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NUCLEATION BEHAVIOUR IN SMALL LIQUID VOLUMES AT HIGH RATES OF CHANGE

OF SUPERSATURATION

L. GAGO DUPORT and .M. GARCIA-RUIZ

Departamento de Geologia, Facultad de Ciencias, Universidad de Cédiz, A pdo. 40, Puerto Real, Cadiz, Spain

An experimental device is described which permits the study of nucleation and growth of crystals from solutions in small volumes
at a high rate of change of supersaturation. The information that can be obtained from the analysis of the recorded data is also

discussed.

1. Introduction

It is unusual to find in the literature experimen-
tal arrangements giving information on nucleation
processes in the transitional region where the
nucleation rate is time-dependent or on the prop-
erties of the subsequent growth [1]). However, in
spite of the more complex formal treatment re-
quired, there is interest in it because of its impor-
tance in many industrial crystallization processes
as well as in mineralogenesis. ‘

The aim of this paper is to describe a device
designed to study nucleation and growth be-
haviour at high and variable supersaturation levels
in small liquid volumes and to discuss the analysis
of the data obtained. Small volumes are used for
two reasons: first is that they are necessary experi-
mentally in order to obtain the appropriate ther-
mal shock easily, the second has a theoretical
origin since nucleation behaviour in small volumes,
which is very important (for instance in biominer-
alization), is not well-explained by classical theo-
ries [2].

2. Statement of the problem

The metastable zone width AC_,, and the ex-
perimental induction time = have been used in the
explanation of the nucleation process in cooled
solutions. This information is indirectly obtained
from measurements of the maximum allowable

supercooling AT, .. In order to obtain reliable
data for = and AT, ,,, the time dependence of the
supersaturation must be calculated from the equa-
tion:

dlac(s)] _
d: daT

dC,(T) aT
- a0 (1)

Usually, this analysis has been applied at constant
cooling rate [1], i.e., when:

T(t)=Ty— K1, 2)

where K is the constant cooling rate, which usu-
ally takes values between 0.2 and 2.0°C/h [3]. At
such a low cooling rate, the metastable zone width
is small and the solubility curve could be consid-
ered as linear in the measured temperature range.
Thus, the supersaturation also changes linearly
and the rate of change of supersaturation is con-
stant and not time-dependent.

However, when a system is cooled quickly (for
instance, by a thermal shock) between an initial
temperature T, and a final temperature T;, the
time dependence of temperature follows an ex-
ponential form [4]:

dT/dt= ~k[T(t) - T], (3)

where k is an experimental constant which de-
pends on both the heat dissipation factor of the
cell and the heat capacity per unit volume. Obvi-
ously, in such a situation, the supersaturation
changes in a non-linear way and the rate of change
of supersaturation changes with time.
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It can be shown from (3) that the cooling rate
may be increased by increasing the value of AT =
T, — T; and by decreasing the volume of the cooled
solution. Therefore, in order to understand the
nucleation behaviour at high rates of change of
supersaturation, which is a feature of many in-
dustrial processes, laboratory systems with small
volumes (=25 pl) and high AT(= 90 °C) must be
used. Unfortunately, such a high cooling rate in-
creases the width of the metastable zone and the
dependence of solubility on temperature cannot
be neglected in equation (1); this introduces prob-
lems in the calculation of AC,,, and .

What follows is a description of firstly, a
laboratory apparatus of small volume designed to
be operated at high AT and AC and, secondly, the
preliminary formal analysis for data interpreta-
tion.

3. The apparatus
A diagram of the apparagus is shown in fig. 1.

For the sake of clarity, it will be described part by
part.

3.1. The T, environment

The nucleation cell (see fig. 2b) is a cylindrical
reservoir (Nc) of volume 25 pl. with an optical
base and head. Two oppositely positioned needles
(Ne) penetrate into the cell and connect it to the
injection system. The microcell is immersed in a
thermally isolated box (Ib) with a system that
permits a continuous circulation of ice-water mix-
ture (Rs) connected to a thermostated bath. Thus,
a limiting final temperature of 0°C is obtained.

3.2. The T, environment

The injection system consist of a small thermo-
statted oil-bath attached to the injection syringe
(Is in fig. 1) which contains a solution at T;.

A simultaneous aspiration-injection procedure
(see fig. 2a) permits a small controlled volume to
be transferred to the cell at constant pressure. This
procedure avoids undesirable nucleation effects
induced by pressure which were observed with
previous designs. Therefore, the driving force for
nucleation is only affected by the change of tem-
perature following the thermal shock. A differen-

Cr

Fig. 1. A diagram of the experimental device: (Is) injection system; (M) photomicroscope; (Re) recorders; (Cr) thermostatted bath;
(Ib) isolated box. (See text.)
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vig. 2. A photograph (a) and a diagrammatic cross section (b)

and a frontal view (c) of the crystallization cell: (N¢) nuclea-

tion cell; (Rc) reference cell; (T¢) thermocouples assembly;

(Ne) injection needle; (As) aspiration system; (Is) injection
system; (Rs) refrigeration system, (See text.)

tial thermocouple assembly is placed on the base
of the nucleation and reference micro-cells.

3.3. The room temperature enpironment

The whole system is placed on a microscope
stage and the use of large focal length objective
makes it possible to observe the processes taking
place in the cell. By using a camera attached to the
microscope and connected to a time controller
photographic sequences of the crystallization pro-

cess can be obtained. Finally, in order to follow
the change of temperature after thermal shock, the
nucleation and reference cell thermocouples are
connected to a pV-meter and X—¢ recorder or to
an oscilloscope.

4, Analysis of the data

As expected, when pure water at 90°C was
transferred to the micro-cell, the evolution of the
temperature followed the cooling pattern of (3).
Integration of (3) gives:

T(6) =T+ (Ty— T) e @

In our system, 7;=0°C. Therefore, (4) can be
rewritten as: .

T(t) =Ty e~ ()

Now, if an initial solution saturated at temper-
ature T(T; < T, < T;) is transferred to the micro-
cell, its concentration C, will be kept constant if
no precipitation occurs. However, as T = f(¢), the
equilibrium concentration C, will change depend-
ing on both the solubility curve of the solute and
the temperature change:

C.(1) = C(T(e)). (6)

The change of supersaturatiori AC with time can
be calculated:

ac(1) =G - (1),

and the rate of change of supersaturation is given
by:

dlac()]  dG(r) dT
dt dT  dr
=o(T)[=k(T(1) - 1)), v
where w(T) stands for the solubility curve of the
solute. Fig. 3 displays both the supersaturation
and the rate of change of supersaturation for the
particular case of ammonium nitrate, NH,NO;.

If precipitation occurs, heat produced by the
phase transition will modify the shape of Newton’s
Cooling Law and therefore a thermal anomaly will
be recorded in the T versus ¢ plot, as shown in fig.
4. The onset of the anomaly belongs to the end of
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Fig. 3. Plots of supersaturation (a) and rate of change of supersaturation (b) versus time.

the nucleation period, which is given by the point then x = r, the experimental induction time, and
P(x, y), that is, the point at which a deviation y=A4T,,, is given by:

from Newton’s law is first recorded. If T,=T, AT, =906~ (8)
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Fig. 4. A diagram showing the input and output data obtained from a cooling experiment. (See text.)
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The maximum supersaturation allowable is:
Acmax = CS - Ce(’r)’
If T, < T, the induction time is:

r=x+(1/k) n(T,/T,),

(9)

(10)

which can be substituted in (8) to obtain AT,,,.

The experimental nucleation time is given by

the summation of three factors:

'r='r,+'rn+'rg,
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where 7, is the relaxation time, r, the time re-
quired for the formation of critical clusters and 7,
the time consumed by crystal growth up to detec-
table sizes [5]. The relative contribution of each
factor depends on the physical condition of the
experiment and the detection system.

In this experimental arrangement, the calori-
metric procedure minimizes the contribution of .
If T,.=T; (disregarding the asymptotic nature
of the cooling law), what is measured is conceptu-
ally the induction time in the so-called isothermal
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Fig. 5. Temperature versus time plots for ammonium nitrate solutions. In all cases T;; =90°C, T;=0°C, T, values (in °C) are: (a)
60; (b) 35; (c) 20; (d) 15.
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method which according to Nyvlt et al. [1,3] has a
cooling time contribution. If 7, > T;, super-
saturation increases continuously as seen in fig. 3
and nucleation occurs in the transitional region.
Then, 7 is a measure of the non-stationary induc-
tion time.

The geometric parameters of the anomaly be-
tween P and the point at which Newton’s Law is
again followed should be directly related to the
growth behaviour by using simultaneous micro-
photographic records. If we call A the time elapsed
until Newton’s Law is again followed, and A4 the
maximum AT provoked by the anomaly as mea-
sured in fig. 4, the ratio A/A4 is a measure of the
precipitation rate. Thus, low A /A4 values belong to
dendritic morphologies and higher A /A4 values to
polygonal growth. In fact, we have also observed
morphological changes to the equilibrium shape
[6], but up to the present, we do not have a formal
treatment to explain the relation between the
geometry of the anomaly and photographic re-
cords.

As an example, fig. 5 shows four T' versus ¢

plots for the case of NH/NO; solutions for T, =
90°C and different 7, values.
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