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A B S T R A C T

Ultrasound has shown its benefits in the manufacturing processes of many pharmaceuticals and fine chemicals. 
This study focused on the reactive crystallization system of an aromatic amine and explored the potential uses of 
ultrasound in both batch and continuous modes. In batch experiments, we studied the effects of different son-
ication conditions including power, duration, and starting point on final particle properties. Under ultrasound, 
the crystal form and crystal morphology remained well maintained. The results of particle size and size distri-
bution suggested that ultrasound reduced the mean sizes by improving the nucleation process and breaking up 
large particles. Additionally, the presence of ultrasound in continuous experiments was capable of inducing 
nucleation and the crystal products collected had a suitable distribution. Integrating ultrasound into the 
beginning of the continuous crystallization process can be an alternative to the seeding technique. The increasing 
sonication power did not reduce the induction time substantially. This indicated that a rational sonication 
condition should balance the overall process efficiency and energy consumption. The findings from batch and 
continuous experiments indicate that ultrasound could intensify industrial crystallization of the aromatic amine. 
Incorporating energy-efficient ultrasound with the continuous process will potentially lead to increased pro-
duction efficiency and a well-controlled product quality.

1. Introduction

Crystallization is one of the most important separation and purifi-
cation processes particularly in the pharmaceutical industry and fine 
chemicals. The continuous supply of crystal products with a high and 
reproducible quality requires the crystallization process to be efficient 
and robust enough. Therefore, a desired industrial crystallization pro-
cess has to yield high-quality products in terms of the final particle 
properties, such as crystal form, crystal morphology, crystal size, and 
size distribution [1–3]. Understanding the fundamentals of nucleation 
and crystal growth and the formation of final products plays a decisive 
role in the design of the operation conditions of the crystallization 
process.

Ultrasound has shown its benefits as a process intensification tech-
nique in the crystallization process of many compounds. The application 
of ultrasound has been proven to influence the crystallization process in 
many aspects such as enhancing nucleation [4–6], controlling particle 

size distribution [7–10], and polymorph control [4,11,12]. Extensive 
research was performed on applying ultrasound in the cooling crystal-
lization system. Hatkar et al. applied ultrasonic irradiations into the 
cooling crystallization of sodium acetate where irradiation was applied 
when cooling was started. The sonicated experiments revealed that 
intentional seeding can be avoided in the presence of ultrasonic irradi-
ation and the ultrasound operating parameters such as irradiation time 
and dissipated power affected the final particle properties [13]. Similar 
results were found by Narducci et al. who studied the ultrasound- 
assisted cooling crystallization of adipic acid. A short ultrasonic burst 
was used at the beginning of the cooling process and a growth- 
dominated process was achieved, resulting in crystal products with the 
desired regular hexagonal shape and unimodal size distribution [10]. 
Jordens et al. introduced ultrasound with different frequencies to the 
cooling crystallization of paracetamol, and found that the lower ultra-
sonic frequencies are preferable both to enhance the nucleation rate and 
to limit degradation [14]. These studies all suggest that ultrasound can 
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benefit the cooling crystallization process and many sonication param-
eters have been studied to optimize ultrasound-assisted cooling crys-
tallization systems.

Reactive crystallization, the combination of reaction and crystalli-
zation, is another form of crystallization. The operation of reactive 
crystallization can be done without the integration of the thermal energy 
that is required for cooling crystallization [15]. However, compared to 
ultrasound-assisted cooling crystallization, the literature on the combi-
nation of ultrasound with reactive crystallization is relatively few. Guo 
et al. applied ultrasound to the reactive crystallization of BaSO4 and 
found that ultrasonic energy input had a significant impact on the in-
duction time [16,17]. The study of Chen et al. proposed that the pres-
ence of ultrasound increased the reactive crystallization rate of 
vanadium in an acidic ammonium salts crystallization system by 
enhancing the collision frequency between NH4

+ and vanadium ions 
[18]. Ma et al. introduced pulsed ultrasound into the reactive crystal-
lization of lithium carbonate and found that pulsed ultrasound could 
increase the reaction rate and improve the particle size distribution 
[19]. Works investigating the application of ultrasound on reactive 
crystallization systems are still limited.

To apply ultrasound in a crystallization process, both sonicated 
reactor and sonication parameters have to be well designed. Adamou 
et al. [20] and Banakar et al. [21] review that ultrasound can be applied 
through various sono-chemical setups in batch and continuous pro-
cesses. They also point out the effects of sonication parameters, such as 
frequency, power, and duration. For a reactive crystallization system, 
which happens usually very fast due to chemical reactions, it’s even 
more challenging to control the crystallization process and the product 
properties. Therefore, more experimental studies are needed to reveal 
the influence of ultrasound in the reactive crystallization process, 
especially in terms of the design of the sonication conditions.

This work used an Aromatic Amine as a model compound and 
focused on its reactive crystallization process, aiming to address the 
industrial challenge of reducing manufacture time while maintaining 
product quality. The potential of ultrasound to intensify this reactive 
crystallization process was explored in both batch and continuous ex-
periments, emphasizing its influence on the crystallization process and 
final particle properties. Different sonication conditions were adopted to 
find out how to integrate ultrasound into this crystallization system 
appropriately.

2. Material and Methods

2.1. Chemicals

The studied compound Aromatic Amine (written as AA below) with a 
purity of 99% was received in dry solid form from GE HealthCare. Ultra- 
pure water (18.2 MΩ⋅cm) and methanol (99.9% purity, Merck Life 

Science) were mixed at a 2:1 ratio by volume as solvent. NaOH (50 wt%, 
Merck Life) was used to dissolve the compound and get an anionic so-
lution with the desired concentration of 25 wt%. HCl (17.5 wt%, diluted 
from HCl of 37%, Merck Life) as the other reactant was used to 
neutralize the system and further obtain the protonated crystals. 
Acetonitrile (99.9% purity, Merck Life) was used as the dispersant 
during the measurements of particle size distribution (PSD).

2.2. Experimental setup

In this work, two setups were built for batch crystallization and 
continuous nucleation of AA, respectively, shown in Fig. 1. Inspired by a 
sonicated crystallizer for the precipitation of manganese carbonate 
developed by Jordens et al. [22], the batch setup is built up as follows. 
The double-jacket crystallizer with a volume of 310 mL is glued to a 
Langevin-type transducer from Ultrasonics World (MPI-7850D- 
20_40_60H, non-focused, diameter: 78 mm) at the bottom. Ultrasound 
frequency and amplitude are regulated using a Waveform Generator 
(Picotest G5100A) and an Amplifier (E&I 1020L RF power amplifier), 
and the resonance frequency (41 ± 1 kHz) is determined by an Imped-
ance Analyzer (SinePhase Impedance Analyzer 16777 k) beforehand. 
Table 2 lists the resonance frequency and the amplitude applied in this 
study. On the top is a glass lid which has five holes for the mechanical 
stirrer in the center and the condenser (not shown in the figure), the pH 
probe connected to a pH meter (VWR pH 1000L), the type-K thermo-
couple connected to a Pico TC-08 thermocouple data logger, and the HCl 
addition opening in the surrounding. A thermostat bath (Lauda Eco RE 
620 S) is used to maintain the desired crystallization temperature.

Inspired by the flow setup developed by Vancleef et al. [23] and 
Hussain et al. [12], in this work, the continuous crystallization setup 
consists of the following parts: two inlet parts for reactants AA and HCl 
(PFA tube), a three-way valve, a connection section of 5 cm (PFA tube), a 
flow reactor of 16 cm (glass tube, 1.13 mL in volume), and an outlet 
section of 5 cm. The flow reactor is placed in a rectangular glass housing 
which is connected to a Julabo HE Lab thermostat for temperature 
control. The transducer (Ultrasonics World, MPI-7850D-20_40_60H) is 
attached to the bottom of the glass housing to sonicate the reactor. Ul-
trasound frequency and amplitude are regulated the same way as above. 
A syringe pump (Chemyx, Fusion 4000, pump rates from 0.5109 µL/min 
to 121.4 mL/min) equipped with a 50 mL Terumo® syringe is used to 
pump the other reactant HCl. A pulse-free gear pump (Ismatec Reglo-Z 
digital, Z186 pump head, pump range from 0.0985 mL/min to 9.85 
mL/min) is used to pump the solution AA. The solution AA flows 
through a tubing coil placed in a water tank to reach the desired tem-
perature. Two type-K thermocouples connected to a Pico TC-08 ther-
mocouple data logger are used for tracking the temperature, 
respectively at the outlet of the tubing coil and the outlet of the reactor. 
The thermocouple placed at the inlet originally was removed because it 

Fig. 1. Left: setup for batch crystallization experiments. Right: setup for continuous nucleation experiment. In the flow setup, two nodes “T” and “Tout, pH” indicate 
the positions of measuring inlet temperature, outlet temperature and pH, respectively.
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was tested to cause severe scaling problems. The outlet temperature of 
the reactor was tested to maintain at the desired temperature. pH was 
given by manually measuring the pH of the collected mixture at the 
outlet. A vacuum filtration setup (a Pyrex™ Borosilicate glass filter flask 
with a 0.22 µm filter membrane, connected to a VacuuBrand® vacuum 
pump) was placed at the end to filter the outflowing slurry and collect 
the crystals.

2.3. Experimental procedure

2.3.1. Batch experiments
The chemical reaction involved in this study is a neutralization re-

action, similar to the precipitation of L-Glutamic Acid (LGA) by mixing 
sodium L-glutamate (NaGlu⋅H2O) and sulfuric acid (H2SO4) [24], 
following Eq. (1). The equilibrium between LGA solid and its soluble 
form follows Eq. (2): 

NaGlu • H2O (l)+
1
2
H2SO4 (l) ⇔ H • Glu (l)+

1
2
Na2SO4 (l) (1) 

H • Glu (l) ⇔ Ksp H • Glu (s) (2) 

H • Glu (l) and H • Glu (s) are the soluble form and solid form of L- 
glutamic acid, respectively. Similarly, the reactive crystallization of the 
studied aromatic amine occurs by mixing its sodium salt form with an 
acid, as described by the reaction: AA- + H+ → AA (l) → AA (s). In this 
process, the crystallization of AA was initialized by adding HCl to the 
anionic solution forming a neutralized slurry and driven by the decrease 
in pH. In principle, the crystals appear when the concentration of AA 
exceeds its solubility.

In the batch experiments, the solution AA of 25 wt% was prepared 
beforehand and 200 mL was pumped into the reactor for each experi-
ment. A 15-minute neutralization period followed by a 15-minute 
holding period was employed. HCl (17.5 wt%) was manually intro-
duced in four stages at five-minute intervals over the 15-minute 
neutralization period, following a defined protocol to achieve a consis-
tent pH-changing curve shown in Fig. 2. The traditional silent (without 
ultrasound) and ultrasound-assisted crystallization experiments were 
performed at a constant temperature of 60 ◦C for 30 min. Both addition 
of HCl and sonication effect would increase the temperature. Under the 
influence of thermostat, the temperature was kept at 60 (±2) ◦C, shown 
in Fig. 2. All batch sonicated experiments were conducted at a resonance 
frequency of 40 (±1) kHz. The input sonication power was characterized 
by the calorimetry method described in Section 2.4. The silent experi-
ments were triplicated as a reference, and the sonicated experiments 
were conducted two times under different sonicated conditions, which 
included different sonication powers, durations, and starting points.

After crystallization, a pressure filtration equipment (BHS, Pocket 
Leaf Filter) connected to nitrogen was used to filter the slurry. 200 mL 

slurry was divided into 2 times of filtration and the same slurry volume 
of 100 mL was filtered each time to obtain a 15–25 mm filter cake. The 
filtration time was recorded by a stopwatch. The average of two 
measured filtration times was used to evaluate the filterability. Then the 
filter cake was transferred to an IKA® heating plate and heated to dry 
under 120 ◦C in the fume hood. After 2-hour heating and at least 24-hour 
air drying in the fume hood, the particles were ready for post-analysis 
involved yield calculation, crystal form determination using FTIR, par-
ticle shape visualization via SEM, and PSD measurements using Malvern 
Hydro SV.

The crystallization yield was calculated based on the dissolved AA, as 
Eq. (3), 

Yield % =
Weight of particles collected after drying

Weight of solids initially dissolved in that volume
× 100%

(3) 

The crystal form was characterized via Attenuated Total Reflection −
Fourier Transform Infrared (ATR-FTIR) spectroscopy (Perkin-Elmer 
Spectrum 100 with UATR accessory) and confirmed by comparing the 
spectra of the products obtained from crystallization experiments with 
the industrially produced materials. The particle shape was visualized 
using a Scanning Electron Microscope (SEM, JEOL JSM – 6010 L V) after 
coating the samples with a gold/palladium coating using a JEOL JFC 
1300 sputter coater (40 mA for 30 s). PSD was analyzed using a Malvern 
(Mastersizer 3000 − Hydro SV) with acetonitrile as the dispersant. The 
stirring speed was set at 1500 rpm. Three samples were taken for each 
experimental product and measured independently, so the average of 
the three measurements was delivered as the PSD result.

2.3.2. Continuous experiments
In the continuous mode, the two reactants − solution AA and HCl 

were pumped into the reactor. Different flow rate ratios of solution AA 
and HCl were employed, shown in Table 1. All flow experiments were 
executed three times. Solution AA was always pumped in first for 5–10 
min to rinse the setup and to reach a stable outlet temperature when HCl 
was ready to flow in. The timing of the induction process was started 
using a stopwatch once HCl was pumped into the reactor. In the 
meantime, ultrasound was applied (only in the sonicated experiments.) 

Fig. 2. Left: HCl addition protocol and pH-changing curve. The data points are the average of ten experiments and the error bars are the standard deviation. Right: 
examples of temperature recording in the sonicated and silent batch crystallization experiments.

Table 1 
Flow conditions.

AA flow rate 
(mL/min)

HCl flow rate 
(mL/min)

Flow ratio of 
AA and HCl

Total flow 
rate (mL/ 

min)

Residence 
time (s)

2.5200
0.1890 100:7.5 2.709

25.0(±0.2)0.2016 100:8.0 2.721
0.2142 100:8.5 2.734
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From this point, the time until the first crystals was visually detected in 
the flow reactor by naked eye was registered, which was defined as the 
induction time. The visual detection of crystals was shown as a reliable 
method for noticing crystallization [25,26]. The induction time under 
both silent and sonicated flow was measured, and the effects of flow 
ratio and sonication power were studied.

The outflowing product slurry was collected for 2–3 min and the 
experiment was stopped. A long collection time was not applied for the 
following reasons: a) the filtration rate of the present vacuum setup was 
limited, b) the slurry layer that cannot be filtered within a reasonable 
time frame continued to crystallize. The collected crystals were allowed 
to dry for at least 24 h in the fume hood. Then the crystal shape and size 
were measured via SEM and Malvern following the same procedure as 
described in Section 2.3.1. In case no nucleation was observed after 8 
min, the experiment was stopped, because long induction times are 
generally undesired for continuous crystallizers.

2.4. Sonication conditions

The actual sonication power dissipated in the system was determined 
by a calorimetric method [27,28], by measuring the rate of temperature 
increase. The calorimetric technique assumes that the ultrasonic energy 
delivered to the system is converted into heat. In this work, ultra-pure 
water was used as the sonicated medium to measure the calorimetric 
power in both batch and flow system. The temperature was monitored 
via thermocouples and three separate measurements were performed for 
each experimental condition. The calorimetric power was calculated 
according to Eq. (4), 

Pcal = mCp(
dT
dt

)t=0 (4) 

where m and Cp are the mass (kg) and heat capacity (J/kg⋅K) of water, 
respectively. And (dT

dt )t=0 is the initial slope of the increasing rate of 
temperature (K/s). Here, the initial heating rate was applied because it 
was not influenced by the initial bulk temperature of the water and the 
height of water in the vessel [29].

The input power per unit of volume, a key parameter used for scale- 
up [6], calculated as the input power divided by the volume of the so-
lution, is used as the sonication power parameter in this study.

Table 2 gives the electrical powers applied in both batch and flow 
systems and the corresponding measured calorimetric powers, together 
with the frequency and amplitude of the ultrasound regulated by the 
Waveform Generator.

In the batch experiments, the sonication conditions (Fig. 3) varied in 
three aspects: a) sonication powers of 8.4 W/L, 22.6 W/L, and 36.3 W/L, 
with the same duration of 15 min and the same sonication starting point 
(when pH reached 7); b) sonication durations of 5 min and 15 min, with 
the same sonication power 22.6 W/L and the same sonication starting 
point (pH 7); c) sonication starting point – starting sonication at pH 10, 
pH 7, and 5 min before the end of experiments (the final 5 min), with the 
same sonication power of 22.6 W/L and duration of 5 min. In continuous 

experiments, the sonication conditions varied in sonication powers of 
93.4, 165.9, and 216.5 W/L.

3. Results and Discussion

3.1. Batch experiments

3.1.1. Stability of AA under ultrasound
Ultrasound has been shown to enable the transition from one to 

another form for some compounds [4,12,30]. However, the effect of the 
said technique still varies from compound to compound. The effect of 
ultrasound on the AA in this investigation was studied by comparing the 
ATR-FTIR spectra of the crystalline solids obtained from both the silent 
and sonicated experiments with the spectrum of industrially produced 
particles. Six samples from sonicated products and three samples from 
silent products were analyzed. One can see an example in Fig. 4, all 
spectra exhibited the same morphology, indicating that ultrasound had 
no discernible effect on the crystal form of compound AA.

Other than crystal form, the particles produced at silent and soni-
cated conditions possessed a similar porous ball-like morphology. As an 
example, the SEM images at the sonication powers of 8.4 W/L and 36.3 
W/L and the silent condition are shown in Fig. 5. On the left side of this 
figure (pictures with the same magnification), it can be seen that the 
morphology of compound AA did not change under sonication. The right 
side of this figure indicates that sonicated samples had a smaller average 
size than silent ones, which was confirmed via PSD measurements re-
ported in section 3.1.3. The exploration of the crystal growth mechanism 
is outside of the scope of this paper and will be reported in due course. 
Three possible explanations for the formation of this ball-like 
morphology are under investigation: a) spiral growth of the initial 
crystal face, b) agglomeration of small crystals, and c) the combination 
of both.

3.1.2. Yields calculation
Ultrasound can potentially enhance the crystallization process and 

achieve a higher yield in the manufacturing of many compounds 

Table 2 
Calorimetric power measurements.

Flow rate (mL/ 
min)

RT 
(s)1

Frequency 
(kHz)

Amplitude 
(mVpp)

Electrical power 
(W)2

Average calorimetric power 
(W)3

Standard 
deviation

Pcal/Volume (W/ 
L)4

Batch 
(200 mL)

\ 41.15 250 5 1.69 0.51 8.4
\ \ 41.15 500 12 4.51 0.32 22.6
\ \ 41.15 800 20 7.25 0.42 36.3

Flow 
(1.13 
mL)

2.72 24.9
41.9 210 5 0.11 0.007 93.4
41.9 300 10 0.19 0.008 165.9
41.9 360 15 0.24 0.002 216.5

1 RT: residence time.
2 Electrical power refers to the power parameter on the Ultrasound Waveform Generator.
3 Average of three measurements of calorimetric power.
4 Input power per unit of volume is used as the sonication power parameter in this study.

Fig. 3. Schematic diagram of sonication conditions of batch experiments.
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[31,32]. In this work, the effects of various sonication powers on the 
reactive crystallization yields of AA were evaluated. Ultrasound was 
introduced after pH reached 7 and always had the same duration of 15 
min (holding time). Fig. 6 shows that the sonicated experiments ach-
ieved an average yield of 79% whereas the silent ones only achieved 
43%, which revealed that sonication intensified this reaction and crys-
tallization rates and led to higher yields of AA. According to the obser-
vation of the experimental crystallization process, ultrasound enhanced 
the secondary nucleation in the early stage of sonication thus increasing 
the overall crystallization rates and leading to higher yields. Moreover, 
there was not too much difference in yields among different sonication 
powers, which means that the system reached maximum yields after 15 
min of sonication even when the power was low. From the perspective of 
rational use of ultrasound, excessive powers are not desired.

3.1.3. Particle size distribution
The particle sizes and the particle size distribution under both silent 

and various sonicated conditions were measured offline to analyze 
further the effects of ultrasound. Volume distributions of particle sizes 
are provided in Figs. 7–9 while the Dx10, Dx50, and Dx90 results are 
provided in Table 3. One can see that the sonicated samples were always 
smaller than the silent ones, which was expected from the SEM data. 
Fig. 7 showed that the silent sample had a bimodal distribution, while all 
of the sonicated samples had unimodal distribution. The transition of 
distribution from bimodal in silent mode to unimodal in sonicated mode 
indicates that almost no large particles appeared and the number of 
small particles increased under ultrasound. The large peak of the silent 
sample was located around 127 µm, while the peak of sonicated samples 
reached a minimum around 25 µm at the sonication power of 36.3 W/L. 
With the same duration of 15 min and the same sonication starting point 
of pH 7, the more powerful sonication led to smaller particles on 
average. One may expect that the presence of ultrasound could influence 
the crystallization process of compound AA by favoring nucleation, 
inhibiting crystal growth, or boosting deagglomeration. The effects of 
sonication duration and starting point were also investigated. As shown 
in Fig. 8, the samples from the experiments with different sonicated 
durations presented a similar unimodal distribution. The peak shifted 
from around 38 µm to around 27 µm as the sonication duration increased 
from 5 min to 15 min, which revealed the longer the sonicated duration, 
the smaller the particle size became. Similar to the PSD results from 
previous experiments, all experimental samples under the conditions of 
different sonication starting points had a unimodal size distribution 
(Fig. 9). The peak of the samples obtained under the sonication starting 

point of pH 7 was located around 38 µm, while the samples obtained 
under the sonication starting point of pH 10 showed the narrowest span 
with a close peak at around 35 µm. The nucleation process started at a 
pH of ca. 10, while a pH of 7 was a complete neutralization pH. Intro-
ducing ultrasound at the earlier stage of pH 10 significantly enhanced 
the nucleation and then nucleation dominated the crystallization pro-
cess, leading to the product with many fines and a narrow span. In 
comparison, crystallization already occurred before pH reached 7 as the 
additions of HCl. Introducing ultrasound at a later stage (pH 7) both 
influenced the particles already crystallized and enhanced the secondary 
nucleation as well. Furthermore, from Fig. 9 and Table 3, the size dis-
tribution of the samples obtained under the condition of starting ultra-
sound at 5 min before the end of the experiment exhibited a peak at the 
minimum size of 19 µm and a span of 2.25. Combined with the size 
distribution of the silent sample – a similar span of 2.42 while the small 
peak was at 15 µm and the high peak was at 127 µm, one may conclude 
that 5-minute sonication at the end of the experiment affected the large 
particles by deagglomeration and resulted in a change in peak shape. 
Even though the same sonication power and duration were applied, 
starting ultrasound at different pH points can make a substantial dif-
ference in the crystallization process. Therefore, the combination of 
different sonication conditions, such as applying a short burst of ultra-
sound in the beginning to enhance the nucleation, not involving ultra-
sound until the neutralization is completed, and applying the ultrasound 
with moderate power and duration at the end of crystallization, would 
be considered to be optimal for an intensified crystallization and 
controlled particle size property.

A comprehensive analysis of PSD results from all sonicated condi-
tions confirmed the role of ultrasound in increasing nucleation rate and 
deagglomeration, but which stage or stages of nucleation, crystal 
growth, and (de-)agglomeration were predominantly influenced was not 
clear. This reactive crystallization process in batch experiments was very 
intense as seen from the transition from a clear solution to a milky slurry, 
which made it very difficult to analyze the crystallization process 
accurately only by offline measurements. An in-depth study of kinetics 
with the aid of PAT tools is ongoing for a better understanding of the 
process.

3.1.4. Filtration behavior
This work evaluates the filterability of crystal products. It compares 

the filtration time of a slurry volume of 100 mL under the same filtration 
conditions. Table 3 gives the results. One can see that the silent sample 
had the shortest filtration time, implying that it behaved best on filtra-
tion. This is due to its larger average size of particles compared to the 
sonicated samples (almost two to three times on Dx50). Of all the son-
icated experiments, the slurry from the 5 mins after pH 10’ experiment 
filtered the quickest. The slurry from the ’5 mins before the end’ 
experiment was the slowest. This phenomenon can be explained by the 
particle size and distribution (Table 3, Figs. 7–9). The particles obtained 
under ’5 mins after pH 10’ were best in terms of size distribution: they 
were uniform, without humps. In contrast, the particles obtained under 
’5 mins before the end of the experiment’ exhibited the widest span and 
smallest sizes. To conclude, ultrasound affects particle size and particle 
size distribution. This, in turn, influences the filterability of the pro-
duced slurry. Specifically, the decrease in sizes under sonication leads to 
a longer filtration time. Still, ultrasound shows the potential to offset this 
loss by narrowing down the span and producing more uniform products.

3.2. Continuous experiments

3.2.1. Induction time at different flow ratios
The continuous experiments started with the silent flow experiments 

without ultrasound as a reference. In the batch experiments, nucleation 
happened after 15 mL HCl was added into 200 mL solution AA. The same 
concentrations of AA and HCl were used in batch and flow experiments. 
Therefore, the first flow rate ratio of AA and HCl in the continuous 

Fig. 4. An example of ATR-FTIR spectra of crystals from silent and sonicated 
experiments, and industrially produced crystals.
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Fig. 5. SEM images of samples from (a-b) silent experiments, (c-d) sonicated experiments with power of 8.4 W/L, (e-f) sonicated experiments with power of 36.3 
W/L.
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experiments was chosen as 100:7.5. Table 1 listed the detailed flow 
conditions like flow rates, flow ratios, and residence time. After the two 
reactants mixed and continued flowing for 8 min, there was no nucle-
ation observed by the naked eye and the filter membrane placed in the 
end did not collect any nuclei. Then the amount of HCl was increased to 
give a flow ratio of 100:8 and further to 100:8.5, but still no nuclei were 
obtained. pH was tested by collecting the outflowing mixture in a 
centrifuge tube and measuring the pH via the pH probe. pH measure-
ment results are given in Fig. 10. One can see at the flow ratio of 100:8.0, 
pH of the mixture reached ca. 6 meaning that the mixture was already 
neutralized. Even more HCl in the mixture at the flow ratio of 100:8.5 
did not induce nucleation. The main difference between batch and 
continuous experiments was that the mixture of two reactants was me-
chanically stirred in the batch reactor, while it was flowing in a laminar 
fashion in the continuous reactor. The pH results in the flow experiments 
were comparable with those in the batch experiments because the out-
flowing mixture was mixed well by the insertion of the pH probe.

Following the silent flow experiments as a reference, ultrasound was 
introduced to explore the possibility of inducing nucleation. The con-
ditions tested for this set of experiments varied on two aspects: a) flow 

Fig. 6. Calculated yields for batch experiments under silent and different 
sonication powers. The bars represent the average of duplicated experiments, 
and the error bars represent the standard deviation.

Fig. 7. Particle size volume distribution at different sonication powers.

Fig. 8. Particle size volume distribution at different sonication durations.

Fig. 9. Particle size volume distribution at different sonication starting points.

Table 3 
Average particle size and filtration time.

Sonication Condition Average 
Filtration 
Time (s)

Dx10 
(µm)

Dx50 
(µm)

Dx90 
(µm)

Span

0 W/L (Silent condition) 16 10.23 65.09 167.7 2.42

Power1
8.4 W/L 117 10.34 29.05 61.13 1.75
22.6 W/L 57 8.18 24.17 49.88 1.73
36.3 W/L 141 6.74 20.47 44.00 1.82

Duration2

15 mins 
after pH 7

57 8.18 24.17 49.88 1.73

5 mins 
after pH 7

58 8.53 30.48 62.90 1.78

Starting 
point3

5 mins 
before the 

end

239 7.20 19.05 49.98 2.25

5 mins 
after pH 7

58 8.53 30.48 62.90 1.78

5 mins 
after pH 

10

34 9.47 29.87 54.17 1.50

1 With the same duration of 15 min and the same sonication starting point 
(when pH reached 7);

2 With the same sonication power 22.6 W/L and the same sonication starting 
point (pH 7);

3 With the same sonication power of 22.6 W/L and duration of 5 min.
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ratio of AA and HCl and b) sonication power. Ultrasound was turned on 
when HCl entered the flow reactor (AA was already in there) and at the 
same time, the timing of induction time began. Fig. 11 shows the in-
duction time under ultrasound at different flow ratios. The induction 
time for flow ratio of 100:7.5, 100:8.0, and 100:8.5 was 83, 141, and 
153 s, respectively, and the average of the three was 126 s. The induc-
tion time normalized by the residence time varied from 3 to 6 times the 
residence time, yielding an average of 5 times the residence time. When 
taking the standard deviation into account, there was not much differ-
ence in induction time under different flow ratios when applying the 
same sonicated conditions. Combined with the above pH results, pH 
reached ca. 10 which was a reasonable pH enabling nucleation based on 
the findings in batch experiments. Therefore, the amount of HCl did not 
affect the induction time a lot as long as pH reached below 10 when 
ultrasound was present in flow experiments.

3.2.2. Induction time at different sonication powers
The application of ultrasound initiated crystallization within the 

small flow reactor which was not achieved in silent conditions. The ef-
fects of sonication power were studied. Fig. 12 shows the induction time 
under different sonication powers while the same flow ratio of 100:7.5 
was used. One can see that as the sonication power increased from 93.4 

W/L to 216.5 W/L, the induction time reduced slightly from 87 s to 72 s, 
suggesting the powerful sonication 216.5 W/L may not be preferred 
from the perspective of rational energy use. As described in Table 2, 
electrical powers of 5 W, 10 W, and 15 W were applied to generate 
sonication powers of 93.4, 165.9, and 216.5 W/L, respectively. A low 
electrical power around or below 5 W is sufficient to induce nucleation 
in such a small flow reactor.

3.2.3. Particle analysis
Based on the result from batch experiments that ultrasound will not 

change the crystal form, FTIR analysis was not performed for the crystals 
collected in continuous experiments. Particle shape and size distribution 
were analyzed aiming to study the formation mechanism of the porous 
particles. As shown in Fig. 13, one can see the crystals appeared like 
overlapped and interlaced crystal strips. Compared to the SEM images 
from 30-minute batch experiments (Fig. 5), the crystals here were in a 
very early stage of crystallization. All crystals were fresh nuclei, without 
sufficient further growth or agglomeration. This was consistent with the 
PSD result (Fig. 14) that the peak was located at the size of 16 µm and the 
crystal sizes presented a very uniform and narrow distribution. It con-
veys the information that many small nuclei agglomerated into large 
particles over time. The agglomeration and deagglomeration degree are 
the key factors for the final product size and size distribution in 
continuous process.

3.3. Discussion on applying ultrasound to intensify industrial 
crystallization of the aromatic amine

The experimental findings on the application of ultrasound in reac-
tive crystallization of the aromatic amine are summarized in Table 4. 
The objectives set out in this work were accomplished, especially 
revealing that ultrasound will intensify the reactive crystallization of 
this aromatic amine without changing the crystal form or shape. How-
ever, there are still several considerations that need to be made going 
further for applying ultrasound to this process.

First of all, it was found that in a batch mode, ultrasound influenced 
the crystallization yields and product sizes mainly by increasing the 
crystallization rate and deagglomeration. Secondary nucleation, crystal 
growth, agglomeration, and deagglomeration are all affected, but which 
mechanism is dominant is not clear. The pH value at which ultrasound is 
started, also affected this reactive crystallization process because it is 
driven by the decrease in pH. However, lacking of in-process analysis 
made it difficult to understand the ‘Black-box’, which made it difficult to 
answer at which point to introduce ultrasound and keep it on for how 
long would be best. A kinetics study with the aid of PAT tools should be 

Fig. 10. pH of mixture at different flow ratios of aa and hcl. error bars repre-
sent the standard deviation of three identical experiments.

Fig. 11. Induction time for sonicated experiments at different flow ratios of AA and HCl. Sonication power: 165.9 W/L; residence time: 25 s. Left) Induction time in 
seconds. Right) Residence time normalized induction time. Error bars represent the standard deviation of three identical experiments.
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considered to understand the mechanism behind the intensification and 
will help apply ultrasound to control the desired product sizes.

Second, this study pointed out that applying the appropriate soni-
cated conditions could initiate the nucleation of AA in flow conditions 
which did not happen in a silent flow condition. This suggests that ul-
trasound can be considered as a replacement for the seeding technique. 
An in-depth study on whether ultrasound can work as seeding in the 
flow crystallization of compound AA is ongoing. Further research on 
different flow and sonicated conditions, such as changing the residence 
time, less HCl, lower sonication power, and trying pulsed ultrasound, 
will give an in-depth idea of applying ultrasound in this flow system.

Additionally, the vacuum filtration in continuous experiments of this 
work was only applied for filtering the outflowing slurry and collecting 
samples. To shift toward continuous manufacturing, another challenge 
is the continuous filtration and drying process which should be coupled 
together after the crystallization. Some continuous filtration setups 
suitable for continuous manufacturing of APIs have been reported 
[33–35]. Therefore, future studies will focus on coupling the sonicated 
and continuous nucleator with another type of crystallizer for nuclei 
growth as well as further continuous filtration, which is expected to 
intensify the industrial crystallization process and also control the final 
particle properties to achieve good product quality.

Fig. 12. Induction time for sonicated experiments at different sonication powers (Calorimetric power Pcal). Volume based flow ratio of AA and HCl: 100:7.5; 
residence time: 25 s. Left) Induction time in seconds. Right) Residence time normalized induction time. Error bars represent the standard deviation of three identical 
experiments.

Fig. 13. SEM images of crystals collected in flow experiments. Sonication power: 165.9 W/L; flow ratio: 100:7.5; residence time: 25 s.

Fig. 14. Particle size volume distribution of crystals collected in flow experi-
ments. Sonication power: 165.9 W/L; flow ratio: 100:7.5; residence time: 25 s.
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4. Conclusions and Prospects

In this work, the application of ultrasound on reactive crystallization 
of an aromatic amine was studied in both a batch and continuous pro-
cess, focusing on the effects on the crystallization process and the final 
particle properties. From the batch experiments, compound AA 
appeared stable under ultrasound and the crystal form did not change. 
The sonicated products had a similar morphology as the products ob-
tained in silent experiments. The notable effects were mainly related to 
yields and particle sizes. The yields of sonicated experiments increased 
by 84% compared to those of the silent experiments. The particle sizes 
were reduced on average and a unimodal distribution was obtained 
under different conditions of ultrasound, specifically, a) more powerful 
sonication resulted in smaller particle sizes, and sonicated particles 
reached a minimum size of around 25 µm at the sonication power of 
36.3 W/L; b) smaller particle sizes were obtained after longer sonication 
time of 15 min compared to 5 min; c) with the same sonication power 
and time, starting sonication at an earlier stage (pH of 10) led to a 
product with the narrowest span of 1.50 and a peak size of 35 µ m. The 
nucleation process and de-agglomeration were predicted to be the most 
impacted stages during the reactive crystallization of AA. Ultrasound 
was considered to enhance the nucleation rate at the early stage and 
boost de-agglomeration at the later stage of the whole crystallization 
process. Additionally, the filterability was tested by comparing the 
filtration time under the same slurry volume and filter conditions. This 
set of filtration experiments suggested that the presence of fine particles 
in the sonicated experiments slowed down the downstream filtration. 
Still, ultrasound could be able to optimize this process by producing a 
more uniform distribution of particle sizes.

According to the continuous experiments, a major advantage of ul-
trasound on continuous crystallization of AA was to enable nucleation 
which silent flow cannot. The crystal nuclei collected in flow experi-
ments presented a uniform morphology and particle size distribution, 
implying the introduction of ultrasound can be a good technique for 
inducing nucleation to take up the role of seeding. Insights on sonication 
power can guide energy-efficient ultrasound integration in continuous 
nucleation. Further efforts on ultrasound-assisted continuous crystalli-
zation will focus on designing a complete process, combining continuous 
crystallization with the downstream continuous filtration and drying 
process.
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