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Quantitative evaluation of heterogeneous nucleation is important in order to control crystal formor particlemor-
phology. In the present work, heterogeneous nucleation was quantitatively estimated from induction time,
which was defined as the period required for nucleation. The induction time of heterogeneous nucleation was
thermodynamicallymeasured with a differential scanning calorimeter. As a result, the free energy change of gly-
cine nucleation in the supersaturated solution was calculated from the heterogeneous nucleation rate. The free
energy changedecreasedwith an increase in the occurrence frequency of heterogeneous nucleation. Thismethod
suggested that therewas a possibility ofmaking the distinction between homogeneous nucleation and heteroge-
neous nucleation from quiet supersaturated solution. Characteristic parameters of critical nucleus of homoge-
neous nucleation gave a good agreement with the experimental results. We could quantitatively predict the
characteristic properties of heterogeneous nucleation introducing substance-specific parameters.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Improvement in functionality of materials grows increasingly im-
portant to enhance human quality of life. Composite technology is re-
markable as an attractive method for developing the functional
materials. Creation of composite particles is indispensable for develop-
ing chemical industry, because this technique enables materials to pos-
sess various characteristics. The composite technology has a potential of
creating unprecedented and innovative materials with high functions
[1]. The control of particle properties is an essential requirement to ob-
tain the composite particles with high performance as the physical and
chemical properties of particle have much influence on product perfor-
mance [2].

Crystallization is a prospective isolated process for manufacturing
composite particles because this process combines both particle gener-
ation and purification to control physical and chemical properties [3,4].
Crystallization and polymerization in oil-in-water or water-in-oil
emulsions have been applied to particle production techniques [5].
Kawashima et al. developed the novel and economical crystallization
techniques, which could obtain drugs and biocompatible polymers
with a spherical shape during crystallization process [6,7]. The spherical
crystallization is expected as a production technique of hybrid particles
in one step process. However, crystallization is a complicated

phenomenon, which proceeds in two stages, nucleation and growth.
Nucleation, which is classified into the primary and the secondary nu-
cleation, is the first step in the crystallization process. The primary nu-
cleation takes places in the absence of crystalline surfaces, namely
nuclei are generated directly from solution. The primary nucleation
has two types of homogeneous nucleation and heterogeneous nucle-
ation [8]. Nucleation without preferential nucleation sites is homoge-
neous nucleation, which occurs spontaneously, although it requires
much higher supersaturation. The secondary nucleation results in the
presence of crystals in the supersaturated solution. These parent crys-
tals have a catalyzing effect on the nucleation phenomena. The second
step in the crystallization is crystal growth, indicating that the nuclei
grow to mature crystals. The various conditions of crystal growth have
a significant impact on the particle size, morphology and structure [9].
An understanding of crystal growth theory is important in the develop-
ment of controlling the particle properties. There have been various in-
vestigations of crystal growth models [10–17]. Volmer suggested that
the growth of a face on a crystal must be a periodic process which is ac-
complished by a successive formation and spreading of crystal layers
[10]. The theory of the surface energy assumes that the shape of crystal
growth has theminimum surface energy. This approach has largely fall-
en into disuse. Gibbs showed that the growth of a crystal could be con-
sidered as a special case of this principle [18]. The total free energy of a
crystal under equilibrium conditions would be a minimum volume.
Moreover, the diffusion mechanism is based on a theory that matter is
deposited continuously on a crystal face proportionally to the difference
in concentration between the point of deposition and the bulk of
solution.
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A better understanding of the nucleation mechanism may make it
easier to control the particle properties. Nucleation plays a decisive
role in determining the crystal structure and size distribution [19]. Clas-
sical nucleation theory was proposed by many researchers such as
Gibbs, Volmer andWeber. Classical nucleation theory is based on a con-
densation process from a vapor to a liquid [18,20–22]. Nucleation from
solution has been established based on this theoretical treatment. The
most important factor in this theory is a concept of the free energy bar-
rier corresponding to energy required for the generation of a critical nu-
cleus. Classical nucleation theory is founded on a hypothesis that the
size of the clusters increases by attachment of single molecule and ne-
glects collision between two clusters. This hypothesis causes discrepan-
cy between theoretical predictions and experimental results [19]. The
development of the two-step nucleation theory has been raised
[23–26]. The two-step nucleation theory is composed of two steps as
its name suggested. The first step is the formation of a liquid-like cluster
of solute molecules. The second step is the reorganization of a cluster
into an ordered crystalline structure. Wolde and Frenkel proved the
two-step nucleation theory by computer simulations [23]. They simu-
lated the homogeneous nucleation in a Lennard-Jones system by
Monte Carlo algorithms. These results revealed that the homogeneous
nucleationwas formed byhighly disordered liquid-like droplets. The re-
structure ofmolecules inside the droplet is necessary to form crystalline
nucleus beyond a certain critical size. The frequency of critical nuclei
formation is estimated from induction time, which is defined as the pe-
riod required for a nuclei generation on the seed particles or in the bulk
solution [27]. There are manymethods for detecting the induction time
such as light scattering, electric conductivity and calorimetric measure-
ment [28–37]. Harano et al. monitored the heat of crystallization from
an aqueous solution using a differential scanning calorimeter (DSC)
and theoretically proposed the equation of homogeneous nucleation
rate [32,33]. In our previous paper, the properties of clusters with
changing habit modifiers were determined by DSC measurements [37]
. However, this result is subject to the law of only homogeneous nucle-
ation theory, indicating that the heterogeneous nucleation at the wall
and bottom of the vessel was neglected. The effect of the surface on
thenucleation should be discussed on heterogeneousnucleation theory.

In the present study, a new approach was attempted for evaluating
heterogeneous nucleation quantitatively. The induction time for nucle-
ation with DSC was measured to calculate the free energy change for
nucleation on the basis of the heterogeneous nucleation rate. The
impact of the surface area of solution on the free energy change was ex-
amined. The method separated homogeneous and heterogeneous nu-
cleation from quiet supersaturated solution that was constructed by
the surface area dependence of the free energy change. The properties
of heterogeneous nucleation were calculated.

2. Theory

2.1. Homogeneous nucleation and heterogeneous nucleation

There have been many researches about nucleation and crystal
growth [18–27]. Homogeneous nucleation occurs in the bulk of super-
saturated solutions. The free energy change expresses the sum of the
free energy change caused by the formation of the surface when the
birth of nucleus occurs. The critical size of nucleation can be found by
minimizing a function of free energywith respect to radius. The relation
between the critical size of nucleation and supersaturation ratio is given
by the Gibbs–Thomson equation associated with a non-electrolyte [8].
Smaller clusters dissolve whereas larger clusters grow until they reach
a critical size, and as a result, a new phase is created according to ther-
modynamic fluctuations. The thermodynamic part of the classical nu-
cleation theory was developed by Gibbs [38,39]. He assumed that the
condensation and vapor could bemodeled as if theywere homogeneous
bulk phaseswith extensive internal energies and entropies, proportion-
al to the numbers of molecules. According to the Gibbs–Thomson effect,

smaller crystals have higher solubility while larger crystals grow faster
as described above. Assuming that the rate of nucleation can be
expressed as the form of the Arrhenius reaction velocity equation [8],
Kanagasekaran et al. calculated the nucleation parameters such as the
radius of critical nucleus and critical free energy change for benzimid-
azole [40]. The interfacial energy obtained from their experiments was
in good agreement with the theoretically calculated values [41].

A foreign substance existing in a supersaturated solution is known as
the reduction in the energy for nucleation [8]. The relation between free
energy change and radius of particles is shown in Fig. 1(a) to explain the
nucleation phenomenon in a container. Fig. 1(a) also shows a conceptu-
al diagram and just represents the difference between homogeneous
nucleation and heterogeneous nucleation. Mullin [8] reported that the
activation energy was caused by the competition of surface energy
and inside energy of aggregates of particles. The nucleus corresponding
to the top of the activation energy is the critical nucleus. Owing to this
energy gap, the occurrence ratio of homogeneous nucleation and het-
erogeneous nucleation varies with the supersaturation ratio. Nucleation
in a container consists of homogeneous nucleation from solution and
heterogeneous nucleation from boundary interface of the wall. Hetero-
geneous nucleation occurs at a lower supersaturation relative to homo-
geneous nucleation. A schematic representation of heterogeneous
nucleation is illustrated in Fig. 1(b). This illustration depicts an interfa-
cial energy diagram for three stages of interphase. The interfacial
tension is denoted by γCL (between the solid crystalline phase and the
liquid), γSL (between another solid surface and the liquid) and γCS

(between the solid crystalline phase and the foreign solid surface), re-
spectively. The overall free energy change is expressed by replacing
the nucleus surface with the sum of solid–liquid interface area and sub-
strate–crystalline interface area and the nucleus volumewith the crystal
volume of heterogeneous nucleus [8],

ΔG ¼ 2πr2 1− cosφð Þ þ πr2 sin2φ
� �

σ

þ πr3 2þ cosφð Þ 1− cosφð Þ2
3

ΔGv ð1Þ

where ΔG is the free energy change for the formation of new phase, σ is
the surface energy, r is the radius of the critical nucleus andφ is the con-
tact angle between the crystalline deposit and the foreign solid surface.
The free energy change associatedwith the formation of a critical nucle-
us under heterogeneous conditionsmust be less than the corresponding
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Fig. 1. (a) Relation between free energy change and radius of nucleation. (b) Schematic il-
lustration of heterogeneous nucleation.

2 Y. Kamano et al. / Journal of Molecular Liquids xxx (2014) xxx–xxx

Please cite this article as: Y. Kamano, et al., Quantitative evaluation on the heterogeneous nucleation of amino acid by a thermodynamic analysis, J.
Mol. Liq. (2014), http://dx.doi.org/10.1016/j.molliq.2014.11.021

http://dx.doi.org/10.1016/j.molliq.2014.11.021


Download English Version:

https://daneshyari.com/en/article/5411148

Download Persian Version:

https://daneshyari.com/article/5411148

Daneshyari.com

https://daneshyari.com/en/article/5411148
https://daneshyari.com/article/5411148
https://daneshyari.com

