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Abstract−The effects of ultrasound on crystal nucleation and particle size distribution of sodium sulfate were investi-
gated via determining the induction period and particle size. Crystal nucleation parameters and equations for primary
nucleation were calculated. The experimental results show that the induction time decreases under the ultrasound irra-
diation, therefore, we can get a shorter induction period at a higher supersaturation level. Based on these observations,
the growth mechanism of sodium sulfate is continuous growth because the value of the surface entropy factor f is smaller
than 3. The induction period was observed shorter and particle size was smaller when the ultrasonic radiation time in-
creased. Crystal growth improved with the longer crystallization time.
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INTRODUCTION

Crystallization is a common method to purify and separate sub-
stances out of solutions, and also is performed from melt in addition
to solutions, which is used in many chemical and pharmaceutical
industries [1]. It is a very important unit operation, resulting in the
separation of solid phase from its original liquid phase system. It
industrially accounts for over 70% of solids produced in chemical
and pharmaceutical processes. Especially, mixed suspension mixed
product removal mixed suspension (MSMPR) crystallizer is widely
used in researches, providing a standard crystallization technique.
According to laboratory research, this method may be a suitable
crystallizer to produce crystal products as an industrial crystalliza-
tion method. The crystal products must have high purity and high
yield as well as desired crystal size and size distribution.

The crystallization process consists of three basic steps: super-
saturation of solution, formation of nuclei, and growth of crystals.
The growth rate of crystals depends on the level of supersaturation
as the driving force for crystal growth. It is used on a large scale in
glass, synthetic fiber, paper, and other industries. Marliacy et al. [2]
studied the thermodynamics of crystallization of sodium sulfate de-
cahydrate solution in H2O-NaCl-Na2SO4. Vavouraki and Koutsoukos
[3] investigated the kinetics of crystal growth of mirabilite (Na2SO4·
10H2O) in aqueous supersaturated solutions. Steiger and Asmussen
[4] examined the phase diagram of Na2SO4-H2O and observed the
generation of stress. Rodriguez-Navarro et al. [5] investigated the
crystallization of sodium sulfate as a method to examine concrete
and other building materials. Genkinger and Putnis [6] revealed crys-
tallization of sodium sulfate solutions through evaporation under con-
trolled conditions. Marzal and Scherer [7] investigated the crystal-

lization of sodium sulfate salts in Cordova Cream and Indiana lime-
stone.

In addition to ultrasound irradiation as the dominant method to
initiate and control crystallization processes, there are some other
ways to control crystallization processes. Ultrasound has been ap-
plied to crystallizing systems, offering a significant potential for modi-
fying and improving both processes and products [8-12]. Nucle-
ation control using ultrasonic irradiation has been studied and shown
to be an effective technique for obtaining better crystals [13-17]. It is a
powerful tool to induce crystal nucleation and to improve product
properties. Ultrasound is known to influence the crystallization sys-
tem in several ways, such as reduction in induction time for crystal-
lization and narrowing down crystal size distribution. The true chemi-
cal effects of ultrasound are attributed to the implosive collapse of
microbubbles that are formed during rarefaction, or negative pres-
sure period of sound waves. The implosive collapse of microbub-
bles—typically referred to as cavitation—also results in a variety
of mechanical effects [18]. The process of formation and collapse
of microbubbles is shown in Fig. 1. Narducci et al. [19] revealed
the steady state particle size distribution under continuous ultrasonic

Fig. 1. Process of formation and collapse of microbubbles.
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irradiation. Sayan et al. [20] studied the average particle size of crystals
under power ultrasound. Harzali et al. [21] investigated the induc-
tion time of ZnSO4·7H2O crystallization as a function of supersatu-
ration in ultrasonic conditions. All these investigations provide some
information about the influence of ultrasound on the crystal prop-
erties. However, the main nucleation mechanism under ultrasound
irradiation is not completely known yet. Moreover, the crystal growth
mechanism of sodium sulfate and the nucleation equation have not
been reported. To the best of our knowledge, there has not been any
published work dealing with the induction period and particle size
under various ultrasonic conditions, such as time, power, and fre-
quency.

The purpose of this work is to study the influence of ultrasonic
wave on the induction period and particle size of anhydrous sodium
sulfate crystals during cooling crystallization process. Compared to
other works, the influence of ultrasonication on crystallization pro-
cess is optimized and the form of the first crystal nucleus is observed
with the help of a self-design laser detection system. Growth mech-
anism and the nucleation process of sodium sulfate are investigated
by classical nucleation theory. Induction time (tind), surface entropy
factor (f), surface energy (γ), nucleate rate (B0) and crystal size distri-
bution (CSD) are studied with different ultrasound time and power.

THEORY

In this paper, we identify the crystal nucleation and growth mech-
anism of sodium sulfate through measuring the induction time. Ac-
cording to classical nucleation theory (CNT) [22-24], the nucle-
ation rate B of sphaerocrystals can be expressed as

(1)

where B is the nucleation rate, Vm is the volume of molecule, k is
the Boltzmann constant, T is the absolute temperature, S is the super-
saturation ratio, γ is the crystal-solution interfacial tension, and ν is
the moles of ions per mole of the solute.

The induction time has an inverse ratio relationship with nucle-
ation rate:

(2)

Thus, the relationship between induction time and supersaturation
can be expressed as

(3)

From Eq. (3), it is known that a straight line for plot of ln tind against
1/ln2 S can be obtained with a slope given in Eq. (4)

(4)

Then, the interfacial tension can be calculated as

(5)

The value of f can be obtained from the interfacial tension using

Eq. (6)

(6)

Surface entropy factor f is an important parameter to determine
the roughness degree of the crystal surface. A larger value of f in-
dicates that the crystal surface is smoother and crystal growth becomes
more difficult. Therefore, f is always used to identify the mecha-
nism of crystal growth. When the f value is smaller than 3, continu-
ous growth will occur and when f is between 3 and 5, nucleation
and growth of crystals are expected to occur. When f is greater than
5, spiral growth happens.

A cavitation bubble is produced in liquid with ultrasound radiation.
The bubbles are nucleated, grown, closed, and collapsed under the
alternating vibration between phases in compression and expansion
conditions. The cavitation bubbles produce high temperature and pres-
sure during the collapse process of bubbles. Moreover, high speed
fluid impulse friction and intense ultrasonic irradiation and violent
chemical reaction are also generated during the process. All these func-
tions lead to crystallization with the assistance of ultrasound waves.

EXPERIMENTAL

1. Materials
Sodium sulfate was prepared with purity of larger than 99.9 wt%.

Deionized water was used to make saturated solution.
2. Apparatus

A laser method (SGN-3) was applied to measure the induction
time of sodium sulfate. A schematic diagram of the experimental
apparatus is shown in Fig. 2. Experiments were performed in a 200
ml double-jacket glass crystallizer. Solutions with different super-
saturation ratio (S) of sodium sulfate at 29 oC were prepared on the
basis of the solubility data published [3]. The supersaturation ratio
S is defined as the ratio of the concentration in the bulk to the sol-
ubility at a certain temperature. The solution was heated to 34 oC,
5 oC above the saturation temperature, to ensure complete dissolu-
tion of the solute and then was fed into the crystallizer. Supersatu-
ration was achieved via cooling crystallization. Moreover, it was
lower than the saturation temperature of the solution in the same
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Fig. 2. Schematic diagram of ultrasonic velocity equipment.
1. Thermometer 06. Magnetic stirrers
2. Ultrasound generator 07. Laser power receiver
3. Recorder 08. Photoelectric converter
4. Jacket crystallizer 09. Magneton
5. Laser generator 10. Super-thermostat water bath
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conditions. A thermostatic water bath (model SYC-15B) was used
for precise temperature control in the crystallizer. An ultrasonic power
supplier (Sonics VCX 130 PB) was used to produce various ultra-
sonic powers. The resonance frequency of the equipment was 20
KHz and the equipment had 130W HF output. Ultrasonic energy
was introduced into the system via an ultrasonic horn. An ultra-
sonic probe, made of titanium alloy Ti-6Al-4V with diameter of
3 mm, was directly immersed into the solution. The system was
run for the periods of residence times in order to attain a steady state
in the crystallizer. The examined induction periods are presented in
Fig. 3. Then, crystals were separated from the mother liquor with
vacuum filtration system. Crystals were dried before being used
for further studies. Particle size was determined with LA-950 laser
particle analyzer (Horiba Company, Japan). The morphology of
crystals was examined by scanning electron microscopy technique
(SEM, S-3500N, Hitachi Company, Japan).

RESULTS AND DISCUSSION

1. Effect of Supersaturation on Induction Period
The induction times with various ultrasonic power values and

without ultrasound irradiation are presented in Fig. 4. Two phe-
nomena were observed. First, the induction periods dramatically
decreased with increasing ultrasonic irradiation, compared with the
one without ultrasonic irradiation. Moreover, induction time decreased
when the ultrasonic output at each supersaturation increased. The
second observation was that the induction periods increased with
decreasing of supersaturation. The SEM micrographs of crystals
with and without ultrasonic power (Fig. 5) clearly indicate that clear
crystals with larger particle size were obtained in the absence of
ultrasonic radiation. Whereas, with increasing the ultrasonic power,
the particle size of crystal decreased. The shapes of crystals were
observed approximately spherical.

According to classical nucleation theory, a linear relationship be-
tween ln tind and 1/ln2 S was fitted, as presented in Fig. 6. Two dif-
ferent straight lines were obtained for this system. The slope at higher
supersaturation was observed larger than that at lower supersatura-
tion. This phenomenon implies two different crystallization mecha-
nisms. At high supersaturation, homogeneous nucleation is dominant
mechanism as there is enough driving force in the salt solution. How-
ever, at low supersaturation, heterogeneous nucleation is the main
mechanism and can occur more often than homogeneous nucle-

Fig. 3. Image of induction time (tind) in cooling crystallization of so-
dium sulfate.

Fig. 4. Effects of supersaturation on induction period under silent
and ultrasound conditions.

Fig. 5. The SEM of sodium sulfate in ultrasound (130 W) and without ultrasound: (a) without ultrasound; (b) 130 W ultrasound power.
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ation. Heterogeneous nucleation is usually induced by foreign parti-
cles, such as dusts, decreasing the energy required for nucleation of
new crystals. The fitting parameters for ln tind against 1/ln2 S and
the surface entropy factor f were calculated using Eq. (6) and the
values are listed in Table 1. From the results, we can conclude that
the growth mechanism of sodium sulfate is continuous growth be-
cause the f value is smaller than 3.

2. Crystal Growth and Effect of Ultrasound Time on Induc-
tion Period

Rodriguez-Navarroa et al. investigated the ESEM micrographs
of the anhydrous sodium sulfate at different RH and temperatures
without a detailed investigation of the crystal growth mechanism
[5]. When crystallization proceeded, the crystal size increased. The
results for induction time measured at various ultrasonic irradiation
times are shown in Fig. 7. The induction time decreased when the
ultrasonic time increased. To better understand the mechanism of
ultrasonication, we studied the produced sodium sulfate crystals with
different ultrasound time. The particle size of the crystal was ob-
tained from SEM images (Fig. 8) and Malvern laser particle size
analyzer (Fig. 9). Figs. 8 and 9 indicate smaller crystals were obtained
at longer period of ultrasonic time, while larger crystals were ob-
tained in shorter periods. This phenomenon can be explained be-
cause ultrasound can break the tiny crystals down more quickly,
then the crystals are dissolved to the solution, which results in the
growth of bigger crystals with the increase of saturation. It obeys
the Ostwald ripening mechanism and longer ultrasound time makes
the Ostwald phenomenon more obvious [25]. The mean size of crys-
tals decreases from 1.80±0.25 to 1.28±0.17µm, as the ultrasound
time increases from 30s to 150 s.

Fig. 6. Plot of ln tind against 1/ln2 S for sodium sulfate at various
power ultrasound values.

Table 1. The fitting parameters for lntind against 1/ln2S and the sur-
face entropy factor f

Power
(W) Nucleation α R2 γ (N/m2) f

000 Homogeneous 0.0261 0.9786 7.05×10−3 0.2538
Heterogeneous 0.0010 0.9875 2.38×10−3 0.0860

078 Homogeneous 0.0497 0.9982 8.73×10−3 0.3143
Heterogeneous 0.0014 0.9953 2.66×10−3 0.0958

104 Homogeneous 0.0454 0.9915 8.48×10−3 0.3053
Heterogeneous 0.0013 0.9716 2.61×10−3 0.0940

130 Homogeneous 0.0630 0.9985 9.45×10−3 0.3402
Heterogeneous 0.0015 0.9827 7.05×10−3 0.0868

Fig. 7. Effect of ultrasonic irradiation time on induction time.

Fig. 8. The SEM of sodium sulfate in different ultrasonic time (a) 30 s (b) 150 s.
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CONCLUSIONS

The influence of ultrasonic irradiation on the induction period
and nucleation kinetics of sodium sulfate was studied. The results
show that the induction time decreases with increasing supersatura-
tion level and ultrasonic power. By increasing the ultrasonic power,
the induction period becomes shorter and the particle size of crystal
decreases. According to classical nucleation theory, the relationship
between ln tind and 1/ln2 S was studied to determine the crystalliza-
tion parameters. From the results and calculated nucleation param-
eters, we can conclude that the growth mechanism of sodium sulfate
is a continuous process as the f value was smaller than 3. With respect
to effects of ultrasonic irradiation time on the induction period and
particle size, the induction period was shorter and the particle size
was observed smaller with increasing the ultrasonic time because
of the microbubbles of ultrasound. Crystal growth was improved
at longer crystallization time.
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