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a b s t r a c t

The crystallization kinetics of hemipenta hydrate risedronate monosodium (RS) were investigated in
cooling mode. The solubility, induction time, mechanism of nucleation and crystal growth in the
crystallization of hemipenta hydrate RS in water as a solvent were determined by the in situ mea-
vailable online 5 June 2008

eywords:
ydrate formation
inetics
rystallization

surement using focused beam reflectance measurement (FBRM). The relationship between induction
time and the supersaturation was obtained for understanding mechanism of nucleation. The nucle-
ation mechanism including homogeneous and heterogeneous nucleation was grasped with respect to
the supersaturation. From the results of nucleation experiments, the interfacial tension of hemipenta
hydrate RS was determined. Furthermore, the kinetics of crystal growth was also obtained. The crystal
growth of hemipenta hydrate RS was controlled by the combination of one and two-dimensional growth
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isedronate mechanisms.

. Introduction

Crystallization is one of the most powerful methods for sep-
ration and purification in chemical, pharmaceutical and food
ndustries. In the pharmaceutical field, polymorphism, hydrate
nd solvate forms can perform different physical properties which
re closely connected with the bioavailability, bioactivity, com-
actibility, dissolution, shelf-life and stability of drug substances.
herefore, understanding and controlling hydrate forms are very
mportant for the first consideration to achieve the desired effi-
acy and to offer the ability to cure diseases on pharmaceutical
ompounds.

Bisphosphonates such as 3-pyridyl-1-hydro-cyethylidene-1,1-
isphosphonic acid (risedronate) have been used for the treatment
f diseases of bone and calcium metabolism. These diseases include
steoporosis, hyperparathyroidism, hypercalcemia of malignancy,
steolytic bone metastases, myositis ossificans progressive, calci-
osis universalis, arthritis, neuritis, bursitis, tendonitis and other

nflammatory conditions (Cazer et al., 2002). It is known in
he literature that risedronate monosodium has an anhydrous

orm and three hydrate forms including mono, hemipenta and
enta hydrates which have not only different morphologies but
lso various physical properties. In crystallization process, vari-
us hydrates containing either stoichiometric or nonstoichiometric

∗ Corresponding author. Tel.: +82 42 821 1527; fax: +82 42 821 1593.
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mounts of water could be crystallized from the aqueous solu-
ion. By adjusting the degree of supersaturation, crystallization

ode and operating crystallization conditions, mono, hemipenta
nd penta hydrates were selectively crystallized (Cazer et al., 2002;
ronhime et al., 2003; Richter and Jirman, 2004, 2005; Godlewski,
006). Among them, hemipenta hydrate is the most thermody-
amically stable form under the typical processing conditions
Cazer et al., 2002) and can be obtained by cooling the aque-
us solution to the suitable temperature. However, the kinetics of
ydrate formation is still complicated and has never been stud-

ed.
To understand the mechanism of the formation of various

ydrates, it is necessary to study the kinetics of crystallization. In
eneral, the kinetics of crystallization is determined by measuring
he nucleation rate and the growth rate which are the functions of
upersaturation. The kinetic study using batch cooling crystalliza-
ion was based on the analysis of crystal size distribution obtained
y FBRM technique (Wang et al., 2006; Dang et al., 2007; Nasser et
l., 2008). The best fit of measured data with the various expres-
ions correlating with different nucleation and growth mechanism
an identify the kinetics of crystallization (Nasser et al., 2008).
ndirect technique to understand nucleation and growth kinet-
cs involves the measurement of induction time concerned with

he measurement of solution conductivity, intensity of transmitted
ight, turbidity, ultrasonic velocity, and focused beam reflectance

easurement (FBRM). Many reported works used the depen-
ence of the induction time on the supersaturation to determine
he nucleation and growth mechanisms of organic and inorganic

http://www.sciencedirect.com/science/journal/03785173
mailto:kjkim@hanbat.ac.kr
dx.doi.org/10.1016/j.ijpharm.2008.05.037


2 l Journ

m
a

l
u
o
m
n

2

2

p
i
i
s

2

2

b
2
b
i
T
u
s
s
H
t
s

T
s
t
w
t
t
w
S
s
t
s
d
g
o
o

2

s
s
b
s
s
u
t
s
s
i
t

T.N.P. Nguyen, K.-J. Kim / Internationa

aterial (Lee et al., 1976; Mahajan and Kirwan, 1994; Hendriksen
nd Grant, 1995; Kuldipkumar et al., 2007).

In this paper, the kinetics of hemipenta hydrate RS in crystal-
ization by cooling mode was investigated. The in situ technique by
sing FBRM was used to determine induction time and growth rate
f crystallization. Solubilities of mono and hemipenta RS were also
easured. The effect of supersaturation on the nucleation mecha-

ism and growth rate was studied.

. Materials and methods

.1. Materials

In this study, mono and hemipenta hydrate of RS (99 mol%, sup-
lied by Dea He Chemical Co., Ltd.) was used as material. RS was

dentified accurately by XRD, HPLC and DSC before and after exper-
ments. Pure water treated by two-time distillation was used as
olvent.

.2. Experimental method

.2.1. Measurement of solubility
Solubility of mono and hemipenta hydrate of RS was measured

y the isothermal method using the FBRM technique (Kim and Kim,
007). The schematic diagram of experimental apparatus for solu-
ility measurement used in this study was similar to that shown

n Fig. 1. The weight of materials was determined by a Mettler
oledo AB204-S balance with an accuracy of ±0.0001 g. 150 g water
sed as solvent was placed in a jacket vessel 300 ml covered by the

ilicon sheet and set with condenser to avoid the evaporation of
olvent, and thermostated by the thermostatic bath (JEIO TECH,
TRC-30) with programmable PID controller. A digital thermome-

er was used to detect and control the internal temperature of the
olution with circulating medium within an accuracy of ±0.1 ◦C.

Fig. 1. The schematic diagram for experimental apparatus.
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he mixture of solute and solvent was mixed by the mechanical
tirrer using a three-blade propeller at 400 rpm speed at constant
emperature. The FBRM probe (MODEL M400L-HC-K, Lasen Tech.)
hich was connected with the in-line analysis system was set up

o be settled down in the solution to detect the absence of particles
hroughout the number of particles recorded in real time. Solute
as added one after the other until no particle could be dissolved.

olute of 0.001 g per solvent of 100 g was added every 40 min. The
olubility of the solute at given temperature was calculated from
he weight of dissolved solute and solvent. The temperature was
et in the range from 0 to 99 ◦C. Some of the experiments were con-
ucted in triplicate to check the reproducibility. The solubility for a
iven temperature was reproducible within 0.001 g of solute/100 g
f solution. Thus accuracy for solubility measurement is in the range
f 99.95–99.99%.

.2.2. Kinetic measurement
The kinetic study was carried out in crystallization by the in

itu measurement using FBRM. Experiments with various initial
olution concentrations from 0.08 to 0.13 g anhydrous/g water
y cooling mode were carried out. The apparatus of experiment
etup is shown in Fig. 1. The known amount of monohydrate
olid was dissolved in fit-quantity water at 10 ◦C above the sat-
ration temperature in the 300 ml-jacket vessel. The saturation
emperature was determined by the solubility curve for the known
olution concentration. After the clear solution was obtained, the
upersaturation was generated by cooling the solution from the
nitial temperature to 25 ◦C at cooling rate of 5 ◦C/min. The crys-
allization temperature was constantly maintained at 25 ◦C after
inear cooling. The experiment data were recorded at intervals
f 10 s. The solid product was isolated by vacuum-micro filtra-
ion, washed using ethanol as a washing solvent, and dried in the
ryer at 50 ◦C. Then it was identified by optical microscopic and X-
ay diffraction (XRD) analysis, which was carried out by RIGAKU
ower Diffractometer Model D/Max 2500H with Cu K�1 radia-
ion (40 kV, 100 mA) at scan speed of 10 deg/min and scan step of
.05 deg.

. Results and discussions

.1. Solubility and the crystallization of hemipenta hydrate
isedronate monosodium

Solubility is a very important thermodynamic parameter to
etermine the crystallization mode, supersaturation, phase dia-
ram and yields. In addition, it can also affect the kinetic of

rystallization, the particle size and shape, which are controlled
y the supersaturation. Hence, it is necessary to build up the
olubility curve of RS. In this study, solubility of hemipenta and
onohydrate was determined in the range of 0–99 ◦C. The solu-

ility data of hemipenta and monohydrate were listed in Table 1

able 1
olubility (c*) data of hemipenta hydrate and monohydrate RS in water

emipenta hydrate Monohydrate

(◦C) c* (g/g) T (◦C) c* (g/g) T (◦C) c* (g/g) T (◦C) c* (g/g)

15.0 0.0379 60.0 0.1105 15.0 0.0440 60.0 0.0923
0.0 0.0434 65.4 0.1201 20.0 0.0544 65.0 0.0990
5.0 0.0494 70.0 0.1357 25.0 0.0588 70.0 0.1055
0.3 0.0579 75.0 0.1403 30.0 0.0610 76.0 0.1188
5.2 0.0651 80.0 0.1500 35.0 0.0671 82.2 0.1246
0.0 0.0720 86.3 0.1619 40.0 0.0723 85.0 0.1274
4.6 0.0795 92.4 0.1749 46.0 0.0778 92.3 0.1332
0.0 0.0930 99.0 0.1801 50.0 0.0811 98.5 0.1351
4.6 0.1033 55.0 0.0863
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3.2. In situ monitoring the crystallization by FBRM

The in situ measurement using FBRM was applied to study the
crystallization kinetics of hemipenta hydrate RS in the crystalliza-
Fig. 2. The solubility of hemipenta and monohydrate RS in water.

nd plotted in Fig. 2, in which the solubility of hydrates were
xpressed as mass of the anhydrous RS per mass of solvent. The
revious work presented that the solubility of hemipenta hydrate

n water was found to be 0.0497 g/g at 22 ◦C (Richter et al., 2007).
s can be seen in Fig. 2, it is similar to the data measured in this
tudy.

As shown in this figure, the solubility of hemipenta and mono-
ydrates increases with increasing the temperature. Since the
olubility depends strongly on the temperature, cooling mode is
esirable for crystallization of RS. Furthermore, the solubility curve

s divided into two zones: at above 40 ◦C, the solubility of hemipenta
ydrate is higher than that of monohydrate, while at below 40 ◦C,

ower than that. This temperature was consistent with the pre-
ious report which found that monohydrate could transform to
emipenta hydrate form in the suspension of monohydrate in water
t room temperature and 37 ◦C (Redman-Furey et al., 2004). For
rystallization of hemipenta RS, the experiments were carried out
n the shadow zone in Fig. 2, in which only hemipenta RS was
ormed. The experimental conditions are summarized in Table 2.
n this study, as high supersaturation was generated due to the
igh cooling rate, monohydrate form was not found during the
rystallization.

To ensure the selectivity of the hemipenta hydrate, the area of
xperiments for kinetic study of hemipenta hydrate RS crystalliza-
ion from monohydrate RS in cooling mode was estimated. XRD
atterns of the products were taken using powder X-ray diffrac-
ion (PXRD). Fig. 3 shows the XRD patterns of initial raw materials
monohydrate and hemipenta hydrate), hydrate product obtained
n crystallization in aqueous solution at 25 ◦C with various ini-

ial concentrations in the shadow area and that of the hemipenta
ydrate RS. XRD pattern was identified with the data published
reviously in the patent (Aronhime et al., 2003). In this figure,
he data was collected ranging from 3◦ to 40◦ with the charac-

able 2
ummarized table of experimental conditions

nitial concentration
f solution, Co (g/g)

Temperature of
heated solution (◦C)

Final cooling
temperature (◦C)

Cooling rate
(◦C/min)

.08 59 25 5

.09 67 25 5

.10 75 25 5

.11 82 25 5

.12 90 25 5

.13 97 25 5

F
t
p

al of Pharmaceutics 364 (2008) 1–8 3

erized peak position at 9.0◦, 12.2◦, 12.9◦, 13.5◦, 15.4◦, 15.7◦, 17.2◦,
9.8◦, 20.5◦, 22.9◦, 23.9◦, 24.6◦, 27.8◦, 28.1◦, 31.3◦, 31.8◦ ± 0.002◦ 2-
heta. It is obvious that the peaks found in all experiments were
ell agreed with that of hemipenta hydrate RS. It means that the
emipenta hydrate RS was absolutely crystallized from the aque-
us solution at the cooling temperature of 25 ◦C and at cooling rate
f 5 ◦C/min in the concentration investigated. It is also clear that
here is no monohydrate obtained in the hydrate product, which can
e explained by the much more stable thermodynamic properties
f hemipenta hydrate than that of monohydrate at the conditions
nvestigated. In our experiments, crystallization is generated by
igh supersaturation at 25 ◦C. From the solubility curve, mono is
rst formed, and then hemipenta is formed. Therefore, the late

ormed RS, hemipenta form is more stable even though solubilities
re very near each other. Furthermore, fast cooling mode was also
ontributed to omit formation of monohydrate as the metastable
hase in these experiments.
ig. 3. The XRD patterns of the solid product obtained at various initial concentra-
ions (Co) in crystallization at 25 ◦C and that of hemipenta hydrate RS referred in
atent WO 03/086355.
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ig. 4. Typical plot of the total particle number and the mean length chord of par-
icle with elapsed time at temperature of 25 ◦C and initial solution concentration of
.10 g/g.

ion. FBRM provided the trend of the median chord length and
he count rate of particle in suspension in real time. Based on this
nformation, the induction time and the crystal growth rate were
etermined.

The experiments with varied supersaturations were carried out
t various initial concentrations obtained by different heating tem-
eratures and cooling to the same cooling temperature of 25 ◦C
ith cooling rate of 5 ◦C. In all initial concentrations, the nucleation
id not occur in cooling stage; the induction time for nucleation is
eeded as the temperature approached and maintained during the
rystallization.

Fig. 4 shows the typical data obtained from FBRM which is
he plot of count rate and the median chord length with elapsed
ime at initial solution concentration of 0.10 g/g, cooling temper-
ture of 25 ◦C and the cooling rate of 5 ◦C/min. As can be seen,
BRM count was almost equal zero at the beginning, started to
ncrease after approximately 5.7 h because the nucleation occurs
nd then was constant with time after 12 h. The median chord
ength also started to increase after 5.7 h owing to nucleation.
ecause the nucleation occurs during crystal growth, the median
ize of crystal decreased slightly after about 7 h and then increased
ue to the crystal growth. From this figure, the induction time and
rowth rate can be determined. As mentioned in the beginning of
his section, nucleation did not occur in the cooling stage. After
he temperature approached at 25 ◦C, the induction time for the
ucleation is needed. The cooling rate affects the induction time,
hich is a driving force for determining the kinetics of nucleation.
enerally, the higher induction time leads to the higher supersat-
ration.

In addition, the crystal size distribution was recorded with tem-
erature every 10 s during the crystallization. Fig. 5 shows the plot
f crystal size distribution at various operating time at the same
perating condition to Fig. 4. As seen in this figure, the number
f crystals was equal zero at the beginning. It started to increase
n all ranges of crystal size in 5.7 h due to the nucleation, and
hen continuously increased with elapsed time with wider dis-
ribution because of crystal growth. The number of particles in
ll sizes was almost constant after 12 h, but distribution of par-
icles moved to larger particle size owing to the ripening until

1.5 h.

It is clear that Figs. 4 and 5 show very useful information to
nderstand the change of crystal size and population of particles
uring the crystallization including the nucleation and the crystal
rowth.

t
h
t
a
a

ig. 5. Variation of particle size distribution during crystallization of hemipenta
ydrate RS at initial concentration 0.10 g anhydrous/g water and constant cooling
emperature 25 ◦C.

.3. Effect of initial solution concentration

The initial solution concentration is related to the supersatura-
ion, which affects the habit of crystal. Fig. 6 shows the microscopic
hotos of hemipenta hydrate obtained at various initial concen-
rations. As the concentration was increased, the crystal size was
ecreased due to the increase in nucleation rate. The change of
rystal size can be expressed more clearly by the distribution of
articles at various initial concentrations by FBRM and is showed

n Fig. 7. The particle distribution curve shifted to the left side, in
hich the number of smaller sized particles was increased due to
igher nucleation rate. Simultaneously the population of particles
lso was increased with increasing initial concentration. Further-
ore, in Fig. 6, the shape of crystal changed into the needle-like

orm as the initial concentration increased. Firstly, at the concen-
ration of 0.08 (g anhydrous/g water), particle was found to be
exagonal in shape. Since the concentration increased, the crystal
as been elongated due to the faster growth toward one direction.
rystal size and shape is related to the supersaturation. The differ-
nt initial concentration leads to the different supersaturation even
t the same cooling rate. By using the FBRM, crystal size distribution
an be compared for effect of concentration. It’s clear that the crys-
al size was decreased as the initial concentration was increased. It

eans higher concentration results in the higher supersaturation.
o understand the importance and influence of supersaturation,
ucleation and crystal growth on the properties of crystal, kinetics
f nucleation and crystal growth must be grasped.

.4. Kinetics of crystallization

.4.1. Nucleation
The time when nuclei are formed, tn, is defined as the time that

lapses from the creation of supersaturation in solution until the
ritical nuclei form. This lag phase occurs as a consequence of the
chievement of steady-state size distribution of the nuclei that are
lready present in solution or newly formed owing to the supersat-
ration generated. However, it is impossible to observe the critical
uclei as they form in solution because of the limit of detection

echnique. These critical nuclei can only be observed after they
ave grown to a critical size. The induction time, tind, refers to
he time that elapses after is detected and is the experimentally
ccessible quantity. Therefore, the induction time measurement
llows for a connection to be made between nucleation theory and
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time is dominated by the time required for nuclei formation, Eq.
(1) is valid (Kuldipkumar et al., 2007). Fig. 10 shows the plot of
ln tind versus 1/(ln Smax)2. Instead of S, maximum supersaturation
Smax is available because supersaturation is varied with time in
Fig. 6. The influence of initial concentration (Co) on shape of

xperiment investigation. The experimentally determined induc-
ion time means the time required for critical nuclei formation and
heir growth to a detectable size.

In this study, the induction time was detected from the trend for
umber of particles using FBRM technique. As the solution is clear

nitially, a minimum or base line in total number of chord particles is
ecorded. When the nucleation occurs and then nuclei grows until
t can be recognized, the total number chord line of particle starts
o increase, and the counted number of particles also increases. The
oint at which the number of particles starts to increase from the
asic line determines the induction time.

In Fig. 4, the typical plots of the count rate and the mean length
hord of particles were presented against time. It also shows the
etection of the induction time. The effect of initial solution con-
entration on the induction time was investigated. Fig. 8 shows the
lot of the count rate of particle with elapsed time at initial solu-
ion concentration of 0.08, 0.10, 0,12 and 0.13 g anhydrous/g water.
he induction time obtained from Fig. 8 was plotted against the
nitial concentration in Fig. 9. As expected, the induction time was
ramatically decreased with increasing the initial concentration as
ell as supersaturation because the nucleation increased. To under-

tand the effect of supersaturation on induction time or nucleation,
he relationship between induction time and supersaturation was
tudied.

With the assumption that the tind is mainly composed of the true
ucleation time tn, which is inversely proportional to the nucleation
ate, thus tind ∝ B−1. From the conventional nucleation theory, we
an get the following equation:
n tind = K + ˛
1

(ln S)2
(1)

here ˛ = 4f 3
s �3�2/27f 2

v k3T3, k is the Boltzmann constant, T is
he absolute temperature, � is the interfacial free energy, � is the

F
0

enta hydrate RS with constant cooling temperature at 25 ◦C.

olecular volume and S is the supersaturation, Smax = c/c*, c is the
oncentration of solution and c* is the solubility of solute. fs and fv
re the surface and volume shape factors, respectively and K is the
onstant.

From Eq. (1), the temperature, degree of supersaturation and
nterfacial tension are the main factors dominating either nucle-
tion rate or induction time.

Sohnel and Mullin have presented that when the induction
ig. 7. Particle size distribution at initial solution concentrations (Co) of 0.08, 0.10,
.12 and 0.13 g anhydrous/g water at constant cooling temperature 25 ◦C.
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ig. 8. Total number of particle according to elapsed time at initial solution concen-
rations (Co) in crystallization at constant cooling temperature 25 ◦C.

atch crystallization. Maximum supersaturation can be calculated
y equation: Smax = cmax/c*. Here, cmax is the concentration of initial
oncentration and c* is the solubility at the temperature that nuclei
tart to be formed. From Fig. 10, it can be seen that the ln tind for
rystallization of hemipenta hydrate RS was related linearly with
/(ln Smax)2 according to Eq. (1). However, there are two regions,
ivided at Smax of about 2.1, including one region of the higher slope
t higher maximum supersaturation and the other region of lower
lope at lower maximum supersaturation. Similar results have
een reported for inorganic salts and organic material (Mullin and
ng, 1976; Wojciechowski and Kibalczyc, 1986; Kuldipkumar et al.,
007). This change has been attributed to the change in nucleation
echanism from homogeneous nucleation at high supersaturation

o heterogeneous nucleation at low supersaturation. Generally, the
omogeneous nucleation rate has strong dependence on the super-
aturation. At high supersaturation, the homogeneous nucleation
ate is dominated. Vice versa, at low supersaturation, the hetero-

eneous nucleation is dominated. In any bulk solution, many dust
articles are present that can act as nuclei since they have enough

arge size. It is impossible to remove all these dust particles, and
s result the longer the time lapse without homogeneous nucle-

ig. 9. The plot of induction time against with initial solution concentration (Co) in
rystallization at constant cooling temperature 25 ◦C.
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ig. 10. Plot of ln tind versus (ln Smax)2 for hemipenta hydrate RS in crystallization
ith constant cooling temperature 25 ◦C.

tion occurring in a supersaturated system, the greater the chance
hat these dust particles as well as the wall of the crystallization
essel or surface of impeller, which is termed as foreign particle or
urface, can act as heteronuclei for the crystals to form. The inter-
lay of homogeneous and heterogeneous nucleation was reflected

n Fig. 10.
The proportionality constant (˛) in Eq. (1) is composed of the

hape factors, the interfacial free energy, molecular volume, and
oltzmann constant. So, the interfacial free energy can be deter-
ined from the slope of homogenous nucleation rate if the shape

actor and molecular volume were defined. The result of the cal-
ulation of shape factors, molecular volume and interfacial free
nergy was summarized in Table 3. With the assumption that
emipenta hydrate RS has the prism shape having the equilateral
exagonal bottom, the shape factors were estimated to be 26.15

or fs and 9.24 for fv. The molecular volume was estimated to be
bout 3.2 × 10−28 m3 from the density and molecular weight of
he hemipenta hydrate RS. So, from the slope of the line corre-
ponding to homogeneous nucleation, the interfacial free energy
�) between hemipenta hydrate RS crystal and aqueous crystalliza-
ion medium was determined to be about 3.26 mJ/m2. This value
greed well with the values obtained by other authors for different
rganic material such as acetaminophen (1.73 mJ/m2) (Hendriksen
nd Grant, 1995), ure (4.2–8.9 mJ/m2) (Lee et al., 1976), lovastin

1.45 mJ/m2) (Mahajan and Kirwan, 1994), asparagines (4.4 mJ/m2)
Mahajan and Kirwan, 1994) and tolazamide (1.94–2.80 mJ/m2)
Kuldipkumar et al., 2007). The value of interfacial free energy �
an serve as an indicator of the ability of solute to be crystal-

able 3
alculation of the shape factor, molecular volume and interfacial free energy

ide length of equilateral hexagonal bottom, a (�m) 45a

eight, h (�m) 196a

rea (m2) 5.3 × 10−8

olume (m3) 8.59 × 10−13

s 26.15
v 9.43
ensity (g/cm3) 1.81096
olecular weight (g) 350.09
olecular volume (m3) 3.21 × 10−28

nterfacial free energy (mJ/m2) 3.26

a The side length and height of crystal was average value which was accurately
etermined from the microscopic images.
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ized from solution spontaneously, the higher its value the more
ifficult it is for the solute to crystallize. The solid form has the
igher interfacial free energy, which results in the more stable

orm.

.4.2. Crystal growth
The overall growth rate, G, is defined as the rate of change of a

haracteristic dimension L of crystal with time, which is often used
n batch crystallization process:

= dL

dt
(2)

By FBRM measurement, the median length chord of particle L
as recorded according to time during the crystallization. So, crys-

al growth rate could be calculated based on the slope of the median
ize trend along the time axis.

The crystal growth can take place as per various mecha-
ism theories including normal growth, spiral growth, volume
iffusion-controlled growth and 2D nucleation-mediated growth
echanism. The dependence of the growth rate on the supersatu-

ation is generally of the form:

= KG�Cm
max (3)

here KG is the growth rate constant and m is the order of crystal
rowth. As m = 1, we have the one-dimension crystal growth which
ill be controlled by the diffusion following the gradient concentra-

ion; m = 2: the two-dimension crystal growth which is controlled
y the surface-integration from spreading the surface such as spiral
rowth, volume diffusion-controlled growth and 2D nucleation-
ediated growth mechanism; m = 3: the third-dimension crystal

rowth which is controlled by the poly nuclei growth and the
rowth takes place by the integration of nuclei or small particles
ue to the interaction and attrition. The exponent plot of measured
rystal growth rate obtained by FBRM measurement and supersat-
ration aids to identify the growth mechanism.

Fig. 11 shows the median size profile with time at 25 ◦C for var-
ous initial concentrations. From this figure, the maximum growth
ate values were obtained and plotted with the various initial con-

entrations in Fig. 12. The growth rate values of hemipenta hydrate
S increased with an increase in initial concentration. An expo-
ential curve fitted to the data points, best describes this trend

ollowing the Eq. (3). As is displayed in this figure, the exponent n,
he order of crystal growth obtained from the exponent function

ig. 11. Variation of median crystal size with elapsed time at constant cooling tem-
erature 25 ◦C corresponding to various initial solution concentrations (Co).
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ig. 12. The plot of maximum crystal growth rate (Gmax) with maximum allowable
upersaturation (�Cmax).

as 1.257. This value is between of the first and the second dimen-
ion growth, so it can state that the growth of crystal was controlled
y both diffusion and surface-integration.

. Conclusion

The solubility, induction time, kinetics of nucleation and crystal
rowth in crystallization by cooling mode of hemipenta hydrate
S were studied. The measured induction time was analyzed
ccording to classical nucleation theory, two different nucleation
echanisms were found to be divided as homogeneous at high

upersaturation and heterogeneous at low supersaturation. From
he slope of the line corresponding to homogeneous nucleation the
rystal/solution interfacial free energy of hemipenta hydrate RS was
stimated. It was seen that the crystal growth of hemipenta hydrate
S was controlled by the combination of one and two-dimension
rowth mechanism.
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