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A method and mechanism of extractive freezing-out for the isolation of organic compounds from aqueous solutions are presented.

Extraction is the most commonly used method for the separation
of organic substances from water.1,2 The principle of selective
isolation from one phase into another is underlying in the
extraction. In vapour phase extraction,3 the allocation of organic
substances from water in the vapour of an added extractant
takes place during the formation of a liquid–vapour interface
directly in the test sample. The vapour phase extraction allows
one to use hydrophilic organic liquids. Here, a method of extrac-
tion coupled with freezing-out is offered.4,5 The target com-
ponents are allocated in previously added soluble or limitedly
soluble organic liquid (acetonitrile, acetone, ethoxyethane, etc.)
by crystallization of a water part of subsample. In this case, the
repartition of the dissolved organic compounds between water
and extractant also occurs under conditions of formation of an
interface between a liquid phase of the added organic extractant
and ice crystals.

It is known6 that, in the crystallization of water solutions, the
dissolved substances concentrate in liquid microinclusions in
the volume of a sample; the total amount depends on the
composition and temperature of a test sample.

The test substances were aqueous solutions of one-basic
carboxylic acids C2–C6. The partition coefficient in this homo-
logous series is maximal for a hexanoic acid and even in the
most successful water–extractant systems does not exceed 120.7

The research of the phase diagram of a multicomponent
aqueous solution of a mix of the organic acids with a hydrophilic
extractant is a difficult task. In this work, at an atmospheric
pressure of 100.4±0.7 kPa, a test sample was cooled to –12±2 °C,
which is characteristic of fridge-freezer of a household refrigerator.
The speed of cooling did not exceed 0.04 K s–1. It corresponds
to equilibrium conditions of formation of a solid phase.6

Under these conditions, the mix of water with acetonitrile
(freezing point of –45.7 °C) under cooling from +20 to –12 °C
is flaked with formation of a layer of the added organic solvent

in the upper part of a test sample with postcrystallization of
water in a range of water–acetonitrile ratios from 3.3 to 0.5 (by
volume). In the field of the volumetric relations water–aceto-
nitrile lower than 0.5, the water part of a sample does not
crystallize, the sample remains liquid at cooling up to –12 °C.
At a water–acetonitrile ratio more than 3.3 mixes freeze without
allocation acetonitrile as a separate liquid phase on a surface of
the solid test sample.

It was found that with increasing the acetonitrile portion,
added in initial test sample, the weight (volume) of the extract,
forming during the extractive freezing-out process, increases
(Table 1). Besides on a background of this tendency it was wide
spread of volume of the formed extract in parallel determina-
tions. However, this fact practically had not an effect on the
contents of acids in the extract. From the results presented in
Table 1 it is also visible that the increase of volume of test
sample, taken for extractive freezing-out, is accompanied by
growth of concentration of acids in the forming extract.

Partition factors of acids between a crystal phase of ice and
liquid acetonitrile extract cannot be determined, as it is impos-
sible to determine precisely volume of the extract. The part of
the extract can exist as microinclusions in the volume of ice
crystals. At the same time, thermodynamically, it is more
advantageous to allocate the dissolved substances outside of the
crystal in comparison with inclusion them in a crystal lattice.6 It
is possible to assume that the mechanism of a process combining
extraction with freezing is similar to the phenomenon of
adsorption. But in this case, the process goes  in the reverse
direction. During the cooling of the sample, the molecules of
the dissolved acids are pushed out on a surface of forming ice
crystals and desorbed in volume of an organic liquid phase.
Hence, as a first approximation for the description of the
extractive freezing-out phenomenon, it would be possible to
apply the Langmuir model of located monomolecular adsorp-
tion on a homogeneous surface. The equilibrium constant of
this phenomenon

is determined by the equation:

where corg is the concentration of the target component in the
liquid phase, extract, µg cm–3.

On the other hand, it is clear that, with increase of the
volume of the liquid phase, i.e., with reduction of corg, according

Table 1 The results of extractive freezing-out of C2–C6 acids from aqueous
solutions into acetonitrile, pH 3–4.a 

aThe replicate analysis is 6. The concentration of organic acids in the initial
aqueous solution was: acetic (C2), 201; propionic (C3), 196; butyric (C4),
190; pentanoic (C5), 193 and hexanoic (C6), 192 µg cm–3.

Volume/cm3

Mass of the 
extract/g

Concentration of organic acids 
in an extract/µg cm–3

Test 
sample

Aceto-
nitrile C2 C3 C4 C5 C6

5 5 1.4±0.7 131±8 160±9 190±11 210±13 230±14
10 10 3.0±0.4 114±7 160±10 190±10 220±13 230±13
10 5 0.12±0.07 350±20 340±20 340±21 350±21 350±24
20 5 0.04±0.03 610±37 610±35 640±37 680±40 690±41

Molecule in the 
liquid phase

Free adsorption 
centre

Occupied
adsorption centre

+ =

[concentration of the free adsorption centres]
[concentration of the occupied adsorption centres]

Keq = corg , (1)
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to (1) the number of acid molecules desorbing from a surface of
the ice crystals should rise. It corresponds to an increase of the
concentration of the free adsorption centres, i.e., their con-
centration is proportional to the extractant volume taken for the
extractive freezing-out:

where a is a coefficient of proportionality, cm–5; Vextr is the
extractant volume, volume of the added acetonitrile, cm3.

Analogously, the concentration of the occupied adsorption
centres increased proportionally to the total amount of the acid
in a sample, i.e., its initial quantity in the test sample M0/µg:

where b is a coefficient of proportionality, µg–1 cm–2.
Taking into account (2) and (3), the equation for equilibrium

constant Keq (1) is

or

Therefore, if the offered model of the phenomenon of the
extractive freezing-out of organic compounds from water is
realized, a linear dependence of their concentration corg in a
formed extract on the quantity M0/Vextr would be expected. The
large file of the obtained experimental data on an example of
the low-molecular acids C2–C6 testifies for the benefit of it. As
follows from Figure 1(a)–(e), such a linear dependence of the
acid concentration in the acetonitrile extract from quantitative
relation ‘initial quantity in test sample/volume of the added
acetonitrile’ is established.

From the obtained results (Table 1), it follows that with
increase of molecular weight of an acid the efficiency of the

extraction rises, that is shown in increase of a corner of an
inclination of the graph [Figure 1(a)–(e)]. It is explained by the
common tendency of the increased hydrophobicity of acids
in this homologous series. The same dependence of partition
coefficient, and accordingly the efficiency of extraction, is
known in traditional liquid extraction. 

According to equation (5) at M0 = 0, i.e., absence of the acid
in the initial test sample, its concentration in the extract corg = 0.
As follows from comparison of the graphs of corg from M0/Vextr
in Figure 1(a)–(e) at M0 ® 0 the character of this dependence
for acetic acid differs from those, obtained for C3–C6. At
approximation trend of its linear dependence assumes a point of
intersection of the graph with an ordinate axis in a negative
area. Angular factor bKeq/a of its graph at aspiration M0 ® 0,
i.e., at small acid concentration in initial test, sharply reduces.
It was determined that in a range of concentration of acetic acid
0–10 µg cm–3 angular factor of its linear approximation does
not exceed 0.15. This does not take place in case of acids C3–
C6, and their angular factors of the linear approximations in this
area of concentration in an initial aqueous solution reduce only
2–2.5 times. This fact opens the possibility of the use of the
considered method of extractive freezing-out for purifying C3–C6
acids from acetic acid.

The efficiency of the extraction of organic acids from water
under conditions of extraction in combination with freezing depends
on nature of the extractant. Experimental data (Table 2) show
that, if hexane was used as the extractant, at the repartition of
organic acids between ice crystals and liquid hexane their
concentration in the extract remains unchanged. In this case,
the concentration of C2–C6 acids in the obtained extract is lower
than their initial concentration in water. At the same time, as the
dependence of acid concentration in the hexane extract corg on
quantity M0/Vextr, e.g., for hexanoic acid [Figure 1(f)] is prac-
tically linear. It serves as an additional argument for the benefit of
the above model of the mechanism of the extractive freezing-out.

Thus, the use of hydrophilic solvents in the extraction by
freezing-out a water part of test sample after addition of the
extractant is offered. The obtained results of C2–C6 acids isolation
allowed us to offer model of the mechanism of the phenomenon.

On the basis of this easy operating method the procedures
for the analysis of drugs in biological liquids were developed.4,8

In comparison with other methods9 of the drug analysis, the
developed method demands considerably smaller amount of
chemicals. The realization of the extraction in a mode of negative
temperatures also reduces volatility of used organic solvents.

It addition, compared with other known procedures,1,9 this
method practically does not demand any chemical ware (e.g.,
support, funnels, etc.) and specified expendables (sorbents for
an extraction, filters, etc.).
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acetic acid
y = 0.78x – 26.03
R2 = 0.97

(a)

propionic acid
y = 0.82x – 4.47
R2 = 0.99

(b)

butyric acid
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pentanoic acid
y = 0.92x + 14.63
R2 = 0.95

(d)

hexanoic acid
y = 0.90x + 24.04
R2 = 0.96
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R2 = 0.94
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Figure 1 Dependence of concentration of the organic acid in the obtained
extract on initial mass in test sample and volume of extractant, taken for
extractive freezing-out: (a)–(e) acetonitrile and (f) hexane.

[concentration of the free adsorption centres/cm–2] = aVextr (2)

[concentration of the occupied adsorption centres/cm–2] = bM0 (3)

Keq = corgaVextr /bM0 (4)

bKeq

a
corg = . 

M0

Vextr
(5)

Table 2 The results of extraction of C2–C6 acids by hexane at com-
bination with freezing from aqueous solutions, pH 3–4.a 

aThe replicate analysis is 4. The concentration of organic acids in the initial
aqueous solution was: acetic (C2), 197; propionic (C3), 201; butyric (C4),
201; pentanoic (C5), 195 and hexanoic (C6), 197 µg cm–3.

Volume/cm3

Mass of the 
extract/g

Concentration of organic acids 
in an extract/µg cm–3

Test 
sample Hexane C2 C3 C4 C5 C6

5 5 3.183±0.008 2.1±0.5 7±2 19±2 45±3 87±6
10 5 3.15±0.01 2.0±0.6 8±2 20±2 55±4 130±11
20 5 3.14±0.02 3.9±0.9 13±3 32±2 90±8 210±15
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