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Abstract: When ultrasound is applied to a solution for crystallization, it can affect the properties
of the crystalline products significantly. Ultrasonic irradiation decreases the induction time and
metastable zone and increases the nucleation rate. Due to these effects, it generally yields smaller
crystals with a narrower size distribution when compared with conventional crystallizations. Also,
ultrasonic irradiation can cause fragmentation of existing crystals which is caused by crystal
collisions or sonofragmentation. The effect of various experimental parameters and empirical
products of sonocrystallization have been reported, but the mechanisms of sonocrystallization
and sonofragmentation have not been confirmed clearly. In this review, we build upon previous
studies and highlight the effects of ultrasound on the crystallization of organic molecules. In addition,
recent work on sonofragmentation of molecular and ionic crystals is discussed.
Keywords: ultrasound; sonocrystallization; sonofragmentation; sonochemistry; acoustic cavitation;
crystal nucleation

1. Introduction
Ultrasound is an oscillating sound pressure wave over a frequency range of 15 kHz to 10 MHz [1].
When ultrasonic waves pass through a liquid with sufficient amplitude, the negative pressure
exceeds the local tensile strength of the liquid and bubbles are created [2–4]. Bubbles are typically
generated near pre-existing impurities (e.g., gas-filled crevices in dust motes), which oscillate and grow
during cycles of compression and expansion. When the growing bubbles reach a specific resonant
size, they efficiently absorb energy from ultrasound waves during a single compression-expansion
cycle [1,5,6]. The resonant size depends on the frequency of the irradiated ultrasound, and is
approximately 170 µm for a 20 kHz ultrasound [1]. At the resonant size, bubbles grow rapidly
during a single cycle of ultrasound waves due to efficient energy absorption. Since bubbles cannot
be sustained without absorption of energy, they implosively collapse after reaching the resonant size.
This process is referred to as acoustic cavitation.
There are both chemical and physical effects of acoustic cavitation. Ultrasonic wavelengths in
liquid vary from approximately 1 mm to 10 cm, which is much larger than the molecular size scale.
Thus, the chemical and physical effects of ultrasound do not occur by direct interactions between
ultrasound and chemical species, but by the process of acoustic cavitation [2,4,7]. The collapse of
bubbles produces hot spots, which have intense local temperatures (~5000 K) and pressures (~1000 atm)
and a rapid heating and cooling rate (>1010 K·s−1 ) [8–11], and shockwaves. Shockwaves have velocities
as high as ~4000 m/s and high-pressure amplitudes of 106 ·kPa [12].
The physical effects of ultrasound are more diverse in heterogeneous systems (solid-liquid
systems) than in homogeneous systems. When a bubble collapses near a significantly larger surface
or particle, the bubble no longer collapses spherically and a high-speed liquid stream with a velocity
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>100 m/s is generated (i.e., a microjet) [13,14]. The liquid moves toward the surface of the solid
material,
which
or changes its chemical composition [1,15]. Additionally, shockwaves
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generated from acoustic cavitation cause high-velocity collisions between micron-sized solid particles
>100 m/s is generated (i.e., a microjet) [13,14]. The liquid moves toward the surface of the solid
(i.e., interparticle
collisions) [16–18]. Shockwaves can also directly interact with particles and induce
material, which deforms it or changes its chemical composition [1,15]. Additionally, shockwaves
breakage (i.e., sonofragmentation) [19].
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on the
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the
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of
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material
[55–57].
formed or stored. It is unknown how ultrasound controls the polymorphism of a material [55–57].
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including
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(the
most
stable
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which
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as sonication
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thermodynamically
or intensity
intensity increased
increased (Figure
(Figure 8)
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reportedthat
thatp-aminobenzoic
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significantly reduced the induction time, narrowed the MZW, and produced the β-polymorph above
25 °C with a low initial supersaturation.
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ultrasonic irradiation with 45 kHz [59].
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in the
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for large bubbles at low frequencies, weaker for small bubbles at high frequencies [67,68]. While not
changes in the number of cavitating bubbles, which are highly dependent on the specific apparatus
generally recognized in the literature, the number of cavitating bubbles is not controllable, and so it
used.
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frequency decreased, due to changes in bubble dynamics (Figure 10) [69].
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Figure 13. Different types of ultrasound generators: (a) ultrasonic bath [77], (b) ultrasonic horn [78],
and (c) ultrasonic plate transducer [79].
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also
commercialized,
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Figure
Anothertype
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Figure 14. Large-scale tubular flow-through ultrasonic reactors have been in use commercially. (a)
Figure 14. Large-scale tubular flow-through ultrasonic reactors have been in use commercially.
Schematic of the design of a flow reactor and (b) photograph of a 20-L flow cell with 40 bonded
(a) Schematic of the design of a flow reactor and (b) photograph of a 20-L flow cell with 40 bonded
[29].
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from C
C33 Technology
transducers from
Technology [29].
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4. Ultrasound in Slurries, Inter-Particle Collisions, Shockwaves, and Sonofragmentation
In a liquid–solid mixture, acoustic cavitation causes various physical phenomena. If a bubble
In a liquid–solid mixture, acoustic cavitation causes various physical phenomena. If a bubble
grows near a solid particle larger than the resonant size of the bubble, the bubble is deformed due
grows near a solid particle larger than the resonant size of the bubble, the bubble is deformed due
to the asymmetric environment [1,6]. This asymmetry causes the bubble to collapse asymmetrically,
to the asymmetric environment [1,6]. This asymmetry causes the bubble to collapse asymmetrically,
and a fast-moving stream of liquid (i.e., a microjet) is formed [13,14]. The microjet moves toward
and a fast-moving stream of liquid (i.e., a microjet) is formed [13,14]. The microjet moves toward
the solid particles and causes surface deformation or changes in the chemical composition of the
the solid particles and causes surface deformation or changes in the chemical composition of the
surface [1,15].
surface [1,15].
When solid particles in the mixture are smaller than the resonant size of the bubble, the
When solid particles in the mixture are smaller than the resonant size of the bubble, the shockwave
shockwave that is generated by acoustic cavitation causes interparticle collisions [17,18,88]. Also,
that is generated by acoustic cavitation causes interparticle collisions [17,18,88]. Also, shockwaves
shockwaves interact directly with solid particles, causing sonofragmentation [19,89,90]. Interparticle
interact directly with solid particles, causing sonofragmentation [19,89,90]. Interparticle collisions and
collisions and sonofragmentation affect the average particle size and size distribution, both by
sonofragmentation affect the average particle size and size distribution, both by reducing the size of
reducing the size of existing crystals and by creating secondary nucleation sites [91].
existing crystals and by creating secondary nucleation sites [91].
The effect of the shockwaves generated by acoustic cavitation in liquid–solid systems depends
The effect of the shockwaves generated by acoustic cavitation in liquid–solid systems depends
on the properties of the solids in the system, most notably their malleability versus their friability
on the properties of the solids in the system, most notably their malleability versus their friability
(brittleness) [16]. For malleable materials (e.g., metal powders), ultrasonic irradiation leads to
(brittleness) [16]. For malleable materials (e.g., metal powders), ultrasonic irradiation leads to
agglomeration from interparticle collisions [17,18]. The velocity of the colliding particles is sufficient
agglomeration from interparticle collisions [17,18]. The velocity of the colliding particles is sufficient
at the point of impact between particles to cause intense localized heating, plastic deformation,
at the point of impact between particles to cause intense localized heating, plastic deformation,
spot-welding, and melting (Figure 15) of various low-melting-point metals (e.g., Zn, Ni, Co, Mo).
spot-welding, and melting (Figure 15) of various low-melting-point metals (e.g., Zn, Ni, Co, Mo).
Very-high-melting-point metals (e.g., W), however, are not affected to the same extent, as one might
Very-high-melting-point metals (e.g., W), however, are not affected to the same extent, as one might
expect [18]. Similarly, there is an optimal particle size for such impacts that depends on the particle
density, but is generally in the 0.5 to 50 μm range [18].
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Figure 19. Microscopic images of several pharmaceutical agents generated by sonocrystallization.
Optical microscopic images of (a) acetylsalicylic acid [100] and (b) paracetamol [60]. SEM images of
(c) phenacetin [72] and (d) carbamazepine [101].

Another application of sonocrystallization is for the generation of nanocrystals and
nanostructures [104–110]. Qian et al. reported ultrasonic irradiation as a new method for generating
zinc oxide nanocrystals [111]. The conventional method was time-consuming, taking 2 days; sonication
(20 kHz), however, generated nanocrystals in 3 min. Moreover, nanocrystals were formed using
ultrasonic irradiation without the addition of heptane in 25 min (Figure 20).

(c) phenacetin [72] and (d) carbamazepine [101].

Another application of sonocrystallization is for the generation of nanocrystals and
nanostructures [104–110]. Qian et al. reported ultrasonic irradiation as a new method for generating
zinc oxide nanocrystals [111]. The conventional method was time-consuming, taking 2 days;
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Figure 20. Characterizations of zinc oxide nanocrystals produced by sonocrystallization: particle

Figure 20. Characterizations of zinc oxide nanocrystals produced by sonocrystallization: particle size
size distribution, electron diffraction pattern, and TEM images [111].
distribution, electron diffraction pattern, and TEM images [111].
It is possible to produce a variety of nanostructures via sonocrystallization. Li et al. produced
fibrillar networks
ultrasonic irradiation
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sonication,
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di-n-butylamide (GP-1) was dissolved in octanol or propylene glycol at 120 C and quenched to
the product was a nanofiber network structure and without sonication,
spherulitic particles were
room formed
temperature
in an ultrasonic water bath (35 kHz, 1–4 W/cm2 ) for 0–2 min. Using sonication,
(Figure 21). The network structure exhibited an enhanced storage modulus and gelation
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compared
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spherulitic
particles.
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Figure 21. N-lauroyl-L-glutamic acid di-n-butylamide (GP-1) nanostructures generated without
sonication or with sonication: SEM images of GP-1 (a) spherulitic structures produced without
sonication
or with sonication: SEM images of GP-1 (a) spherulitic structures produced without
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Hayward et al. reported on the generation of perylene diimide (PDI) nanowires using
sonocrystallization [113]. PDI and poly(3-hexylthiophene) were dissolved in 1,2-dicholorobenzene
at 120 °C and cooled to 20 °C with or without sonication. Notably, sonocrystallization produced
narrower, straighter, and less agglomerated PDI nanowires than the cooling crystallization without
sonication (Figure 22, left). The relatively good control of sonocrystallized nanowire sizes allowed
for the preparation of smooth films (Figure 22, right).

Figure 21. N-lauroyl-L-glutamic acid di-n-butylamide (GP-1) nanostructures generated without
sonication or with sonication: SEM images of GP-1 (a) spherulitic structures produced without
sonication and (b) 3D interconnected fiber network structures with 1 min of sonication, and (c)
storage modulus of the 2 wt % GP-1/polypropylene glycol gels formed without ultrasound (□) and
Crystals 2018, 8, 280
15 of 20
with ultrasound (■), respectively. Scale bars are 500 nm [112].
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Figure
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Figure 22.
(Left) SEM
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images of
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diimide (PDI)
(PDI) nanowire
nanowire produced
produced by
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for the sonocrystallization, the PDI solution was irradiated with 35 kHz of ultrasound for 2 h [113].
for 2 h [113].

6. Conclusions
6. Conclusions
Sonocrystallization is an important method for the controlled preparation of crystals with desired
Sonocrystallization is an important method for the controlled preparation of crystals with
size and size distribution. In solutions undergoing crystallization, acoustic cavitation and its physical
desired size and size distribution. In solutions undergoing crystallization, acoustic cavitation and its
effects reduce the induction time and the metastable zone width and increase the nucleation rates of
physical effects reduce the induction time and the metastable zone width and increase the
crystal formation. Various control variables have been modified to produce micro- and nano-crystals
nucleation rates of crystal formation. Various control variables have been modified to produce
that are of special interest to the pharmaceutical industry due to the enhanced bioavailability associated
micro- and nano-crystals that are of special interest to the pharmaceutical industry due to the
with particle size reduction. The effect of breakage of pre-existing crystals under ultrasonic irradiation
enhanced bioavailability associated with particle size reduction. The effect of breakage of
has provided useful insights into the effects of ultrasonic irradiation during sonocrystallization.
pre-existing crystals under ultrasonic irradiation has provided useful insights into the effects of
There have been numerous reports on empirical results from sonocrystallization. While the mechanisms
of action attributed to sonocrystallization and sonofragmentation have been increasing well delineated,
the relative importance of these various mechanisms (bubble interface nucleation, reduction of MZW,
sonofragmentation, etc.) remains, however, an open question that will depend heavily on specific
systems and configurations.
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