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A B S T R A C T   

The ultrasound-assisted crystallization process has promising potentials for improving process efficiency and 
modifying crystalline product properties. In this work, the crystallization process of fotagliptin benzoate meth
anol solvate (FBMS) was investigated to improve powder properties and downstream desolvation/drying per
formance. The direct cooling/antisolvent crystallization process was conducted and then optimized with the 
assistance of ultrasonic irradiation and seeding strategy. Direct cooling/antisolvent crystallization and seeding 
crystallization processes resulted in needle-like crystals which are undesirable for downstream processing. In 
contrast, the ultrasound-assisted crystallization process produced rod-like crystals and reduced the crystal size to 
facilitate the desolvation of FBMS. The metastable zone width (MSZW), induction time, crystal size, morphology, 
and process yield were studied comprehensively. The results showed that both the seeding and ultrasound- 
assisted crystallization process (without seeds) can improve the process yield and the ultrasound could effec
tively reduce the crystal size, narrow the MSZW, and shorten the induction time. Through comparing the drying 
dynamics of the FBMS, the small rod-shaped crystals with a mean size of 9.6 μm produced by ultrasonic irra
diation can be completely desolvated within 20 h, while the desolvation time of long needle crystals with an 
average size of about 157 μm obtained by direct cooling/antisolvent crystallization and seeding crystallization 
processes is more than 80 h. Thus the crystal size and morphology were found to be the key factors affecting the 
desolvation kinetics and the smaller size produced by using ultrasound can benefit the intensification of the 
drying process. Overall, the ultrasound-assisted crystallization showed a full improvement including crystal 
properties and process efficiency during the preparation of fotagliptin benzoate desolvated crystals.   

1. Introduction 

Solution crystallization is one of the widely used technologies to 
separate and purify solid products from solution, and nowadays attracts 
much attention in engineering crystalline product properties and opti
mizing process robustness and efficiency [1-3]. The performance of the 
final product is reflected in the crystal polymorphic outcome, crystal 
size, crystal size distribution (CSD), morphology, flowability, and tap 
density [4,5]. The crystallization process efficiency can be evaluated by 
the process parameters such as operation period, metastable zone width 
(MSZW), yield, and induction time for nucleation. Generally, in a solu
tion crystallization process, the process parameters such as solvent type, 
cooling rate, antisolvent addition rate, and operation temperature can 

be optimized to tune the crystallization process as well as the properties 
of the final crystal products [6,7]. In recent years, besides the mentioned 
parameters above, seeding techniques [8-10] and external fields, e.g. 
ultrasound irradiation [11-13], magnetic field [14], electric field [15], 
microwave [16] were heavily studied for the process and product 
optimization. Among these approaches, sonication has been proven to 
be an intensification technology in the crystallization process, in which 
both process and product quality can be improved significantly [13,17]. 
Sonocrystallization is an effective way to enhance the nucleation pro
cess, narrow crystal size distribution, improve crystal purity and product 
homogeneity, shorten crystallization time, preferential polymorph for
mation, and process repeatability [18-22]. 

The drying process of crystal products obtained by solution 
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crystallization is considered as a time and energy-consuming step which 
is an essential element in the design of a production process for a new 
solid-state pharmaceutical product [23,24]. Drying kinetics are affected 
by several parameters including temperature [25], particle size and 
morphology [26,27], structure [26], moisture [28], pressure [29], 
mixing intensity (stirrer speed), etc. [30,31] Drying of solvates con
sumes more energy for the removal of bound solvent, resulting in 
incomplete desolvation in industrial production, and may turn out to be 
a bottleneck in the overall process cycle time [34]. The wide crystal size 
distribution and needle like crystals are easy to cause agglomeration 
during stirring drying [32,33]. Especially, the needle-shaped crystals are 
easy to cause the mother liquor residue, which will cause the dissolution 
of the sample during high-temperature drying [34]. In the conventional 
API manufacturing process, the crystal size distribution and morphology 
of APIs are mainly controlled by crystallization and milling. However, 
the traditional methods of reducing particle size (such as grinding, 
shearing, and compression) causes problems such as higher energy- 
consuming, the crystal form transformation, and obtaining uneven 
particle size [35]. Therefore, several alternative processes for the 
modification of crystal size distribution and morphology of APIs by 
crystallization have been developed. In literature, the ultrasonic-assisted 
crystallization method has been shown to change the crystal size and 
morphology in many compounds such as paracetamol [36], roxi
thromycin [37], benzoic acid [38], griseofulvin [39], phenacetin [40], 
L-glutamic acid [41], and salicylic acid [17]. In addition, seeding as one 
of the most widely used techniques in industrial batch crystallization 
was used to induce secondary nucleation and control the crystal size 
distribution. However, in a batch process, it is hard to control the precise 
timing and seed loading amount during the development of the super
saturation profile to achieve effective results [9,10,42]. 

Fotagliptin benzoate is a novel dipeptidyl peptidase IV inhibitor 
[43]. In the solution crystallization process, the FBMS can be obtained in 
the methanol system. The solvent types were studied in the solution 
crystallization process of Fotagliptin benzoate and methanol was 
selected as the solvent, in which the FBMS formed as intermediate 
firstly. The FBMS can desolvate to form the commercial desolvated 
crystalline product. For the crystallization process, the solubility of 
Fotagliptin benzoate in other solvents except methanol is too large to get 
a satisfying yield and crystalline product. For example, the concentra
tion of Fotagliptin benzoate in ethanol, tetrahydrofuran, isopropanol, n- 
propanol, n-butanol, acetonitrile, ethyl acetate, acetone, and dichloro
methane solvents can reach 400 mg/ml. If the solute was added to the 
solution continuously, it will still be dissolved until the solution sepa
rates oil. In addition, the solvates can also be formed in other solvent 
systems, such as DMF solvate, acetonitrile solvate, acetone solvate, 
which are hard to desolvate in downstream processing. Due to the 
toxicity of the solvent, the desolvated crystal is preferred. Among these 
solvent systems, methanol is a relatively friendly solvent that has a low 
boiling point that is benefit to the solid-state desolvation of solvates. 
Thus the drying operation is a key step in the downstream processing. 
The desolvation or drying performance can be affected by powder 
properties such as crystal size, morphology, tap density, which can be 
tuned in the solution crystallization process. In the actual production, 
the FBMS shows a needle-like shape that needs a long time for des
olvation in the downstream drying process. In addition, in the solution 
crystallization process, the induction time for the nucleation of FBMS is 
hard to control, which brings instability to the unit operation and re
duces the process efficiency. The potential instability of the crystalli
zation process and the needle like crystal shape render the downstream 
process inefficient and result in a poor quality of the crystalline product. 

In this study, the solution crystallization was investigated by direct 
cooling/antisolvent crystallization approach. Subsequently, the seeding 
technique and ultrasonic irradiation were introduced into the crystalli
zation process for the intensification of the crystallization process and 
modification of the crystalline product properties for the first time. The 
crystallization process robustness and efficiency including the reduction 

of the induction time, narrowing the MSZW, and increasing the yield 
were studied quantitatively as a function of the power of ultrasound 
irradiation. The seeding strategy was also studied to optimize the crys
tallization process, especially for the improvement of process efficiency 
and product yield. At last, the desolvation process of FBMS was tested, 
which showed its close relation to the size and morphology of crystals. 
The ultrasound-assisted crystallization process proved to be an efficient 
technique in process intensification and crystalline product 
modification. 

2. Experimental section 

2.1. Materials 

FBMS was provided by Shenzhen Xinlitai Pharmaceutical Co., Ltd., 
China. Methanol and methyl tert-butyl ether (MTBE) were purchased 
from Ailan (Shanghai) Chemical Technology Co., Ltd., China. All of the 
chemicals were analytical reagent grade and used without further 
purification. 

2.2. Solubility measurement 

The solubilities of FBMS in the mixture of methanol and MTBE with 
different mass ratios ranging from 0 g MTBE/g solvent mixture to 0.9 g 
MTBE/g solvent mixture were measured by the laser dynamic method at 
303.15 K. The laser-based dynamic method (He-Ne laser, light intensity 
digital display, Beijing Haikesirui Photoelectric Instrument Co., Ltd., 
China) is widely used in solubility measurement, and the details of the 
procedure can be referred to in our previous report [44]. The mass of 
methanol is 30 g, and the mass of anti-solvent MTBE is between 0 and 
270 g according to the MTBE: solvent mixture mass ratio (0–0.9). The 
mass of FBMS ranges from 0.1014 to 3.4092 g. When starting the 
experiment, a certain amount of binary solvent and solute were weighed 
(ML204T/02 of Mettler-Toledo, Switzerland) and then dissolved in a 
jacketed crystallizer. The solution was continuously stirred by a mag
netic stirrer, and the temperature was maintained at 303.15 K by using a 
constant temperature water bath (Julabo, CF41). The laser beam passing 
through the solution is scattered due to the presence of solute particles, 
and the transmission intensity is reduced accordingly. When the solute 
was completely dissolved in the solution, the intensity of the laser beam 
passing through the crystallizer would reach its maximum. Then, 10 mg 
FBMS was added to the crystallizer. The procedure was repeated until 
the final added solute did not completely dissolve. Therefore, the solu
bility of FBMS in different solvent mixture mass ratios could be deter
mined at 303.15 K. 

2.3. The MSZW and induction time measurement 

The MSZW was measured using the apparatus as shown in Fig. 1. 
Two grams of FBMS were completely dissolved in methanol. The used 
volume of methanol ranges from 11 to 25 ml to obtain different initial 
concentrations at 318.15 K. The solubility of FBMS in methanol at 
318.15 K and 303.15 K is 0.190 g/g methanol and 0.114 g/g methanol 
respectively. In order to ensure the initial methanol solution of a certain 
concentration is completely dissolved, the temperature is increased to 
318.15 K, then the solution was cooled down to 303.15 K to obtain a 
certain degree of supersaturation and kept at the constant temperature 
(Julabo, CF41). The anti-solvent MTBE was accurately added to the 
solution by using a peristaltic pump (Longer, BT-100-1F) at a rate of 1 
ml/min. When MTBE was added, the appearance of the turbid liquid was 
marked and the amount of MTBE added was recorded to determine the 
MSZW. 

In the induction time measurement experiment, for the ultrasonic- 
assisted crystallization process, the supersaturation ratio S = c/c* is 
set in the range of 3.9 to 6.3, and for the experiment without ultrasonic 
crystallization, the supersaturation S is in the range of 5.8 to 6.8 at 
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303.15 K. The mass ratio of the anti-solvent MTBE was 0.6 g MTBE/g 
solvent mixture, at which point the equilibrium concentration c* was 
0.0206 g/g methanol. Two grams FBMS was completely dissolved in a 
certain amount of methanol ranging from 24.89 g to 15.41 g for the 
ultrasonic-assisted crystallization process and 16.74 g to 14.28 g for the 
process without ultrasound conditions at 318.15 K. Then, the clear so
lution was cooled down to 303.15 K immediately for the induction time 
measurement. Different amounts of the MTBE in the range 37.34 g to 
23.11 g for the ultrasonic-assisted crystallization process and 25.11 g to 
21.42 g for the process without ultrasound conditions were added 
(within one minute) to reach the required supersaturation ratios. The 
solution was mixed by a magnetic stirrer at a stirring speed of 300 rpm. 
The induction time was measured as the first appearance of cloudy 
particles. 

In the ultrasound-assisted crystallization process, the frequency was 
fixed at 20 kHz using an ultrasonic homogenizer workstation (Ningbo, 
China JY92-IIN). The horn depth (2 cm) and the tip diameters (6 mm) 
were used in this work. The power of ultrasound was set to 80 W, and the 
ultrasound was operated at the mode of 2 s pulse on and 4 s pulse off. 
The pulse on was the time that ultrasonic irradiated while pulse off was 
the interval time between the pulsing periods. The crystallizer was 
sealed during all the experiments to prevent the evaporation of the 
solvent. Each experiment was conducted three times to minimize the 
error and ensure measurement accuracy. 

2.4. Crystallization experiments 

The crystallization experiments used the experimental apparatus as 
shown in Fig. 1. The experiments were devised to study the effect of 
intentional seeding and ultrasonic irradiation on process yield, crystal 
morphology, and size. The experiments were carried out in three pro
tocols, viz. (1) the direct cooling/antisolvent crystallization process, (2) 
seeding crystallization, and (3) the ultrasound-assisted crystallization 
process (without seeds). A 200 ml double jacketed crystallizer coupled 
with a magnetic stirring (300 rpm) was used to carry out the crystalli
zation processes. At the beginning of crystallization, 5 g of FBMS was 
dissolved in 35 ml methanol and maintained at 318.15 K for 1 h to 
ensure that all particles were dissolved, and then cooled the solution 
down to 303.15 K at the rate of 3 K/min as the direct crystallization 
(protocol 1). For seeding crystallization, the seeds were dry-milled 
powder. After the temperature drops to 303.15 K, a certain amount of 
seeds (5 wt%) were fed to trigger nucleation (protocol 2). And then 105 
ml MTBE was added through the peristaltic pump (Longer, BT-100-1F) 
at the rate of 1 ml/min. For protocol 3, ultrasonic irradiation was 

applied during the addition of MTBE. 
For protocol 3, the ultrasound power should be calibrated in order to 

avoid the lack of efficiency of the treatment. The calorimetric power was 
calculated using water in the crystallizer and measuring the change of 
temperature, which under the condition of continuous sonication 
(without pulsing) and without a cooling jacket at 80 W and 20 kHz. The 
net calorimetric power is calculated which was 0.228 W/ml for the 
lowest volume of 35 ml and 0.079 W/ml for the highest volume of 140 
ml. The equation used is given below where m is mass of water, cp is 
specific heat (4.2 kJ/kg.K) and ΔT is the temperature difference, V is the 
volume of water, t is the time of ultrasound on duration [45,46]. 

Q =
m × cp × ΔT

t × V
(1) 

To monitor the crystallization process, the suspension was sampled 
at intervals of half an hour to one hour, and the crystallization period 
was studied over ten hours. The samples were first observed under an 
optical microscope (Olympus, CKX53) with a digital camera (Olympus, 
SC180) to study morphology. Then, the mean size and crystal size dis
tribution were determined on the basis of analysis of more than 800 
crystals from the images using the Nano Measurer software (Department 
of Chemistry, Fudan University). Then, 1 ml of the turbid suspension 
was immediately filtered with a 0.22 µm filter membrane (Jinteng, 
Nylon), and the solute concentration of the filtrate was determined 
based on the peak area at 225 nm by using an HPLC instrument (Waters 
e2695, 2489 UV/Vis Detector). The crystal yield was calculated based 
on the difference in FBMS concentration between the initial feed solu
tion and the final solute concentration in the filtrate mother liquor. 
Every measurement was repeated three times to minimize the error. 

2.5. Drying experiments 

The drying experiments were conducted in a vacuum drying oven 
(DZ24T, Tianjin Taisite Instrument Co., Ltd., China). The samples were 
placed on the tray and the temperature was maintained at 313.15 K. The 
experiment lasted 84 h, and samples were weighed during the drying 
process to monitor the weight loss. The initial and final crystal forms 
were characterized by using the powder X-ray diffraction (PXRD) (Japan 
Rigaku D/MAX-2500) to determine the change in crystal forms. 

3. Results and discussion 

3.1. Ultrasound-assisted crystallization process intensification 

3.1.1. Effect of ultrasound on MSZW 
The solubility of FBMS in the mixture of methanol and MTBE with 

different mass ratios was measured. As shown in Fig. 2, the black tri
angle curve shows the FBMS solubility as a function of the mass ratio of 
MTBE /mixture solvent ranging from 0 to 0.9. The MSZW was calculated 
as the amount of antisolvent added until the appearance of the cloudy 
particles. As shown in Fig. 2, the blue curve indicates the occurrence of 
nucleation without the application of ultrasound irradiation, which 
shows a wide range of the metastable zone between the solubility 
(black) and the limit of the metastable zone (blue) curves. Without ul
trasound, when the initial concentration is lower than 0.14 g/g meth
anol, it requires a long time (more than a week) to crystallize even if a 
large amount of anti-solvent (anti-solvent ratio up to 0.9) is dropped. So 
in the supersolubility measurement without ultrasound, the initial 
concentration is higher than 0.14 g/g methanol. With the application of 
ultrasound, the nucleation was enhanced and the crystals could pre
cipitate at lower initial concentrations of FBMS. The MSZW was nar
rowed down (between the black and red curves) with the assistance of 
ultrasound. For example, when the concentration of FBMS was 0.154 g/ 
g methanol, the mass ratio of MTBE used to produce crystals in the 
absence of ultrasound was 0.71/mixture solvent, and correspondingly, 
in the presence of ultrasound, the MTBE mass ratio of 0.42/mixture 

Fig. 1. Schematic diagram for the measurement of the metastable zone width 
and crystallization experiments: (1) thermostat, (2) ultrasonic power supply, 
(3) magnetic stirrer, (4) magnetic bar, (5) jacketed crystallizer, (6) ultrasonic 
probe, (7) the solution of FBMS, (8) cooling water, (9) peristaltic pump, (10) 
measuring cylinder, (11) anti-solvent MTBE. 
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solvent can generate the nuclei for the following crystallization process, 
as shown in the upper black dotted line in Fig. 2. 

The mechanism of the crystallization process enhancement by ul
trasonic irradiation has attracted much attention. Ultrasonic waves 
propagate in the solution in the form of compression and rarefaction 
cycles, resulting in the formation, growth, and implosion of bubbles in 
the solution. This phenomenon is termed acoustic cavitation. The sym
metric or asymmetric collapse of bubbles results in shockwaves or the 
formation of microjets in the solution. The shock wave generated by 
cavitation bubbles induces the increase of local free energy in the so
lution, on the other side, the shock waves increased collisions among 
solute molecules and accelerated the rate of mass transfer. These could 
help in creating a tiny cluster of solute molecules from the mother phase 
[13,18,47]. Moreover, according to the classical nucleation theory, the 
existence of cavitation bubbles provides heterogeneous nucleation sites, 
and the shock wave causes the crystal to break which induced the sec
ondary nucleation to occur in the solution [48,49]. In this way, the 
nucleation barrier around the bubble is greatly reduced. It’s easier for 
these clusters to grow up and become crystal nuclei around the acoustic 
cavitation. In addition, the local cooling or evaporation around the 
bubble due to its expansion is also a means of ultrasound-induced 
nucleation [50-52]. During the growth of the cavitation bubble, the 
solvent can evaporate to the interior of the cavitation bubble. This may 
not only induce cooling at the bubble surface but may also produce a 
depletion layer of solvent near the bubble wall. As a result, the solute 
concentration, and hence supersaturation, is thought to increase locally 
at this bubble wall [52-54]. Thereby, cavitation bubbles and shock 
waves created due to ultrasound can promote nucleation [13,55,56]. 
The enhancement of nucleation could effectively improve the robustness 
of the crystallization. 

3.1.2. Effect of ultrasound on induction time and solid–liquid interfacial 
tension (γ) 

The duration of the induction time was studied with and without 
ultrasonic irradiation. As shown in Fig. 3, the induction time in the 
absence of ultrasound varied between 13 min and 190 min at super
saturation levels of 6.80 and 5.82, respectively. While in the presence of 
ultrasound, the induction time varied between 14 min and 170 min at 

supersaturation levels of 6.31 and 3.88, respectively. In the absence of 
ultrasound, it is difficult to nucleate when supersaturation is lower than 
5.8 at a low initial concentration (pure methanol). Therefore, a cooling- 
anti-solvent coupling crystallization method is designed to obtain a 
higher degree of supersaturation when cooled to 303.15 K. The induc
tion time increased exponentially as the concentration of FBMS 
decreased in the absence of ultrasound. When the ultrasonic irradiation 
was applied, the induction time decreased significantly. As shown in 
Fig. 3, at the same supersaturation, S = 5.83, the induction time with the 
ultrasound treatment experiment was 1040 s, which was significantly 
shorter than the induction time without ultrasound (11400 s). Ultra
sound assisted crystallization can crystallize at low initial concentration 
and low supersaturation. When the supersaturation is at 6.31, the in
duction time is only 14 min. Therefore, only the induction time with a 
supersaturation degree of less than 6.31 was measured in the presence of 
ultrasound. All of this indicates that irradiating the solution with ul
trasonic waves can promote nucleation, thereby shortening the 

Fig. 2. The solubility curve of FBMS in the mixture of methanol and MTBE with different mass ratios showing the MSZWs for antisolvent crystallization and ul
trasound assisted antisolvent crystallization at 303.15 K. 

Fig. 3. Nucleation induction time vs. supersaturation with or without ultra
sonic irradiation at 303.15 K. 
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induction time, especially at low supersaturation. 
When nucleation happens at the bubble–liquid interface, the contact 

angle (θ) between a crystalline particle and the external surface changes 
due to the change in interfacial tension [13,56]. The interfacial tension 
between solid and liquid phases can be estimated by crystallization in
duction time measurements. The nucleation rate can be calculated from 
the classic nucleation theory: 

J = Aexp

(
− 16πγ3ω2

3k3T3(lnS)2

)

(2)  

S =
C
C* (3) 

Where A is the pre-exponential factor, k is the Boltzmann constant, T 
is the absolute temperature, γ is the interfacial tension, ω is the molec
ular volume, and S is the supersaturation, C is the actual concentration 
and C* is the equilibrium concentration of FBMS. Assuming that the 
induction time tind is mainly composed of the true nucleation time tn, 
which is inversely proportional to the nucleation rate J, Eq. (2) can be 
rearranged as: 

lntind = K +
B

ln2S
(4) 

Plotting the lntind vs. (lnS)-2 yields a straight line with the slope of B. 
And the solid–liquid interfacial tension γ can then be estimated as 
[57,58]: 

γ =

(
3Bk3T3

16πω2

)1
3

(5) 

As shown in Fig. 4, for the relationship of lntind and (lnS)-2 with and 
without ultrasonic irradiation, the induction times can be linearly fitted 
using the formula derived from Eq. (4) as below: 

In the presence of ultrasound: 

ln(tind) = 10.1521(lnS)− 2
+ 3.7143;R2 = 0.983 (6) 

In the absence of ultrasound: 

ln(tind) = 52.1709(lnS)− 2
− 7.4335;R2 = 0.992 (7) 

Combine the Eq. (5)-(7), we can obtain: 
γ2

γ1
= 0.579 (8) 

Where γ1 and γ2 are the interfacial tension in the absence and pres
ence of ultrasound, respectively. The interfacial tension of ultrasound- 

assisted crystallization is only 0.579 of that without ultrasonic irradia
tion. Low surface tension facilitates nucleation. Thus, the use of ultra
sound in the crystallization process can lower the nucleation energy 
barrier and promote nucleation effectively [56]. 

The shock wave generated by the collapse of cavitation bubbles in 
the solution can accelerate the diffusibility of solute molecules and in
crease the collision frequency, which can facilitate the occurrence of 
nucleation, reduce the induction time and significantly increase the 
robustness of the crystallization process [13,18,59]. Besides, cavitation 
bubbles due to ultrasound can promote nucleation by providing an 
external interfacial surface area for heterogeneous nucleation. The 
nucleation was enhanced and occurred at the bubble-solution interface, 
which can be explained by the ultrasound-induced interfacial tension 
decrease between the solid crystalline phase and cavitation bubble 
surface or the liquid and cavitation bubble [13,56]. 

3.1.3. Effect of ultrasound on yield 
To increase the yield of the crystallization process, the experiments 

were conducted to evaluate the effects of direct cooling /antisolvent, 
seeding, and ultrasonic irradiation on the process yield. Table 1 lists the 
initial FBMS concentration c0, the average final FBMS concentration cf, 
final supersaturation Sf and yield y for all the experiments. The crys
tallization theoretical yield y is defined as: 

y =
c0 − cf

c0
(9) 

From Fig. 5 and Table 1, it can be concluded that the direct cooling/ 
antisolvent crystallization process required a longer crystallization time 
to nucleate due to a larger induction time (180 min), and it took a long 
time (600 min) to reach the maximum yield 39.86%. The addition of 
seed crystals can facilitate the nucleation and increase the final yield to 
46.07%, compared to 39.86% in the direct crystallization within 600 
min. The addition of ultrasound showed an obvious process intensifi
cation effect compared with the seeding crystallization experiment. It 
only took 90 min to reach the same yield of 39.82% as in the direct 
crystallization group, and the crystallization time shortened by more 
than six times. And the yield of the process reached the maximum level 
of 54.92% in 200 min, rapidly. Within 600 min, the yield increased by 
1.4 times compared to that of the direct crystallization. The improve
ment of yield and the faster crystallization time of the ultrasound- 
assisted crystallization can be explained by the enhancement of the 
mixing performance on one hand. And on the other hand, the micro
bubbles produced by ultrasonic cavitation provide heterogeneous 
nucleation sites for crystal growth. These factors could make the ultra
sound crystallization experiment fast and efficient, and achieve a rela
tively high yield in a short time. 

3.2. Effect of ultrasound on crystal properties 

3.2.1. Effect of ultrasound on morphology and size distribution 
The morphologies and size distribution of the FBMS crystals obtained 

in three crystallization conditions are shown in Fig. 6. Particle size 
distribution is based on the maximum ferret diameter calculation. The 
crystal products obtained in the direct and seeding crystallization 
experiment were long needle-like with a mean size 155–157 μm. The 
long needle-like crystal habit is undesirable as it adversely affects the 
efficiency of downstream processing (e.g., filtering/drying), as well as 
the storage and stability performance. Using ultrasonic irradiation, 
small (mean size 9.6 μm) and uniformly sized crystals were obtained, 
and the aspect ratio was significantly shortened. The rod-like crystal 
habit promoted by the application of ultrasound, as shown in Fig. 6(c), 
provided better powder flowability and is more favorable for the 
downstream processes. In addition, Table 1 shows that the bulk density 
of the crystals obtained in the ultrasound group was 0.3943 g/cm3, 
which was much higher than that of the other two groups of direct 
cooling/antisolvent (0.2241 g/cm3) and seeding (0.2791 g/cm3) 

Fig. 4. The effect of ultrasonic irradiation on interfacial tension, ln(tind) plotted 
vs. (lnS)-2 with or without ultrasound at 303.15 K. 
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crystallization processes. 
The bubbles produced by ultrasonic cavitation provide heteroge

neous nucleation sites and increase the nucleation rate [13,21]. The size 
and size distribution would be mainly affected by the number of nuclei 
and the crystal growth rate [36,50,60]. Moholkar et al. reported the 
ultrasound-assisted crystallization process of KCl in the methanol–water 
system. The results showed that, compared with the mechanical stirring 
system, the nucleation rate increased with an order of magnitude, and 
the growth rate decreased significantly with the application of ultra
sonic irradiation [50]. For the ultrasound-assisted crystallization pro
cess, the increase in the number of crystal nuclei quickly consumed 
supersaturation and reduced the amount of solute available for the 

crystal growth, resulting in smaller crystal size and narrower size dis
tribution [36,39,50]. 

3.2.2. Relationship between particle size and drying efficiency 
It is well known that the downstream efficiency is significantly 

affected by crystal properties such as size, size distribution, and 
morphology. Fig. 7 shows the drying performance of the crystals pro
duced by three different crystallization processes. The red square curve 
shows that the drying process of the crystals with a rod-like shape pro
duced with the assistance of ultrasonic irradiation could reach equilib
rium within 20 h. The solvent adsorbed on the surface of the crystals and 
the solvent in the crystal lattice could be removed with high efficiency. 
However, the needle-like shape crystals shown in Fig. 6(a) and 6(b) had 
a serious occlusion of mother liquor during the drying process. On the 
other hand, as a solvate crystal, the relatively large crystal size made it 
difficult to remove the solvent in the crystal lattice. As shown by the 
black and blue curves in Fig. 7, in the latter case, the drying process 
could not reach equilibrium until 84 h. That is, the crystal products 
produced by direct crystallization and seeding crystallization had low 
efficiency in the drying process. 

The crystal products were characterized by the PXRD spectrum at the 
beginning and end of the drying process. The initial sample was meth
anol solvate. As shown in Fig. 8, the crystals obtained by the assistance 
of ultrasonic irradiation were devoid of the solvent completely and 
turned into desolvated crystal polymorphism. While the crystals ob
tained in the direct or seeding cooling/antisolvent crystallization ex
periments still had characteristic peaks of methanol solvate crystal after 
84 h drying. It can be concluded that, by comparing the drying dynamics 
of FBMS, crystal size and morphology are the key factors affecting the 
kinetics of the evaporation and desolvation of solvent. The addition of 
ultrasound in the crystallization process significantly changes the 
morphology and reduces the crystal size, which can greatly shorten the 
time required for drying and improve the process efficiency. 

Table 1 
The final FBMS concentration, supersaturation, yield, and bulk density for (1) direct cooling/antisolvent, (2) seeding, and (3) ultrasound-assisted crystallization 
experiments.  

Protocol no. Ultrasonic field or seeding c0(g/g) S0 cf(g/g) Sf y Bulk density g/cm3 

1 N/A  0.143  12.32  0.086  7.41  39.86%  0.2241 
2 seeding  0.143  12.32  0.077  6.64  46.07%  0.2791 
3 Ultrasonic field  0.143  12.32  0.064  5.52  54.92%  0.3943  

Fig. 5. The yields along with the time in the experiments of direct cooling/ 
antisolvent crystallization process, seeding, and ultrasonic groups. 

Fig. 6. Microscope images for FBMS crystals formed at 303.15 K. (a) direct cooling/antisolvent crystallization (b) with seeding (c) with ultrasound, and the cor
responding particle size distribution (d) direct cooling/antisolvent crystallization (e) with seeding (f) with ultrasound. 
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4. Conclusion 

In this paper, ultrasound-assisted crystallization was proposed as a 
process intensification approach to modify the crystal size and 
morphology and improve the crystallization unit and downstream pro
cessing efficiency. In the direct cooling/antisolvent crystallization pro
cess, the induction time was 180 min, and the yield was only 39.86% at 
the 600 min crystallization process. The addition of seed crystals 
enhanced the crystallization process, and the yield reached 40.76% at 
the crystallization time of 330 min, which shortened the crystallization 
time nearly two times. Further, ultrasonic irradiation was introduced 
without seeds to optimize the crystallization process. During the 
ultrasound-assisted crystallization process, the acoustic cavitation and 
shock waves generated by ultrasound could result in the aggregation of 
small solute molecules to facilitate the occurrence of nucleation, thereby 
improving the crystallization process efficiency. The results indicated 
the induction time was shortened to 30 min, and the yield reached 
39.82% at the crystallization time of 90 min. The crystallization time 
shortened by more than six times compared with that of the direct 
crystallization method. In addition, the effect of ultrasound to promote 
nucleation was also reflected in narrowing the MSZW and shortening the 
induction time, which could improve the process robustness during the 
crystallization process. For the crystal properties, the ultrasound process 
could effectively modify the morphology of crystals from needle-like to 

rod-like shape during the crystallization process. The modification of the 
crystal morphology increased the efficiency of filtration and improved 
the bulk density from 0.2241 g/cm3 to 0.3943 g/cm3. Furthermore, the 
uniform and small crystal size were preferred in the desolvation process 
of the solvate, and thus improved the drying efficiency by four times. 

Overall, the ultrasound-assisted crystallization process of FBMS 
showed a significant improvement in the aspects of process efficiency 
(crystallization, filtration, and drying processes) and product properties 
(crystal morphology, crystal size, and size distribution). The enhance
ment of nucleation could improve the process robustness and minimize 
the product difference between different batches. And the ultrasound- 
assistant crystallization technique showed great potential in process 
enhancement and crystalline product optimization. Further, the fine- 
tuning of ultrasound-based process enhancement and process scaling 
up with ultrasonic irradiation should be investigated both in academic 
and industrial applications. 
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