ir-
radiation with 22.5 W power) under the agitation rate of 200 rpm to
study the influence of ultrasound on MSZWs. The ultrasound was in-
troduced when the solution temperature reached the saturation tem-
perature till the detection of nucleation.

2.5. Ultrasound-assisted polymorphic nucleation

To obtain an obvious distribution of polymorphic nucleation, con-
tinuous ultrasound was chosen for this experiment. There were two
approaches to investigate the ultrasound-assisted polymorphic nuclea-
tion. One approach was to prepare a series of saturated aqueous solu-
tion (~30 mL) at different temperatures (348.15 K, 338.15 K, 328.15K
and 313.15 K) in a 100 mL crystallizer, and the solution concentration
ranged from 15 mg/mL to 45 mg/mL. The crystallizer was transferred
to another thermostatic water bath with setting temperatures
(273.15-328.15 K) rapidly for nucleation without any other magnetic
agitation. The solution concentrations that correspond to each super-
saturation were shown in Table S4. Then 18 W continuous ultrasound
was introduced until the solution became slightly turbid. The crystals
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were pipetted out immediately and observed by the optical microscope
(BX53F, Olympus, Japan) for morphology and polymorph determina-
tion. In addition, the experiments without ultrasound were performed
for comparison under the same condition. The other approach was to
prepare a series of saturated aqueous solutions (~75 mL) within the
same concentration range as the first approach. The saturated solution
was quickly transferred to the cooling water bath (278.15 K), and the
magnetic agitation (200 rpm) was used during the cooling process.
Then, a series of continuous ultrasound (7.2-27.0 W) was introduced in
the solution until the solution became slightly turbid. Finally, the
crystals were observed under the optical microscope to determine the
morphology and polymorph, and the experiments without ultrasound
were performed for comparison under the same condition.

2.6. Ultrasound-assisted polymorphic transformation

The homogeneous aqueous solution (~75 mL) with the concentra-
tion of 45 mg/mL (S = 2.6) was prepared at 353.15 K and then rapidly
cooled down to 318.15 K with magnetic agitation of 200 rpm. After
stirring the clear solution for about 25 min at 318.15 K, the turbid
solution with pure a form crystals was obtained. The concentration of a
form crystals in the turbid solution was 23.3 g/kg solvent. Then the
turbid solution was stirred (200 rpm) for transformation in the absence
and presence of ultrasound at 318.15 K. A series of pulsed irradiation
(9.0-27.0 W, duty cycle of 2 s ON and 2 s OFF) was running during the
whole transformation process until o form crystals completely trans-
formed to f form crystals. The polymorphic transformation process was
monitored by in-situ Raman spectroscopy (ReactRaman 785, Mettler-
Toledo, Switzerland). Ten samples were pipetted out at certain time
intervals during the transformation process and characterized by
powder X-ray diffraction (PXRD, Rigaku D/MAX 2500 X-ray dif-
fractometer (Rigaku, Japan) at 40 kV and 100 mA with Cu-Ka radiation
(A = 1.54178 A)). It should be noted that Raman peaks were more
stable in the presence of pulsed ultrasound, and the pulsed ultrasound
also reduced the thermal effect, making the results more exact and
reliable. Given the above consideration, the pulsed ultrasound was
chosen for this experiment.

3. Results and discussion
3.1. Effects of ultrasound on the induction time and MSZWs
The saturated solutions within 314.15-323.15 K temperature scope

were quickly cooled to 293.15 K, correspondingly generating super-
saturation ratios (2.2-3.0). Fig. 1 reflected the effect of different
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Fig. 1. The effect of continuous ultrasonic irradiation on the induction time of
nucleation.
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continuous ultrasonic power (9.0-22.5 W) on the induction time of LGA
nucleation, followed by the controlled experiment without ultrasound
(named 0 W). Without the ultrasound, a decrease of induction time
(from 1270 s to 201 s) was observed with an increase of supersaturation
ratio (from 2.2 to 3.0). Besides, the induction time was shortened in the
presence of ultrasound and further shortened with the increase of ir-
radiation power at constant supersaturation. Thus, with the highest
ultrasonic power (22.5 W), the induction time was the shortest and
decreased from 104.5 s to 20 s at the experimental supersaturation ratio
scope (2.2-3.0). The decrease of induction time affected by ultrasound
was more significant at lower supersaturation compared to that at
higher supersaturation. For example, with 9.0 W ultrasonic power, the
reduction in induction time was about 880 s (from 1270 s to 390 s,
reduced by 69.29%) at the supersaturation ratio of 2.2, while at the
supersaturation ratio of 3.0, the reduction was only about 41 s (from
201 s to 160 s, reduced by 20.40%). Therefore, the ultrasound could
promote the nucleation significantly, particularly at lower super-
saturation ratios. Similar results were also reported in other compound
nucleation studies [41-43], and the results were shown in Table S5. As
a result, the effect of ultrasound on the induction time is a universal
phenomenon. In addition, there is a one-to-one correspondence be-
tween concentrations and supersaturation ratios, which is shown in
Table S2. Thus, the variation of induction time with concentration
follow the same rule with supersaturation ratios.

A series of pulsed ultrasonic irradiation was also investigated for the
induction time measurement. The results attached in Supporting in-
formation (Fig. S1) illustrated an obvious nucleation enhancement, and
the intensifying effect was strongly related to the duty cycle which
would be recommended for the fine-tunning of nucleation kinetics.
With constant power and supersaturation ratio, comparing Fig. 1 with
Fig. S1, the continuous ultrasound was more powerful in promoting
LGA nucleation than the pulsed ultrasound. Similarly, the variation of
induction time with concentration follow the same trend with super-
saturation ratios. The possible mechanism to explain the effect of ul-
trasound on induction time is generally attributed to the cavitation
phenomena (being the formation, growth and collapse of cavitation
bubbles) which is created by the pressure variation in the solutions
[15]. The collapse of cavitation bubbles causes intense high pressure, as
well as shockwaves, microjets and micro-turbulences in solution. The
former causes local supersaturation and the latter increases the op-
portunity of collisions among solute molecules, which creates more
clusters necessary for nucleation and thus accelerates the nucleation to
obtain a shorter induction time [15,44,45]. With higher ultrasonic
power, the cavitation activity is gradually enhanced, which accelerates
the formation of local supersaturation, as well as the collisions among
solute molecules for a quicker nucleation, resulting in a decrease of
induction time. Similarly, in pulsed setting experiments, the longer
ultrasonic working time per unit time could improve the cavitation
activity per unit time, resulting in nucleation enhancement and in-
duction time shortened. Thus, the ultrasound could accelerate the nu-
cleation rate of crystallization system, especially for the system difficult
to nucleate at lower supersaturation.

The MSZWs (AT,.x) measured in the absence and presence of ul-
trasound were listed in Table 1. As shown in Table 1, the MSZWs were
significantly reduced by the application of ultrasound (22.5 W), in-
dicating that the supersaturated solution became more unstable under
the ultrasound. As shown in Table S3, the ultrasound decreased the
supersaturation ratios required for nucleation. The effect of ultrasound
on MSZWs was more effective at lower cooling rates. For example, at
348.15 K, the MSZW was decreased by 55.88% (from 6.8 K to 3.0 K) at
the cooling rate of 6 K/h, while at the cooling rate of 90 K/h the MSZW
was only decreased by 30% (from 15.0 K to 10.5 K).

Similar mechanism with the effect of ultrasound on induction time,
the collapse of cavitation bubbles generates very high local pressures,
which creates local supersaturation being enough for nucleation, thus
higher nucleation temperatures can be obtained, presenting narrower
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Table 1
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MSZWs of LGA in the absence and presence of ultrasound from 315.15 K to 348.15 K.

Solubility ATmax/K (without ultrasound) ATax/K (22.5 W ultrasound)

To/K Xp 6 K/h 30 K/h 60 K/h 90 K/h 6 K/h 30 K/h 60 K/h 90 K/h
348.15 0.0055 6.8 = 0.70 8.7 + 0.62 12.4 + 0.56 15.0 = 0.62 3.0 = 0.17 4.5 = 0.40 6.6 = 0.46 10.5 = 0.44
344.15 0.0049 7.2 = 0.53 9.3 *+ 0.66 13.2 = 0.66 16.0 = 0.82 3.2 = 0.20 5.0 = 0.30 8.2 + 0.44 13.5 = 0.61
339.15 0.0043 7.8 = 0.78 10.2 = 0.60 14.2 = 0.75 17.2 = 0.75 3.6 = 0.36 5.7 * 0.26 10.5 = 0.53 15.8 = 0.60
334.15 0.0037 8.7 = 0.44 11.5 = 0.95 16.0 = 0.78 20.5 = 0.95 4.2 * 0.35 7.8 = 0.35 13.2 = 0.30 189 = 0.35
315.15 0.0018 10.2 = 0.56 13.9 = 0.96 20.3 = 0.92 27.5 = 0.66 54 * 0.26 109 + 0.36 16.7 = 0.62 23.3 = 0.46

MSZWs [15,45,46]. Jiang [26] also obtained the MSZWs of LGA during
the cooling crystallization process (6 K/h cooling rate and 25 W ul-
trasonic power) in 500 mL working solution. Compared with the data
obtained without ultrasound, the MSZW was reduced by an average of
41.01% in Jiang’ study [26], which was a little lower than the value of
48.48% in present work. Thus, the difference in ultrasonic energy per
unit working volume (0.05 W/mL in Jiang’ study and 0.75 W/mL in
present work) caused the different efficiency in nucleation.

3.2. Effects of ultrasound on nucleation parameters

To quantify the effects of ultrasound on crystal nucleation, the
theoretical nucleation kinetics were calculated. According to the theory
of regular solution, the relationship between c, and c; could be written
as Eq. (1) [47]. The co and c; represent the solute concentrations at
saturation temperature Ty and nucleation temperature T;, respectively.

co _ AH; ATy
o R T

(€Y

AH; is the change of dissolution enthalpy (kJ/mol) and R, is the gas
constant which equals 8.314 J/(mol'K). When the relative super-
saturation o < 1, InS = o (0 = Ac/c; = (co-c1)/c1, S = co/c1). The Eq.
(2) can be expressed as:

Ac

I 5o A¢ _ AH, AT

o RTG T @)

Sangwal [48] assumed that the nucleation rate J is related to the
change of solution supersaturation Ac/c;. Then the nucleation rate J

(m~3s™1), can be characterized as follows
A Ac AT AH; R
J=f28 8¢ B0 _ O R
At o AT At T U RL T 3)

In this equation, the cooling rate R (K/h), can be written as AT/At,
and the proportionality constant f is concerned with aggregation and
diffusion process in the solution, which is defined as the number of
entities per unit volume [27,48]. Based on the classical theory of three-
dimensional nucleation, the nucleation rate can be expressed as [49]

31,2
J= Aexp ——16717‘3/5 L
3k°T}  (InS)? 4
According to Eq. (2), 1 /(InS)? can be expressed as:
2
(InS)? = (_AHS _ATmaX)
R Ty 5)
Combining Eq. (3) and Eq. (4) with Eq. (5),
o _1m V2 (RGY( T, V| _ .AH, R
P17 50 \an ) (0t ) | T/ Rem Ty ©)

where the A is the pre-exponential factor (m~>s~ 1), related to the ki-
netics of formation of nuclei in the growth medium, and lies between
10'® and 10*2. Besides, V; (m®) is the molecule volume, vy (mJ/mol)
represents the effective interfacial energy between liquid and solid, and
k is Boltzmann constant which can be expressed as Rg/N (N, is the

Avogadro number). The Eq. (6) can be rearranged by taking logarithm
on both sides and expressed as:

2
( To ) =FX+InThy—InR)=F - FInR
ATma)( (7)
Among this equation, F = F;(X + InT)
b | 3T (am, :
1 167["}/3‘/52 Rng (8)
R, T
X= ln(é L 1)
[ AH; (©)]

Eq. (7) reveals that there is a linear relationship between (Ty/
AT,..,)° and InR at a given initial saturated concentration. According to
Eq. (8), the interfacial energy y can be determined by the slope of F;.

Besides, the actual driving force for crystallization is the difference
between the chemical potentials in the liquid phase (y;) and solid phase
(i), Au, which can be calculated by Eq. (10):

AH, ATy

A=y —u, =kTInS =k
Ty

g (10)

Based on the classical nucleation theory [40], critical nucleus size
Terie and critical Gibbs free energy AG. can be derived by combining
the interfacial energy vy with Eq. (10).

ot = Vs _ 2RV T

T Au KAH, ATpay an
4777rczrit

Al = =377 a2

According to the MSZW data in Table 1, linear relationships be-
tween (To/ATmax)” and InR are described in Fig. 2 at different saturation
temperatures (T,) with and without ultrasound. This approach shows a
good fit with the MSZW experimental data at five different tempera-
tures, and the fitting analysis parameters were listed in Table S6.

In Fig. 2(b), with application of ultrasound, the maximum super-
cooling ATn.x (MSZW) decreases, which increases the value of (To/
AT max)? compared with the case without ultrasound (Fig. 2(a)). The
values of slope and intercept are both sensitive to Ty and increase with
increasing Ty, which are in agreement with other studies [27,50,51].

Values of the slope F;, intercept F, as well as the ratio between F;
and F with and without ultrasound, were obtained from Fig. 2 and listed
in Table 2. The parameter F; depends on AH and y, which is de-
termined by the thermodynamics and solvation process. F depends on
AHg, v, f and A, which is governed by the thermodynamics and kinetics
process [48,51]. As shown in Table 2, the nucleation parameters F and
F; significantly increase with the increase of saturation temperature T,
due to the thermodynamic factors. In the case without ultrasound, F
and F; respectively increase by 1.70 times (from 1497.841 to 4078.656)
and 1.60 times (from 302.720 to 780.798), while in the case with ul-
trasound, F and F; respectively increase by 3.00 times (from 5366.454
to 21659.261) and 2.80 times (from 1214.559 to 4591.381). Thus, not
only the values of F and F; with ultrasound are larger than the values
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Fig. 2. The plot of (ATo/ATmax)? against InR for LGA: (a) without ultrasound;
(b) 22.5 W ultrasound.

without ultrasound, the multiples of the increases under ultrasound are
larger. Except for enhancing the nucleation kinetics [26,27,41], the
collapse of cavitation bubbles in the solutions also releases amounts of
energy creating high local temperature [15,44] which may change local
thermodynamics and increase the values of F and F;. However, the
effect of Ty on F,/F is limited, because F;/F is a constant characteristic
for a fixed compound representing for the growth rate of critical three-
dimensional stable nuclei to detectable entities [48,51]. In addition, the
value of F1/F with ultrasound (0.22) is slightly larger than that without
ultrasound (0.19), which indicates a larger growth rate of stable crystal
nuclei is obtained in the ultrasound field. As a result, the ultrasound
promotes the nucleation process.

Then the interfacial energy y can be obtained by Eq. (8) and listed in
Table S7, which have the same order of magnitude compared with
other studies [13,41]. Compared to the values (from 3.18 mJ/m? to

Table 2
Nucleation parameters F, F; and F;/F.
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without ultrasound
with ultrasound of 22.5 W
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Fig. 3. (a) The plot of r,;, against AT, with and without ultrasound in the
solution; (b) The plot of AG,,;; against supersaturation S with and without ul-
trasound in the solution. The solid lines represent the tendency of the data
points.

4.23 mJ/m?) without ultrasound, the values of y (from 1.77 mJ/m? to
2.68 mJ/m?) with ultrasound decrease by an average of 42.1%. The
interfacial energy is a characterized parameter to describe the difficulty
of nucleation spontaneously in solution, which is sensitive to the tem-
perature and decreases with increase of saturation temperature [51,52].
In addition, the results also show a decline of vy in the presence of ul-
trasound, due to the increase of local temperature which is caused by
the collapse of cavitation bubbles. Meanwhile, the low interfacial en-
ergy also reflects that the free energy difference between the crystal
surface at the solution interface and the interior crystalline structure of
the crystal is rather low [53]. Therefore, the solute could be easily
crystallized from the solution because of easier nucleation. Finally,

Without Ultrasound

22.5 W Ultrasound

To/K F Fy Fy/F R? F Fy F,/F R?

348.15 4078.656 780.798 0.191 0.975 21659.261 4591.381 0.212 0.999
344.15 3553.511 683.068 0.192 0.980 18833.985 4106.787 0.218 0.996
339.15 2926.841 562.263 0.192 0.987 14531.516 3206.368 0.221 0.991
334.15 2303.540 449.177 0.195 0.989 10203.741 2299.003 0.225 0.962
315.15 1497.841 302.720 0.202 0.992 5366.454 1214.559 0.226 0.937
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based on Eq. (11) and Eq. (12), the critical nucleus size r.;; and critical
Gibbs free energy AG.; are calculated and depicted in Fig. 3. Fig. 3(a)
describes a plot of 7. against maximum supercooling ATy,.x with and
without ultrasound. The r,;; decreases exponentially with increasing
ATay, decreasing from 1.31 x 10° m to 1.98 x 107'° m in sonicated
solution and decreasing from 1.30 x 10° m to 2.9 x 10™° m in un-
sonicated solution.

Fig. 3(b) describes a plot of AG,,;; against supersaturation S with and
without ultrasound. The AG,,;; decreases exponentially with increasing
S, decreasing from 2.56 x 102° J to 3.43 x 10722 J in sonicated so-
lution and decreasing from 2.57 x 102° J to 1.27 x 10! J in un-
sonicated solution. And the tendency lines of critical nucleus size and
critical Gibbs free energy in the sonicated solution are both lower than
that without ultrasound.

The results also point that the values of r.; and AG.;, respectively
decrease by an average of 4.5% and 29.2% in the crystallization process
with the ultrasound implemented. The lower values of r.; are directly
related to the very low interfacial energy in the presence of ultrasound
(no more than 2.7 mJ/m?). Thus, the ultrasound decreases the critical
size of stable nucleus facilitating the nucleation of solute. Usually, the
AG.it represents the total free energy change corresponding to the ex-
istence of the minimum-sized stable nucleus, above which the nucleus
growth is thermodynamically favorable. In the current literatures about
LGA crystallization in aqueous solution [26,39,54], Nyvlt's approach
[55] were applied to study the nucleation process. The nucleation
parameters obtained by Nyvlt's approach were the nucleation order (m)
and nucleation rate constant (k,), which were different from the nu-
cleation parameters (y, reqe and AGeo) in this study. To confirm the
reliability of the results and discuss the results more adequately, the
nucleation parameters were respectively calculated by Nyvlt's approach
and Sangwal's theory for comparison, which were shown in Table S8.
The values of nucleation parameters were similar with these studies
[26,39,54], and were in the same order of magnitude. In the presence of
ultrasound, the variation tendencies of vy, 7 and AG., in this study
were also consistent with the results calculated from Jiang’s study [26].

Therefore, the ultrasound applied to the solution reduces the
minimum size for forming a stable nucleus, and further reduces the
energy barrier needed for the continuous growth of the stable nucleus,
which in turn explain the reason for the decrease of induction time and
MSZWs in the presence of ultrasound.

3.3. Effect of ultrasound on polymorphic nucleation

The polymorphs of LGA could be identified by the difference of
morphologies based on the microscope image [34], which was re-
confirmed as shown in Fig. S2. Table 3 demonstrates that the pure 3
form crystals can be obtained in the stagnant condition despite the
variations of other operating conditions such as initial concentrations
and nucleation temperatures (T;).

The absence of a form crystals may be caused by weak mass transfer

Table 3
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in the solution without any agitation [37]. With 18.0 W ultrasound, the
pure a form crystals can be produced in most cases, and a tendency line
separating the metastable a form and stable 3 form is plotted in Table 3.
Below the tendency line, the mixture of a form and the 3 form crystals
is obtained, indicating that the  form prefers to nucleate at higher T;
(=308.15 K) under ultrasound. The nucleation rate of (3 form crystal
becomes larger when the temperature is higher [37,26], which is also
demonstrated in Fig. S3. The little difference in nucleation rate (Jg =
Jo) leads to the coexistence of both polymorphs.

Corresponding to the experimental conditions and results in Table 3,
microscope images of LGA polymorphs distribution are shown in Fig. 4.
Fig. 4(a) describes the morphology of  form LGA in the stagnant
condition at the concentration of 45 mg/mL. With the increase of T;
(corresponding to the decrease of S), the morphology of B form crystal
tends to be plate-like shape without apparent aggregation. The similar
phenomenon was reported by Roelands [38], in the reactive crystal-
lization without any agitation, 3 form crystals were nucleated attrib-
uted to the occurrence of thermodynamically metastable droplets. And
the size of the droplet decreased with decreasing supersaturation until
the droplets could not be visible, leading to a difference in the mor-
phology of B form crystals [38]. Fig. 4(b) describes the morphologies of
LGA polymorph in sonicated condition at an initial concentration of
25 mg/mL. With an increase of the nucleation temperature from
273.15 K to 328.15 K, the morphology of LGA changes from prism
shape (o form) to needle shape (B form), which is different from the
stagnant condition. Besides, the polymorph distribution at experimental
supersaturations followed the Oswald’s rule of stages [21,56].

Table 4 describes the polymorphism distribution of LGA at the
agitation rate of 200 rpm with different ultrasonic power during the
process of quench cooling to 278.15 K. Similarly, a tendency line se-
parating the metastable and stable form is plotted in Table 4. In the
polymorphic distribution matrix, the pure a form crystals are crystal-
lized at all the set of concentrations without ultrasound. While the
nucleation of B form crystals prefer to occur at higher concentration
(35 mg/mL and 45 mg/mlL) and higher ultrasonic power (> 9.0 W).
Thus, except for the temperature, the solution concentration also affects
the LGA polymorph nucleation.

During the cooling process, the ultrasound increases the nucleation
temperature and causes an increase in Jg. When the ultrasonic power
attains a certain value, the Jz may be a little higher than the J,. Thus,
the pure 3 form crystals could be easily crystallized with higher ultra-
sonic power, e.g., at the concentration of 45 mg/mL with 27.0 W ul-
trasound. The similar polymorphic control was presented in the crys-
tallization of paracetamol, and the metastable form II form was
produced with application of ultrasound, increasing the local super-
saturation for the form II nucleation and enhancing the nucleation rates
of form II [21]. Except for the effect of nucleation kinetics (affected by
ultrasound) on the polymorph crystallization [21,22,30], there is an-
other way to explain the preferential crystallization of one polymorph.
For example, in the crystallization process of p-aminobenzoic acid, the

Polymorphism distribution of LGA crystals at various concentrations without any magnetic agitation and with

18.0 W ultrasound in the solution.

Stagnant condition

18.0 W ultrasound

UK 45 35 25 15 45 35 25 15
mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
273.15K B B B B o o o a .
298.15 K B B B ~ a o « =
308.15K B B B - a « -
318.15K B B B - « B -
328.15K B B - - atp” P - -

«_ »

represents none: crystal nucleation did not occur after 3 h.
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Fig. 4. Microscope images of (a) 3 form crystals in stagnant condition at initial concentration of 45 mg/mL; (b) LGA polymorphs under 18.0 W ultrasound at initial

concentration of 25 mg/mL.

Table 4

Polymorphism distribution of LGA with various concentrations and ultrasonic power during the process of

quench cooling to 278.15 K.

200 rpm with ultrasonic irradiation

Power 45 mg/mL 35 mg/mL 25 mg/mL 15mg/mL
ow o o o

72 W o o o o

9.0 W ot~ o o o

13.5W a+p e a M

27.0W B a+p T T a
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Fig. 5. Microscope images of LGA polymorphism at a concentration of 45 mg/mL corresponding to the conditions in Table 4.

centro symmetric dimer precursors (a form) were decreased by ultra-
sonic energy, which increased the opportunity of the other precursors
(B form) occurrence in solution [24]. However, in the study of glycine
crystallization [13], the nucleation of a form crystals (with dimers as
the basic building units) were promoted by the ultrasound, which was
opposite with the results obtained by studying p-aminobenzoic acid
[24]. Therefore, in the ultrasound assisted nucleation process, the me-
chanisms for polymorph control of different compounds are not unified.
The microscope images in Fig. 5 show the distributed polymorphism
corresponding to the experimental conditions in Table 4. With an in-
crease of the ultrasonic power (0-27.0 W), the morphologies of LGA
change from prism shape (a form) to needle shape (B form), which
indicates an effective manipulation of polymorphism by ultrasound.

The effect of ultrasound on LGA polymorphic control can be sum-
marized as follows: (1) The ultrasound irradiation could act as an agi-
tation which enhances the mass transfer in the solution to produce a
form crystals, comparing with the products (pure f form crystals) in the
stagnant solution. (2) The 3 form crystals could nucleate with certain
ultrasonic power at the concentrations where a form crystals prefer to
occur without the ultrasound. Under some conditions, the stable § form
crystals could be produced just by nucleation, excluding the influence
of solvent-mediated polymorphic transformation (from the metastable
a form to the stable f form). Due to the quench cooling process, the
transformation time is eliminated, and the product polymorphism re-
flects the polymorphic situation of LGA in the nucleation stage.

3.4. Effect of ultrasound on the polymorphic transformation

In this section, the LGA polymorphic transformation process (from o
to B form) was tracked by in-situ Raman spectroscopy and PXRD during
the polymorphic transformation process with and without ultrasound.

The a and f form crystals were characterized by Raman spectro-
scopy both in solid-state and aqueous suspension. The Raman spectra in
solid-state and aqueous suspension were depicted in Fig. S4, which
indicated the apparent difference in the characteristic peaks between a
(871.1 cm ™) and B (417.3 ecm™ ') form crystals. With 27.0 W ultra-
sound, in-situ Raman spectra of a and 3 form crystals were extracted by
deducting the solvent spectrum background, as shown in Fig. 6. The
intensity of o form characteristic peak located at 871.1 cm ™! decreased

(Fig. 6a) and the intensity of [ form characteristic peak located at
417.3 em ™! increased (Fig. 6b) along with the proceeding of the pro-
cess, which illustrated the transformation from a to  form. After two
hours, the characteristic peak intensity of a and [3 form crystals reached
a plateau, which indicated the completion of the polymorphic trans-
formation process with 27.0 W ultrasound.

Through a series of experiments by varying the ultrasonic power
(0-27.0 W), it is found that the polymorphic transformation process can
be accelerated by ultrasound, and the increase of ultrasonic power can
further intensify the transformation process. As indicated in Fig. 7(a),
the process without ultrasound requires 600 min to complete the
polymorphic transformation, while in Fig. 7(b), it only requires 210 min
to complete the transformation process with 7.2 W ultrasound. The
intensification of polymorphic transformation by ultrasonic irradiation
could bring significant benefits for polymorphic control and improving
process efficiency in practical manufacturing. With the continuous in-
crease of ultrasonic power, as shown in Fig. 7(c) and (d), the trans-
formation time was further reduced to 150 min and 120 min under
13.5 W and 27.0 W ultrasound, respectively. While the further increase
of ultrasonic power should be careful as the transformation would not
be intensified infinitely, and the temperature would be hard to control
during the experiment. Thus, the quantitative analysis is required to
understand the polymorphic transformation kinetics with and without
ultrasound and optimize the effective ultrasonic power to intensify the
transformation process.

PXRD was used to characterize the composition of the crystal
polymorph during the polymorphic transformation process with and
without ultrasonic irradiation. Ten samples were collected to determine
the polymorph composition in every experiment. A representative re-
sult of ultrasound-assisted polymorphic transformation at 27.0 W is
shown in Fig. 8. The peaks of 18.0° and 26.6° are tracked as the char-
acteristic peaks of a form, and the peak located at 10.0° is tracked for 3
form. At the time of 0 min, only the characteristic peak of a form ap-
peared in the PXRD pattern, indicating that only the pure a form was
present in solution at the beginning of the transformation process. As
time went on, the intensity of a form characteristic peak decreased, and
the intensity of B form characteristic peak increased gradually. About
two hours later, the characteristic peaks of a form disappeared, and the
peaks of B form reached the constant value to complete the
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Fig. 6. The changes of in-situ Raman characteristic peaks intensity in the process of solvent-mediated phase transformation with 27.0 W ultrasound at 318.15 K: (a)

Raman relative intensities of a form; (b) Raman relative intensities of 3 form.

polymorphic transformation process, which is consistent with the in-situ
Raman tracking in Fig. 7(d). In further, comprehensive studies were
conducted to investigate the effect of different ultrasonic power (0 W,
7.2 W and 13.5 W) on polymorphic transformation, and results are
indicated in Fig. S5, which are consistent with the results in Fig. 7.

Based on the PXRD data, quantitative analyses of polymorphic
transformation can be developed by the mass fractions of a and 3 form
crystals. The mass fractions of two crystal forms were calculated by the
change of the characteristic peak intensity using Eq. (13) and Eq. (14)
[57]. Among these equations, X, and Xp represent the mass fraction of
a form and f form, respectively. I;4 and Iz stand for the characteristic
peak intensity of a form and  form, and I, and I stand for the
characteristic peak intensity of the pure a form and B form, respec-
tively. According to the Avrami-Erofeev model in Eq. (15), which is
widely used in the quantification of phase transformation, the poly-
morphic transformation kinetics in the transformation process can be
obtained [58]. X and t respectively represent the mass fraction of LGA
and transformation time. The k and n stand for the rate constant and
Avrami exponent, respectively.
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Fig. 9 illustrates the changing of transformation kinetics along with
the varying of ultrasonic power and fitting analysis parameters were
listed in Table S9. The transformation time has a significant decline
when ultrasound is applied (600-120 min). Before a sharp decrease of
the curve, there is a plateau time which is the induction time of  form.
And it indicates that the induction time was also significantly shortened
with application of ultrasound, e.g., from 220 min with 0 W ultrasound
to 5 min with 27.0 W ultrasound.

By correlating the Avrami-Erofeev model (Eq. (15)) with experi-
mental data, model parameters k and n are obtained and described in
Fig. 10. The k represents the transformation rate, and n reflects the
crystallization mechanism in the transformation process, which usually
decreases with the increase of nucleation rate [59]. The Avrami ex-
ponent n stands for the number of growth dimensions. For instance,
n = 2and n = 3 correspond to two-dimensional and three-dimensional
growth of nuclei, and n = 4 represents three-dimensional growth with a
constant nucleation rate which can be regarded as a growth dimension
[57,60]. In Fig. 10, the Avrami exponent n changes from 4 to 2 with
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Fig. 10. Avrami-Erofeev model parameters k and n change with ultrasonic
power. The dashed lines represent the tendency of the data points.
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Fig. 11. Mass transfer coefficient k,, changes with ultrasonic power. The dashed
line represents the tendency of the data points.

application of ultrasound from 0 W to 27.0 W, which indicates the
nucleation of stable form is no longer an element in the rate-limiting
step, and the growth mechanism changed from three- to two-dimen-
sion. The theoretical results well explained the experimental results that
both the induction time of 3 form crystal and the transformation time
were shortened, as shown in Fig. 9. And it is also consistent with the
conclusion that the nucleation and growth of the 3 form are the rate-
limiting steps in the polymorph transformation of LGA [61].

There is an obvious increase of the transformation rate constant k,
and the reasons for the increase can be summarized as follows: (1)
According to the nucleation parameters calculated by MSZWs data, the
solid-liquid surface energy decreases with the application of ultrasonic
irradiation, thus the nucleation of [3 form could be enhanced; (2) As the
B form prefers to nucleate on the surface of o form in aqueous solution
[62,63], the application of ultrasound in the suspension liquid increases
attrition of a form crystals and creates more surface area as the nu-
cleation sites to facilitate the nucleation of 3 form crystals; (3) Mean-
while, the mass transfer in solution which is important in the trans-
formation process has also been intensified with the application of
ultrasonic irradiation. The total amount of (3 form crystals (m) during
the transformation process has a relationship with mass transfer rate (r)
and transformation time tr, which could be shown as m ~ r - t; [64].
The mass transfer rate (r) is concerned with the mass transfer coefficient
(k) and concentration difference (AC), which could be presented as r ~
kn - AC [64]. Hence, the changing of k,,, with different ultrasonic power
is shown in Fig. 11. As indicated in the result, the calculated mass
transfer coefficient (3.8) with the 27.0 W ultrasonic power is 5 times as
large as the coefficient (0.7) without ultrasound. The higher ultrasonic
power would induce a larger k,, and promote the nucleation and growth
of B form crystals, thereby accelerating the polymorphic transformation
process.

To analyze the reasonability of the above results, the comparison
with other studies [65-67] is conducted, which is shown in Table S10.
In 2004, Ono et al. [65] ignored the primary nucleation of 3 form
crystals in the LGA transformation process (S < 2.4). Due to that the
purity of a form crystals applied in the experiments was about 80%-
100%, the B form crystals may exist at the beginning of the transfor-
mation process. Thus, the study provided that the growth of the  form
crystals was the rate-limiting step in the transformation process [65]. In
2006, Scholl et al. [66] concluded that the nucleation and growth the
form were the rate-limiting steps in the LGA transformation process
(S = 2.5). In 2008, Dharmayat et al. [67] discussed the LGA transfor-
mation kinetics with online powder X-ray diffraction. The author did
not consider the primary nucleation of the 3 form crystal in the kinetic
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model, and concluded that the growth of the 3 form crystal was the
rate-limiting step in the transformation process [67]. In the present
study (S = 2.6), based on the Avrami-Erofeev model, the rate-limiting
step of LGA transformation process without ultrasound was determined
to be the nucleation and growth of the B form crystals, which was
consistent with above studies [65-67].

In the presence of ultrasound, the rate-limiting step was changed
from the nucleation and growth of 3 form crystals to the growth of
form crystals. The effect of B crystal nucleation on the transformation
process was weakened by the ultrasound, which was significantly re-
flected by the shortened induction time of 3 form crystals. As a result,
the transformation mechanism affected by ultrasound could provide
references and guidance for other similar studies.

4. Conclusion

This work investigated the effects of ultrasound on crystal nuclea-
tion, polymorphic control and polymorphic transformation of LGA in
detail. The results indicated the induction time and MSZWs were
shortened with application of ultrasound, and the induction time was
further shortened with higher ultrasonic power. The nucleation para-
meters calculated by MSZWs data, such as the interfacial energy, cri-
tical nucleus size, and critical Gibbs free energy, were decreased sig-
nificantly in the presence of ultrasound. The promotion of ultrasound-
assisted nucleation can be attributed to decreasing the smallest size of
the crystal nucleus capable of continued growth and reducing the en-
ergy barrier for nucleation. Without magnetic agitation, the pure a
form crystal could be produced with 18.0 W ultrasonic power due to the
enhancement of the mass transfer in solution. In addition, the combi-
nation of ultrasonic power and solution concentration affected the
nucleation of B form crystals. The products could reflect the actual
polymorph distribution in the nucleation stage.

Furthermore, the mechanism of solvent-mediated polymorphic
transformation kinetics with ultrasound was discussed using Avrami-
Erofeev model for the first time. Due to the change of crystallization
mechanism (nucleation and growth of  form crystals) in the transfor-
mation process, the transformation rate was highly improved to 2.8-5
times compared with the results without ultrasound. The study pre-
sented in-depth understanding of the mechanism of ultrasound-assisted
LGA crystallization, and the quantitative analysis would provide a
better control for the ultrasound-assisted crystallization intensification.
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