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INTRODUCTION

The phenomenon of melted water, which
is obtained immediately after the ice melts, is
well known [1]. This phenomenon means that,
as a rule, the use of melted water brings about
more positive results that the use of usual water.
For instance, the positive effect of melted
water was observed in special experiments on
growing agricultural plants: the growth rate
and productivity increase [2]; a noticeable in-
crease in fertility of different animal species
was observed in biological experiments [3].

Physicochemical properties of melted wa-
ter have not been investigated systematically.
Only sporadic information was published about
measurements of permittivity [4], concentra-
tions of  oxygen and carbon dioxide [2]. Final-
ly, an increased hydrogen peroxide content of
melted water has been reported recently [5].

One of physicochemical parameters by
which melted water can differ from usual one
could be noticeable decrease in the concentra-
tion of dissolved inorganic impurities, because
the solubility of impurities in ice is much low-
er than in water. However, it was demonstrat-
ed in [6] that under the conditions usually rec-
ommended for obtaining melted water (vol-
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Abstract

It is demonstrated experimentally that the application of freezing � unfreezing procedure for the purification
of water from soluble amounts of CaCO3 under the conditions recommended for obtaining water from melted
ice (freezing ~0.2 l of  water at �17 oC) is ineffective. An explanation is the fact that salt freezes into the ice. It
is concluded that changes in the concentrations of inorganic impurities cannot be a decisive physicochemical
factor for distinguishing between the melted water and the initial one.

ume: 0.2�0.5 l; temperature: �17 oC) water
purification from NaCl occurs only by 15�20 %
within one cycle of freezing-unfreezing.

It should be noted that the problems con-
nected with obtaining and properties of melt-
ed water are directly related to the problem
of obtaining pure drinking water, which is
one of the central problems of modern civili-
zation; its urgency is undeniable. Because of
this, a separate task within this problem is
that concerning the efficiency of water purifi-
cation with the help of freezing [7, 8].

Theoretically, the mechanism of water pu-
rification by freezing is as follows. At first, the
ice crystal phase is formed under freezing; it
displaces impurity molecules into the non-fro-
zen water. Correspondingly, in the case of in-
complete freezing, the concentration of impu-
rities in water obtained by unfreezing the ice
(that is, in melted water) should be lower than
in the initial water, and of course lower than
in the non-frozen water.

One can easily see that the proposed proce-
dure of water purification is similar in its es-
sence to the directed crystallization procedure
[9]. A difference from the generally accepted
methods is only in the direction of movement
of the crystallization front. In the standard re-
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crystallization procedures, this motion occurs
mainly in one direction, while during freezing
in usual vessels the crystallization front moves
simultaneously top-down, bottom-up, from
edges to centre, etc. It was shown experimen-
tally that freezing allows one, though not
very efficiently, to purify water from the
particles of the dispersed phase (insoluble
impurities) [10].

The goal of the present work is to obtain
information about the efficiency of freezing at
a temperature of �17 oC to purify water from
CaCO3 salt. In order to solve the formulated
problem, we carried out a direct experiment:
comparison between CaCO3 concentrations in
melted and non-frozen water in the case of
incomplete freezing of CaCO3 aqueous solu-
tion at �17 oC.

The choice of this salt, which is always
present in any kind of water, is due to the
fact that the information on its concentration
is one of the most important parameters for
the analysis of  drinking water;  the importance
of obtaining the quantitative data on the pos-
sibility of water purification from this impuri-
ty with the help of any method is of high
practical significance.

EXPERIMENTAL

The initial water was twice distilled one;
limestone (chalk) was used as CaCO3. The CaCO3

powder ground and crushed in agate mortar
was mixed with water (~300 ml). The dissolu-
tion process lasted for several days without in-
tensive mixing. Experiments were carried out
with the solution filtered three times. A half
of the filtered solution (~150 ml) was a refer-
ence sample. No precipitation was observed in
the reference solution for 7 days.

Aqueous solutions of CaCO3 were placed in
thin-wall non-calibrated glass beakers (initial
beaker). The mass of beakers mb was 39.7 to
41.6 g. Weighing was carried out with analyti-
cal balance of ADV 200 type (accuracy of
weighing according to certificate was ±0.1 mg).
The mass of the solution to be frozen was
~100 g, which corresponded to the solution vol-
ume ~100 ml. After weighing, the solution un-
der investigation was placed in the freezer (at

a temperature of �17 oC) and kept there until
~50 % of water turned into ice (it is generally
accepted that in order to obtain high-quality
water it is necessary to freeze less than 50 %
of its initial volume). Time within which such
a state was achieved was ~2.5 h. After 2.5 h,
the beaker was taken out, unfrozen water was
poured into another glass beaker, which was
also weighed preliminarily,  and the mass n�f

wm
of this water portion was determined by
weighing. The glass with the remaining ice was
weighed and the mass of ice was determined:

m
wm : m,n f

w
−m = m,n f

e
−m � mgl, where m,n f

e
−m is the

measured mass of the beaker with the sam-
ples of melted and non-frozen water, respec-
tively.

The ice in the initial beaker was melted,
then water was evaporated from both beakers
without allowing it to boil. After evaporation,
the glasses were weighed and the mass of

CaCO3 was determined: 
3

m,n f
CaCO

−m  = m,n f
e

−m � mgl,

where m,n f
e

−m is the measured mass of the bea-

ker with CaCO3 formed as a result of evapo-
ration of the melted or non-frozen water, re-
spectively.

The efficiency of water purification from
CaCO3 was estimated suing the separation co-
efficient, which was calculated suing the rela-
tion αsep = mm/mn-f, where mm and mn-f are
the relative masses of CaCO3 after evaporat-
ing from the glasses with melted and frozen
water, respectively, which were determined
using equations: mm = 

3

m

CaCO
m / m

wm , mn-f =

3
CaCO
n f−m / w

n f−m . Concentrations of the initial

CaCO3 solutions Cin were calculated using equa-
tion Cin = 

3

in

CaCO
m / in

solV , where 
3

in

CaCO
m  is the

mass of CaCO3 after evaporation from the ini-
tial solution with the volume in

solV .

RESULTS AND DISCUSSION

After evaporation, the presence of white
powder was always clearly observed in all the
beakers. Visually, its amount was about the
same in the beakers with melted and non-fro-
zen water. This was especially evident in the
case of approximate equality of the volumes
of melted and non-frozen water (Table 1, exp.
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TABLE 1

Results of  determinaiton of  separation coefficient

Exp. Ñin,  mg/ml
3CaCO

m ,m  mg m
wm , g mm 105

3

n f
CaCO

−m n f
w

−m mn-f 105 αsep = mm/mn-f

No.

1 0.048 ± 0.002 1.7 ± 0.2 50.435 3.4 ± 0.4 2.9 ± 0.2 48.244 6.0 ± 0.4 0.57 ± 0.1

2 0.039 ± 0.002 0.9 ± 0.2 39.143 2.3 ± 0.5 2.7 ± 0.2 57.523 4.7 ± 0.4 0.49 ± 0.14

3 0.060 ± 0.002 3.8 ± 0.2 56.780 6.7 ± 0.4 2.3 ± 0.2 40.281 5.7 ± 0.5 1.17 ± 0.17

4 0.052 ± 0.002 2.6 ± 0.2 48.224 5.4 ± 0.4 2.3 ± 0.2 46.228 5.0 ± 0.5 1.07 ± 0.19

5 0.056 ± 0.002 2.5 ± 0.2 45.193 5.5 ± 0.4 2.9 ± 0.2 50.109 5.8 ± 0.5 0.96 ± 0.15

6 0.042 ± 0.002 2.7 ± 0.2 59.081 4.6 ± 0.3 1.6 ± 0.2 39.472 4.1 ± 0.5 1.12 ± 0.21

No. 4,  5). So,  visual analysis showed that there
were no differences in CaCO3 concentrations in
melted and non-frozen water. His observation
allows us to conclude that freezing at �17 oC is
inefficient for water purification from CaCO3

impurities.
Quantitative results of  the determination

of CaCO3 mass after evaporation, the masses
of frozen and non-frozen water, mm, mn-f and
αsep values are shown in Table 1. In our exper-
iments, CaCO3 concentration in the initial so-
lutions was 0.04�0.06 mg/ml, which does not
exceed the reference data for the solubility of
CaCO3 in water at 20 oC � 0.065 mg/ml [11].
One can see that noticeable scattering of αsep

values is observed. The reason is likely to be
random character of the inclusion of impuri-
ties into ice, which is conditioned by extempo-
raneous spatial shape of water crystallization
front [9]. Fortuitousness of the spatial orienta-
tion of crystallization front, based on probabi-
listic (fluctuation) processes, causes a difference
in the surface area of the formed ice polycrys-
tal. It is fortuitousness of the spatial shape of
crystallization front that provides the origin of
its cellular-dendrite structure [9]. Additional il-
lustration of the presence of fluctuation pro-
cesses during freezing of water solutions is pro-
vided by the results of another independent
experiment connected with measuring the ra-
tio of intensities of pyrene luminescence for two
identical initial samples of water solutions �
in melted and in non-frozen water. Initial pyrene
concentration CPy was 10�7 mol/l, freezing con-
ditions were similar to those described in the
Experimental section. In these experiments, the
error of measuring αsep parameter was ±5 %.
For the first solution, the ratio was 1.35 and

for the second one it was 0.87. One can see that
water crystallization conditions in different bea-
kers (even under completely identical external
conditions) can be substantially different, which
leads to different αsep values for two identical
samples. So, both for organic and inorganic sub-
stances, variations of their distribution in ice
and in non-frozen water take place.

Thus, variability of the obtained αsep val-
ues is natural and explainable. We conclude,
basing on the fact that no noticeable differ-
ence between αsep and 1 is observed with an
accuracy of the factor of 2, that concentra-
tions of CaCO3 in melted and non-frozen wa-
ter are approximately the same. Thus, conclu-
sions made from visual and quantitative anal-
ysis coincide: freezing at �17 oC and volume
of frozen water about 50 % does not allow
efficient purification from the soluble amount
of CaCO3. (However, it should be noted that
randomly a small αsep value can perhaps be
obtained in some experiments, which will mean
substantial degree of purification.)

The mechanism of impurity insertion (for
CaCO3 molecules, Ca2+ and 2�

3CO  ions) into
water during freezing can involve their inclu-
sion into cavities of cellular-dendrite struc-
ture of the crystallization front, which are
formed due to high freezing rate [9] and at-
tachment of these particles to the smooth ice
surface (adsorption). The first reason is likely
to be the determinant one,  since sorption of
impurities occurs at any time, nevertheless,
one may succeed in obtaining ice single crys-
tals from the aqueous solutions of inorganic
salts under freezing [13]. The condition of the
formation of dendrite structures in the ab-
sence of mixing can be written as [14]:
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(dT/dx)x = 0V
�0.5 ≤ ACL       (1)

Here (dT/dx)x = 0 is the temperature gradient
in the cooled liquid; V is the rate of crystalli-
zation front movement; CL is the concentra-
tion of an impurity near the crystallization
front; A is the constant slightly depending on
the kind of the system. When condition (1) is
fulfilled, the CaCO3 molecules, Ca2+ and 2�

3CO
ions get into the formed cells of the inter-
dendrite space and stay there. Really, in order
to obtain high-quality ice single crystals dur-
ing directed crystallization of aqueous solu-
tions of salts, the rate of crystallization front
movement should be less than 0.05 cm/h [13],
while in our experiments it was about 0.5 cm/h.

So, inefficiency of purification of the aque-
ous solution of CaCO3 with the help of freez-
ing is explained by the formation of cellular
dendrite structure of crystallization front ac-
companying the applied freezing rate.

It was noted in the Introduction on the ba-
sis of the data reported in [6] that purification
of the aqueous solution of NaCl by means of
freezing is inefficient, too. Similar results in-
volving inefficiency of the purification of
CaCO3 and NaCl aqueous solutions by freez-
ing, in our opinion, allow one to note careful-
ly that the rate threshold of the formation of
cellular dendrite structure during water freez-
ing, indicated in [14] as approximately 0.05 cm/h
is likely to be too low and can easily be over-
come. This may be due to the structural fea-
tures of ice: water molecule forms four H
bonds in it, that is why the probability of
dendrite formation is high. It is the formation
of the cellular dendrite structure during wa-
ter freezing that explains the fact that water
obtained from the melted sea ice is salty. (Salt
content of ice is due mainly to the concentra-
tion of sodium chloride molecules which is about
30 g/l in seawater [15].) Really,  in this natural
experiment, perhaps due to very large amount
of freezing water, and corresponding inten-
sive heat transfer to the crystallization front,
the rate of freezing is very small; in addition,
there is always rather intensive mixing due to
various convective fluxes and flows. (The ab-
sence of substantial temperature and concen-
tration gradients at the crystallization front is
the necessary condition for efficient purifica-
tion with the help of directed crystallization

[9].) So,  the nature is likely to have almost
ideal conditions for water crystallization and
therefore for obtaining almost salt-free ice.
However, this does not happen in reality. This
means that either the rate of crystallization
front in seawater is higher than 0.05 cm/h or
some other factors exist that distort the condi-
tions of obtaining salt-free ice (for example,
seawater gets onto the ice surface and gets fro-
zen there). Because sea ice is salty, various
projects aimed at obtaining salt-free water from
icebergs are connected with their transporta-
tion from the Antarctic (continental ice) rather
than from the Arctic (where ice is composed
mainly of seawater).

CONCLUSION

Thus, the freezing procedure used to puri-
fy water from the dissolved CaCO3 is ineffec-
tive. Thus means that unusual properties as-
signed to melted water, which is recommend-
ed to be obtained from water frozen in a frost-
er, are likely to be not determined by changes
in the content of inorganic impurities.

It follows from our data that a single freez-
ing procedure has no sense for purification of
water containing CaCO3 with the help of freez-
er. The same conclusion about inefficiency of
freezing procedure for the purification of salty
water (for example, in the region near the
Azov sea) follows from the data reported in [6].
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