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The ultrasound effect applied on potassium dihydrogen phosphate was investigated in a continuous crys-
tallization system. The studied process variables were ultrasonic power (W) and residence time. The crys-
tal size distributions of the final products obtained with and without ultrasonic power were determined
and the data were evaluated by using modified form of Abegg, Stevens and Larson (ASL) model. The
supersaturation limit decreased with ultrasonic waves and the crystal morphology was modified. The
average crystal size decreased in the presence of ultrasonic power. An abrasive effect was observed at
a high ultrasonic power input.
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1. Introduction

The present trend from users to apply ultrasound to initiate and
control crystallization processes. In the near future as ultrasound
allows a new dimension of control over the nucleation regime,
and may allow the nucleation-crystal growth balance to be regu-
lated in order to optimize the product and particle properties [1].
Ultrasound can enhance the rates of mass transfer and reaction
in heterogeneous systems, since ultrasound causes a decrease in
the diffusion layer thickness on the solid–liquid interfaces in the
suspension [2–6]. Many of the effects produced by ultrasonic in so-
lid–liquid and liquid systems are associated with the production of
cavitation. The cavitation from ultrasonic itself has both physical
and chemical effects [7]. Ultrasound is known to influence the crys-
tallization system in several ways such as reduction in induction
time for crystallization, reduction in amount of antisolvent re-
quired for crystallization, narrowing down crystal size distribution
with simultaneous reduction in dominant crystal size and change
in crystal geometry [8]. Amara et al. have proved that the average
crystal size of potash alum crystals decreases with an increase of
ultrasonic power and ultrasonic waves modify the morphology of
potash alum crystals produced [9]. Chow et al. studied the effect
of high intensity ultrasonics in sucrose solutions [10]. They re-
ported that primary and secondary nucleation of ice can be modi-
fied by high intensity ultrasonics. In another study, the mechanism
ll rights reserved.
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of the ultrasonic effect on homogeneous nucleation of barium sul-
fate has been analyzed and it has been reported that the main ef-
fect of ultrasound is to increase the diffusion coefficient [11].
Moholkar et al. showed that nucleation rate of potassium chloride
increased with intensity of ultrasound while growth rate (and
hence the dominant crystal size) reduced as compared to the
mechanically agitated system [12]. Lyczko et al. showed that ultra-
sound irradiation narrows down the metastable zone width by
simultaneously enhancing the rate of nucleation [13].

A continuously operated mixed-suspension mixed-product re-
moval crystallizer (MSMPR) is a recommended device to determine
the main kinetic parameters, crystal growth rate and effective rate
of nucleation, which influence crystal size distribution (CSD) [14].
In this study the effect of ultrasonic irradiation on crystallization
kinetics of potassium dihydrogen phosphate which is an important
substance in industrial processes is presented. For this study it is
aimed to clarify the effect of ultrasound on the population density,
average particle size and the crystal habit using size dependent
growth (modified ASL Model) [15,16].
2. Theory

Crystallization process consists of three basic steps which are
achievement of supersaturation, formation of nuclei and growth
of crystals. The rate of nucleation (Bo) is the number of new parti-
cles formed per unit time per unit volume of solution. It is affected
from supersaturation level Dc, suspension density (MT) and the
fluid dynamics. These effects can be expressed with the power-
law relation at constant power input and geometry:
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Nomenclature

a, b ASL model parameters (�)
Bo nucleation rate (m�3 s�1)
Dc supersaturation (kg salt m�3 solution)
g order of growth rate (�)
G overall linear growth rate (m3 s�1)
Go growth rate of nuclei (ASL model) (m s�1)
i kinetic order (�)
j order of suspension density (�)
k2, kn nucleation rate constant (�)
kG overall growth rate constant (�)
L crystal size (m)
MT suspension density (kg m�3)

n population density (number m�1 m�3)
no population density of nuclei (number m�1 m�3)
p number of experimental points (�)
Q withdrawal rate of crystallizer content (m3 s�1)
t time (s)
V volume of crystallizer (m3)

Greek letters
a volume shape factor (�)
q crystal density (kg m�3)
s residence time (s)
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Bo ¼ k2DciMj
T ð1Þ

After formation of stable nuclei, they begin to grow into visible crys-
tals. Two steps in mass deposition process are suggested. These are
the diffusion from bulk of the solution to crystal surface and the
reaction on the crystal surface. The overall growth rate (G) is the
rate of change of the crystal size (L) with time and is expressed as

G ¼ dL
dt
¼ kGDcg ð2Þ

In general, nucleation rate is expressed in terms of the growth rate
since it is difficult to measure supersaturation:

Bo ¼ knGiMj
T ð3Þ

The number of crystals corresponding to a particulate size, L, is
termed as population density (n). The population density can be
expressed as

dðnGÞ
dL

þ n
s

ð4Þ

where s is the residence time. Eq. (4) refers to a well mixed steady
state crystallizer with clear liquor feed, where the particle size only
changes owing to crystal growth. Here, both agglomeration and
attrition are neglected and the crystal size distribution (CSD) and
magma density of particles in the product outflow are the same
as in the crystallizer mixed product removal. If the growth rate is
size independent, i.e. Mc Cabe’s DL law is valid,

n ¼ no exp � L
Gs

� �
ð5Þ

the crystal growth rate may be determined from the slope of semi-
logarithmic population density graph while the intercept of the line
gives the value of lnðnoÞ. Nucleation rate can be determined as

Bo ¼ noG ð6Þ

and the kinetic orders i and j can be determined from Eq. (3). Kinetic
parameter, i, is defined as the coefficient of sensitivity of nucleation
with respect to crystal growth.

If the growth rate is size dependent, a more complex model of a
process kinetics giving consideration to a strong curvature of a
ln nðLÞ dependency observed in the initial L range and, thus, a con-
siderably higher no values, requires establishing of some GðLÞ
dependency form and then, after introducing into, solving an
equation:

�
Z n

no

dn
nðLÞ ¼

Z L

0

dL
GðLÞsþ

Z G

Go

dGðLÞ
GðLÞ ð7Þ
Abegg, Stevens and Larson (ASL) proposed a solution of Eq. (7) as
analytical expression nðLÞ comply with assumed GðLÞ form as the
following:

GðLÞ ¼ Goð1þ aLÞb ð8Þ

This empirical equation is capable of describing systems where
growth rate is inversely proportional to the size of particles. On the
other hand, there is a difficulty in finding out the nuclei density
when the population balance of ASL equation is used [17]. Jancic
and Garside had shown that extrapolation of experimental points
may lead to very different results in nuclei size [18]. Results may
change depending on the extrapolation method and measuring
technique of particle size distribution. In this study, only standard
ASTM sieve series were used to measure the particle size distribu-
tion, and modified form of the extrapolation methods suggested by
Jancic was used [16]. In the proposed model the smallest particle
size which we could measure with the laboratory sieve was se-
lected and standardization procedure was applied. In all experi-
ments the smallest particle size is taken as an average value of
90 lm and 106 lm sieve. Under this condition the growth rate
which is dependent on particle size can be written as follows:

G ¼ G�½1þ aðL� L�Þ�b ð9Þ

where G* is the growth rate for particles in 98 lm average size.
Substituting the growth rate G (Eq. (9)) in Eq. (4) and integrating
Eq. (4), the following population density equation is obtained:

nðLÞ ¼ n� 1þ aðL� 98Þ½ ��b exp
1� ð1þ aðL� 98ÞÞ1�b

1� b

" #
ð10Þ

where a ¼ 1
G�s. The growth rate of nuclei G*, nuclei number density

n*, and exponent of size dependency b are obtained by fitting the
experimental data to the above equation (Eq. (10)). The parameter
b is usually less than 1. When b = 0 model is turn to model of inde-
pendent particle size. The growth rate increases with size volume
and vice versa when b is positive. In this case nucleation rate can
be expressed:

B� ¼ n� � G� ð11Þ

where n* is the nuclei density for particles in 98 lm average size.

3. Experimental

In this study the laboratory scale MSMPR crystallizer shown in
Fig. 1 was used.

Potassium dihydrogen phosphate (KDP) used in this study was
analytical grade and was purchased from Merck Company. Exper-
iments were performed in a 0.5 L jacketed glass crystallizer with a



Fig. 1. Experimental set-up.
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Fig. 2. Population density graph of KDP grown without ultrasonic power.

P. Sayan et al. / Ultrasonics Sonochemistry 18 (2011) 795–800 797
U-shaped bottom, which was equipped with a three blade impeller
and three baffles. The impeller was rotated at a speed of 250 rpm to
ensure all the particles were well suspended. Saturated solution of
KDP at 35 �C was prepared on the basis of the solubility data pub-
lished by Mullin [15]. Solution was heated to 40 �C, 5 �C above the
saturation temperature, to ensure complete dissolution of the sol-
ute and then fed into the crystallizer. Supersaturation was
achieved by cooling the solution to 20 �C lower temperature than
the saturation temperature of the solution. Precise temperature
control in the crystallizer was achieved by thermostat system.
KDP solution was fed into the crystallizer by peristaltic pump.
Experiments were conducted at three different residence times
and four different ultrasonic powers. Bandelin Sonoplus HD 2200
ultrasonic power supplier was used to produce different ultrasonic
powers. A piezoelectric ultrasonic transducer transforms a sinusoi-
dal electrical voltage into mechanical longitudinal resonance vibra-
tion, where the resonance frequency of the equipment is 20 kHz
and the equipment had 200 W HF-output. Ultrasonic energy was
introduced into the system via an ultrasonic horn (titanium alloy
Ti-6Al-4 V). The ultrasonic probe used had a cylindrical shape with
a diameter of 3 mm (surface area 0.071 cm2). Output settings were
adjusted within a range of 8–60 W. The system was run for a per-
iod of eight residence times in order to attain a steady state in the
crystallizer. Then the characteristic suspension sample was with-
drawn at isokinetic velocity and crystals were separated from
mother liquor by vacuum filtration. Crystals were dried in air be-
fore using for further studies. CSD was determined by sieving anal-
yses using an ASTM E-11 sieve series in the range of 90–1000 lm.
Sieve analyses results were evaluated by using the linearized form
of population balance equation to determine the kinetic parame-
ters [15]. The volume shape factor was determined by the method
proposed by Harris using a second upper sieve in the sieve series
for each fraction [19].

4. Results and discussion

A population balance was used to describe the nucleation and
growth of crystals formed in the reactor. This population balance
simplifies to form the MSMPR model. Fig. 2 shows the population
density values versus crystal size for KDP crystals obtained from
pure KDP solution at different residence times.
As it can be clearly seen from Fig. 2, the population density re-
sults indicate a deviation from linearity, and the population den-
sity distributions are concave to top. Similar behavior in
population density was determined for all of the applied ultrasonic
power degrees. This type of population density distribution can re-
sult from the occurrences of growth rate dispersion, secondary
nucleation and size dependent difference in a relative fluid crystal
velocity. However, it is impossible to distinguish between size-
dependent growth on the one hand and growth dispersion on the
other by analyses of MSMPR alone. In order to accommodate the
concept of size-dependent growth, several empirical relationships
between G and L have been proposed [20]. ASL (Abegg, Stevens and
Larson) equation is the most widely used model. In this study the
population density results were analyzed by considering ASL size-
dependent growth model.

Eq. (10) was fitted to the population density data to obtain the
model parameters G*, n*, and b. Table 1 gives the coefficients to be
used to find size dependent growth rate of KDP with and without
ultrasonic power according to the ASL model (Eq. (10)).



Table 1
ASL model parameters for KDP crystallization in the presence of ultrasonic power at different residence times.

Residence time, s (s) Ultrasonic power (W) G* � 10�8 (m s�1) a � 104 (m�1) b n* � 1013 (m�1 m�3) B* � 105 (m�3 s�1)

900 – 3.775 2.9433 0.59 3.724 14.06
1800 – 2.542 2.1855 0.51 0.534 1.36
3600 – 0.827 3.3589 0.54 0.0694 0.06

900 8 2.411 4.6085 0.45 5.007 12.07
20 2.225 4.9938 0.46 6.013 13.38
40 2.324 4.7810 0.45 3.621 8.42
60 2.406 4.6181 0.41 6.579 15.83

1800 8 1.041 5.3367 0.54 2.476 2.58
20 1.288 4.3133 0.45 4.120 5.31
40 1.307 4.2506 0.45 4.006 5.24
60 1.516 3.6646 0.54 2.598 3.94

3600 8 0.681 4.0790 0.51 3.860 2.63
20 0.664 4.1834 0.38 1.061 7.05
40 0.874 3.1782 0.53 2.653 2.32
60 0.634 4.3814 048 7.425 4.71

Table 2
Relative deviation values of ASL model for KDP crystallization in the presence of
ultrasonic power at different residence times.

Residence time (s) Mean relative deviation (%)
Ultrasonic power (W)

– 8 20 40 60

900 1.010 1.812 4.785 3.115 2.923
1800 1.169 4.595 2.080 1.569 1.931
3600 1.434 2.254 5.588 2.507 3.699
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As can be seen from Table 1, the obtained parameter b is posi-
tive, meaning growth rate increases with size volume. The nucle-
ation rate was calculated based on Eq. (11) and the results were
also given in Table 1. It is clearly seen that nucleation rate de-
creases with increasing residence time.

For each nðLÞ function (model) and experimental data set, rela-
tive deviation was calculated. Table 2 gives the mean relative devi-
ation values.

By considering the analysis, mean relative deviation values vary
between 1.010 and 5.588. It can be concluded that the ASL model
fitted the experimental data well. Deviation between the experi-
mental and the theoretical data for large particle size cause to ob-
tain high mean relative deviation values. Fig. 3 can be given as an
15

17

19

21

23

25

27

29

31

0 200 400 600 800 1000

Average particle size L x10
-6

(m)

ln
 n

Fig. 3. Size dependent analysis of the population density data according to the ASL
model. (UP = 0 W; s = 3600 s).
example showing the fitted population density of KDP crystals
grown without ultrasonic power at a residence time of 0.5 h.

As can be seen from Fig. 3, this model fits the data. All results
show that KDP is the system which appear to exhibit size-depen-
dent growth under operating conditions. In literature, both micro-
scopic and MSMPR studies showed that the growth rate of KDP
crystals was considerably dependent on the crystal size and the
size-dependency of growth rate increased with supersaturation
[21–23].

The sieve analysis results were used in order to see the effect of
ultrasonic power on the CSD of KDP. Fig. 4 shows the average par-
ticle size of KDP which is determined as 50% retained of cumulative
oversize versus the ultrasonic power for different residence times.

As it is clearly seen from Fig. 4, the average particle size de-
creases in the range of 0–8 W ultrasonic power and then remains
almost constant with increasing ultrasonic power. An increase in
the mean residence time did not affect this tendency.

The photographs of crystals grown with and without ultrasonic
power are given in Fig. 5 for 212 lm crystal size.

As can be seen from Fig. 5, when the ultrasonic power is not ap-
plied, the clear KDP crystals with a similar form and having mini-
mum surface defect were obtained. By increasing the ultrasonic
power to 8 W, the crystal surface defect increases, and as a result
of this, a twin-like form becomes dominant. This behavior in-
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Fig. 4. Influence of ultrasonic power on the average particle size of KDP.



Fig. 5. KDP crystals (212 lm) obtained at different residence times and ultrasonic power (UP). (1) Twin formation, (2) cavitation effect and (3) defective growth.
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creases with increasing residence time. At 20 W ultrasonic power,
cavitation effects on the crystal surface are clearly observed. Fur-
thermore, weak twin-like crystals seen at 8 W ultrasonic powers
were broken and these detached fragments grow individually at
20 W ultrasonic power. At 40 W ultrasonic powers, crystal defects
began to occur and this affected the sizes of the nuclei. This situa-
tion occurred on all crystal growth steps. As a result of this, unde-
fined shaped crystals were obtained and this effect increased with
increasing residence time. It was also observed that KDP crystals
grew layer by layer at 40 W ultrasonic power. As can be seen from
Fig. 5, the cavitation bubbles drastically damage the smooth edges
of the KDP crystals at 60 W ultrasonic powers. Thus, the crystals
lost their own shapes. Furthermore, this situation also enhances
the secondary nucleation.
5. Conclusion

The effect of ultrasonic irradiation and crystallization kinetics of
potassium dihydrogen phosphate at different residence times was
presented. The calculation procedure for the ideal MSMPR crystal-
lizer was applied assuming size dependent growth (modified ASL
Model). It should be emphasized that the kinetic data present the
growth of KDP crystals is size dependent with and without ultra-
sound action. On the basis of experimental data, using modified
form of ASL Model, the following parameters: n*, G*, B*, a, and b
values were determined. b values were found as positive meaning
growth rate increases with size-volume for all investigated condi-
tions. The results show that the ultrasound action in crystallization
medium affect nucleation rate and growth rate, and in turn the
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crystal size distribution. The ultrasound waves are expected to in-
crease the nucleation rate in the system. The modification in the
crystal shape results from the presence of ultrasonic waves in
the crystallization media. The ultrasound waves caused the occur-
rence of some defects on crystal surfaces and the shape of the crys-
tals changed as twin-like form dominantly. The crystals obtained
in the presence of ultrasound are smaller than those obtained
without ultrasound for all residence times. The mean size of KDP
crystals obtained without ultrasound decreases four times in the
presence of 8 W ultrasonic power but an increase of power has
no notable effect on crystal size. ASL model was found to be suit-
able to express the growth rate of KDP crystals grown in KDP solu-
tion with and without ultrasonic power.
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