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SUMMARY

The development of a partition—chromatographic method is discussed and new
variants of the method that widen its range of application are proposed.

INTRODUCTION

The identification of the components of complex organic mixtures is one of the
most important problems’in analytical chemistry, particularly in gas chromatography,
which is the most commonly used analytical method. The application of chromato-
graphic methods alone gives valuable information, which, however, is sometimes in-
sufficient for the reliable identification of chromatographic zones!™® owing to the
limited accuracy of measurements of the retention data (especially those performed
in different laboratories) and to the fact that these data are often very close for various
compounds.

The problem of identification is considerably simplified when selective and
super-selective stationary phases and adsorbents are used. However, the choice of
selective phases (especially at elevated temperatures) is limited and the use of several
columns with different sorbents is laborious.

Recently, considerable acdvances have been made as a result of the combination
of gas chromatography with other physical and chemical methods*5. The following
requirements are usually imposed upon a combined method: (1) high selectivity and
informativeness; (2) simplicity of the experimental procedure; (3) high spead; (4) the
possibility of carrying out trace analysis.

Therefore, the improvement of known combined methods and the develop-
ment of new variants of them are very important. The combination of partition with
chromatography, based on the equilibrium distribution of a substance between the
heterogeneous phases and the chromatographic separation of the components of the
mixture, satisfies all of the above requirements. As a rule, chromatography is also
used for the determination of the distribution of the components between phases. As
the data on chromatographic separation and on interphase distribution are important
qualitative features of a substance, when considered together they comnsiderably
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simplify the qualitative identification of a substance and are of interest in quantitative
analysis and some physico-chemical measurements.

The first work in which the partition-chromatographic method was used con-
cerned methods of functional group analysis. In 1962, Suffis and Dean® proposed to
use the propylene glycol extraction of the components of a mixture dissolved in
carbon tetrachloride for the selective removal of alcohols without chemical reaction.
The characteristics of the distribution of a component between two phases was deter-
mined by analyzing samples of the carbon tetrachloride solution before and after
extraction. The fraction of the substance in each phase was used to represent the
distribution characteristics. Any component whose fraction in propylene glycol ex-
ceeded 509, was identified as an alcohol. As a preliminary step, acids and amines
were removed from the mixture being analyzed by extraction with a dilute acid or
alkali. Suffis and Dean® reported that similar results can be obtained in different sol-
vent systems by using, for example, cyclohexane, diethyl ether or carbon disulphide
as a non-polar solvent and ethylene glycol, nitromethane or acetonitrile as a polar
solvent. This method had advantages over the removal of alcohols by means of chemi-
cal reactions (using benzoyl chloride or 2,4-dinitrobenzoyl chloride) as no reagents
are introduced into the mixture and the alcohols are not converted into other chemical
compounds. This also makes it possible to separate and identify alcohols by other
methods, for example spectral methods. Although the distribution characteristics
were determined by Suffis and Dean®, they were not used for identification purposes,
the use of the second phase (propylene glycol) serving only for the selective removal
of alcohols,

Later, Lulova et al.” developed a similar method for the identification of
aromatic compounds in gasoline fractions by extracting them with selective immiscible
solvents. The treatment of gasoline fractions with polar solvents reduced the content
of aromatic compounds considerably.

Aromatic compounds in mixtures with aliphatic compounds in aqueous solu-
tions were determined by an analogous method that involved a liquid-vapour sys-
tem®. By repeated equilibrium between liquid and vapour phases with the removal of
the latter and its replacement with the pure gas, only aromatic compounds, having
relatively high distribution coeflicients, remained in the solution.

The next step in developing the partition—-chromatographic method was made
by Beroza and Bowman® in 1965. They used the distribution constant between two
phases in combination with the chromatographic retention volume for the identifica-
tion of unknown components. In order to identify trace amounts of pesticides, they
used as the distribution characteristic the so-called extraction p value, which was
determined by a simple procedure. A 5-ml volume of a polar phase was added to an
equal amount of solution contained in a 10-ml calibrated centrifuge tube fitted with
a ground-glass stopper. The tube was shaken for 1 min and then the upper (non-
polar) phase was analyzed in the same way as previously. The p value was determined
as the ratio of the amount of the analyzed substance in the non-polar phase after
extraction (according to the data of the second analysis) to its initial amount (accord-
ing to the data of the first analysis).

Later, Beroza and Bowman have published a number of papers!®-'? describing
improvements to their partition—-chromatographic method. They were the first to
propose the use of the characteristics of the chromatographic retention in combination
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with those of the distribution of components between two immiscible liquid phases
for quantitative analysis in gas chromatography.

It should be noted, however, that the principle of using the distribution value
between two phases for component identification had been proposed earlier. Thus,
Shriner and Fuson!s gave a procedure for the identification of organic acids by means
of their distribution between two phases and the determination of the amount of
acid in each of the phases (after their separation) by titration. The distribution coef-
ficient for each of the acids in the given system of phases is constant and can be used
for component identification. The identification of separated pure components can,
of course, be performed by any physico-chemical method with the determination of
the concentration of a substance in two phases, but chromatography has the greatest
possibilities.

However, although the method has the advantages of simplicity, ease of per-
formance in any laboratory, etc!; it has not yet found wide application. This may be
due to various causes, such as (1) the inadequate accuracy of p value determinations
and (2) the unsuitability of this value for large and small distribution coeflicients,
which limits the number of systems that are suitable for identification (p = 0.1-0.9).

We have developed several modifications to the partition—chromatographic
method that widen the possibilities for its application, improve its precision and,
consequently, improve the reliability of identifications. Thus, it was proposed to use
for the identification purposes not a p value but a relative distribution coeflicient
determined as the ratio of the concentration of the analyzed component to that of
the known component serving as a standard in two phases. It was also proposed to
use, in addition to the already known liquid-liquid system, liquid-vapour, liquid—
solid and ternary immiscible solvent systems't—!8,

Taking account of the volumes of the co-existing phases and the sample size
taken for chromatographic analysis, the p value can be cxpressed by the equation

An Vp W.s' 1)
Aszl’Vn - Auws(Vu - Vp)

,) o

where V,, V, and V, are the volumes of the non-polar and polar phases and of the
initial solution, respectively, before extraction; 4, and 4, are the areas or heights of
the peaks of the analyzed component on the chromatogram of the initial solution and
of the solution after extraction (distribution): and W, and W, are the volumes of
samples of the initial solution and solution after extraction, respectively, When the
volumes of co-existing phases and those of sumple are equal, p = A4,/A4,.

The relative distribution coecflicient, K,.;. can be calculated by the equation

Krcl == [(A :I Vn/ ”/n)/(A .:.l' Vn/ Wn)]/[(A :; Vp/ Wn)/(A ;;' V,,/ Wp)] (2)

where i/ and s7 indicate the analyzed and standdrd components, respectively. As 4! and
A%t are usually determined during one experimental run, eqn. 2 can be simplified to

Keer == (AL ATH/(AL AT &)

Thus, the relative distribution coefficient is a4 more stable value than the p
value. It does not depend on the volumes of either co-existing phases or the sample
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volume.taken for analysis, or on other factors. This greatly improves the precision of
measurements, simplifies the experimental procedure and broadens the analytical
possibilities of the method.

' In order to determine the optimum conditions for analyses performed by the
partition-chromatographic method, we considered the dependence of the relative
distribution coefficient on the experimental conditions.

RESULTS AND DISCUSSION

Liquid-liquid system
It has been established that equilibrium in this system is reached 2 min after
the mixing and subsequent phase separation, which is a sufficiently short period.
The effective application of distribution coeflicients for the qualitative descrip-
tion.of a substance and also for quantitative analysis is possible because this coef-
ficient remains constant under different experimental conditions and is independent
of the concentrations of this and other analyzed substances. This is true only for dilute
solutions when the activity coefficient is unity or is constant for both phases. It
should be noted that the relative distribution coefficients are less sensitive than
absolute distribution coefficients to variations in concentrations (if the standard has
been chosen correctly). A change in K, and K., with increasing concentration of
substance is shown in Table I.

TABLE |

EFFECT OF CONCENTRATION ON THE DISTRIBUTION COEFFICIENT OF n-PROPANE
(BENZENE AS STANDARD) IN THE SYSTEM ISOOCTANE-N-METHYLPYRROLIDONE
AT 20°

Distribution ~ Concentration (%, v|v)
ca"ﬁic"e”’ g PO e e e —— Uy e

0.02 004 0.4 050 10 14 22 30 34 18
K 029 029 029 029 028 028 0.28 027 027 0.27
Kusn 0.097 0.100 0,105 0.104 0.104 0.105 O.[12 0.113 0.114 0,109

Although the relative distribution coefficient changes only slightly with con-
centration, it is advisable to carry out the measurements under conditions such that
the total concentration of the analyzed mixture does not exceed 0.5-29; (v/v), as at
higher concentrations the “‘third”* component begins to affect the values of K.

A change in K, varies greatly with temperature. However, when relative values
are used, K. remains constant over a wide temperature range. This reduces the re-
quirements for the precision of thermostatic control and makes it possible to operate
at room temperature (Table II).

As was shown above, the values of K., are independent of the volumes of co-
existing phases used for distribution and, consequently, these values determined for
unsaturated (mutually non-equilibrated) solvents must coincide with the values for
the system of saturated (mutually equilibrated) solvents. This was confirmed experi-
mentally.
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TABLE 11

EFFECT OF TEMPERATURE ON RELATIVE DISTRIBUTION COEFFICIENTS IN THE
SYSTEM lSOOCTANE—N-METHYLPYRROLIDONE

Temperalure Aualv,.cd mi. vmre l Analyzed nnwure Il
( C) N e SN, P ——
S = = I ¥ ¥ ¥ )
3 & & g S§ 8 = S = S S 3
5 Z I 0% 83 & Z z T Q3
20 © 021 028 033 036 036 041 049 0.74 082 1045
30 0.21 0.28 0.33 0.36 0.38 0.41 0.50 0.72 0.83 9.19
40 0.20 0.26 0.32 0.35 0.40 042 051 0.72 0.81 8.6
0. 0.33 0.43 040 049 0.72 0,79 5.0

50 e 0.19 0.23

o W
D

Distribution in the liquid-vapour system

For the qualitative analysis of relatively volatile compounds with boiling
points less than 150-180°, it has been found extremely convenient to use distribution
in liquid-vapour systems. in which there is no need to seek a second phase that is
immiscible with the first. The experimental and analytical procedures are simplified
considerably.

In order to improve the accuracy and reproducibility of the determination of
distribution characteristics in liquid-vapour systems, as well as in liquid-liquid sys-
tems, it is advisable to find relative values of the distribution coefficient.

In contrast to liquid-liquid systems, the distribution coefficient in liquid—-
vapour systems depends on the experimental conditions to a great extent. The time
needed for equilibrium to be established is much greater than that in liquid-liquid
systems (1.0-1.5 h), but in half an hour the relative distribution coeflicient is almost
equal to the equilibrium value.

The distribution constant is constant only for dilute solvents, i.e., in the region
where Henry’s law is valid. However, this region is limited, but the use of relative
distribution coefficients makes it possible to widen this region (Table III).

TABLE II1

EFFECT OF CONCENTRATION ON THE DISTRIBUTION COEFFICIENT OF ETHANOL
(ACETONE AS STANDARD) IN THE SYSTEM WATER STEAM AT 50°

Dlvmbtmon C'ancemrarian ( %, v/v)
coef]”cient e oo e et et e s s s e e . L e -

0. 012 0. 132 0. 331 2 43 2.73 3.33 3.93
Keer 59 5,91 6.03  6.07 6.11 609 610
Ko 1093 1099 1008 1100 1131 1279 1415

It follows from Table I1I that the linear region (Henry’s law) is observed at
concentrations less than 0.39. These results agree with published data.

It is known that the logarithm of the distribution coefficient depends linearly
on the reciprocal of the temperature. As the slopes of the lines that characterize the
heat of disoolution of a substance are different for different substances,changes in
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the distribution coeflicient with temperature cannot be neglected even when relative
distribution coeflicients are used, and the temperature must be maintained constant
within 4-0.5°.

One of the main advantages of the partition-chromatographic method is the
possibility of identifying organic compounds with the use of only one highly effective
chromatographic column. The column has to be chosen so as to provide maximum
information on the qualitative composition of a mixture, i.e., the number of separated
peaks should be a maximum. Evidently, long capillary and packed capillary columns
possess such properties.

The solvents used in the partition—chromatographic method should meet the
following requirements: selectivity, high purity, stability, passivity towards substances
being analyzed, availability, and ease of standardization. In liquid-liquid systems,
upon mixing they must form a binary system that is readily separated.

Retention of the solvents on a chromatographic column must prevent over-
lapping with the elution zones of the analyzed components, and the solvents must
not contain admixtures with retention times that are close to those of the analyzed
components. It is advisable to choose solvernts that are eluted much earlier or later (the
latter is preferable) than the analyzed substances. It should be borne in mind that
because of the mutual solubility of the phases (the liquid-liquid system), the analysis
of any of them may rcveal the chromatographic zone of the other phase.

Selective detectors simplify the choice of a solvent that is not recorded by the
detector. For example, an electron capture detector is insensitive towards hydrocar-
bons; a flame ionization detector gives only a slight response when solvents such as
water, formamide, carbon disulphide or fluorinated hydrocarbons are used. The
choice of the solvents for a liquid—vapour system is simpler because liquid immiscibili-
ty is not required.

For quantitative analysis, it is convenient (and sometimes necessary) to choose
the analyzed substance itself as one of the phases.

A proper choice of a standard substance is of great importance. A substance
introduced into the mixture or present in the initial mixture and characterized by a
single peak on the chromatogram may serve as a standard. The concentration of the
standard substance must be of the same order as that of the analyzed components.

Experiments on the determination of the distribution coefficient in a liquid—
liquid system are carried out in a 10-ml test-tube fitted with a ground-glass stopper.
A 5-ml volume of each of the solvents forming the binary system of immiscible liquids
is placed in the tube (Fig. 1). There is no need to saturate the solvents with each other
in a preliminary step when determining K,.,. Next, the analyzed mixture is introduced
into the tube (not more than 200 x1) and the mixture is shaken for 2 min. After mixing,
the contents of the tube are subjected to phase separation. Thermostatic control is
necessary only for the determination of absolute values of the distribution coefficient.

In order to determine the distribution coeflicient, an aliquot of the solution
(0.4-2 x1) is taken with a microsyringe and analyzed chromatographically.

Similar experiments in a liquid-vapour system are carried out in a 50-100-ml
glass bottle with a self-closing rubber stopper and a plastic screw-stopper that has a
hole for the syringe needle (Fig. 2). A 20-50-m] volume of a solvent containing not
more than 500-1000 u«l (according to the volume of the bottle) of the analyzed mixture
or of the substance is poured into the bottle, which is then placed in a thermostatically
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Fig, 1. Tube for the determination of distribution coefYicients in liquid-liquid systems. 1 == Test-
tube; 2 == stopper; 3 = ground cnd: 4 = upper phase; 5 = lower phasc.

Fig. 2, Vessel for the determination of the distribution coeflicients of volatile compounds in liquid-
vapour systems. 1 = Glass bottle; 2 =: plastic stopper; 3 = scal; 4 = thermostat,

controlled bath for 1.5 h. The phase analysis is performed after equilibrium has been
established. The vapour phase (0.1-2 ml) is sampled by means of 4 syringe pre-heated
to the bath temperature, and the liquid phase (0.2-1.0 pl) is sampled with a micro-
syringe.

For some phase systems and components and also for certain types of detectors
(for instance, an electron capture detector), during an experimental run it is advisable
to check whether the distribution coeflicient is constant and the detector response is
linear. These requirements may be satisfied when the experiments are conducted with
different volume ratios.

The reproducibility of measurements of the relative distribution coeflicient is
satisfactory (the coefficient of variation is not more than 3.5%), and will improve
with increasing standardization of the experimental conditions.

The results obtained by the partition-chromatographic method can be presented
as the relationship between the distribution value and the number of carbon atoms in
a homologous series of compounds. Such relationships for some classes of compounds
in a number of solvent systems (liquid-liquid and liquid-vapour) are shown in Fig. 3.
It can be seen that the partition-chromatographic method opens wide opportunities
for structural determinations.

The reliability of identification increases (as in chromatography) with the
number of systems in which the distribution values are determined. It is more con-
venient to present the experimental results in logarithmic form, and Fig. 4 shows the
logarithmic dependences of the relative distribution coefficients in one solvent system
on those in another system. It can be seen that the proper choice of the solvents makes
it possible to identify both the group and the individual composition of the analyzed
mixture.

The partition—-chromatographic method allows one to use not only the data
on distribution but also purely chromatographic values (retention volumes or reten-



360 V. G. BEREZKIN, V. D, LOSCHILOVA, A. G. PANKOV

n

Fig. 3. Log K!3f as a function of the number of carbon atoms, #, for some homologous series in
liquid—vapour systems at 50°, Solvents: a =: water; b == dimecthylformamide: ¢ = N-mcthylpyrroli-
done: d == isooctane; ¢ == benzene: f == cthyl acctate. Homologous serics: I == n-alkanes: 11 == a-
alkenes: 11l = aromatic hydrocarbons; IV = p-aldchydes; V = methyl ketoncs; VI = s-alcohols.

tion times). Therefore, combined dependences (distribution-chromatography) can
also be used, such as the dependence of the logarithm of the relative distribution coef-
ficient in both liquid—-vapour and liquid-liquid systems on the logarithm of the relative
retention volume for the stationary liquid phase in the column. This is very convenient
for the identification of components in practice (Fig. 5).

The results obtained for several solvent systems (more than two) can be pre-
sented graphically as proposed by Berezkin and Walraven'®. The differences in the
logarithms of K, are plotted in Cartesian coordinates. As can be seen from Fig. 6,
the classes of compounds fall into certain characteristic regions, thus making group

" identification of the components possible. Sometimes these regions overlap but this
effect can be eliminated by the use of a more selective system, The system of three
immiscible liquids is of interest (see Fig. 7).

For a number of problems, it is expedient to choose systems that contain a

solid component, especially such selective adsorbers as molecular sieves, graphitized
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Fig. 4. Logarithmic dependence of relative distribution coefficients in liquid-vapour systems at 50°

for two solvents. Solvents and classes of compounds as in Fig. 3. Figures near the experimental points
denote the number of carbon atoms in the molecule.

carbon black and polymeric solvents. It should be noted, however, that the distribu-
tion coeflicient in solid-vapour and solid-liquid systems depends to a greater extent
on the concentration of the component to be determined, and therefore the method
can be used only in a limited concentration range.

The partition-chromatographic method permits the application of other
selective systems, including chemical reactions and complexing. The method is also
promising for determining the absolute and relative concentrations of the components
of admixtures whose analyses are assuming increasing importance in science and
technology. In this case, the major component can be used as one of the phases.

The requirements for increased sensitivity of analytical methods are constantly
growing. The methods of concentration and separation of major components [distilla-
tion, extraction (distribution), sublimation, etc.] may considerably increase the
sensitivity. Distribution (extraction) has the advantage of higher selectivity and the

possibility of using the data on distribution as the qualitative characteristics of the
components.
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Fig. 6. Logarithmic relationship between differences in relative distribution coefficients for three and
four liquid-vapour systems at 50°, Solvents and classes of compounds as in Fig. 3.

Fig. 7. Component distribution in the ternary system isooctane (I)-aniline (I1)-water (111) at 20°.
Compounds: @, n-alkanes; A, a-alkenes; W, aromatics: ¢, methyl ketones; A, n-alcohols. Figures
denote the number of carbon atoms in the molecule.
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Using the partition—-chromatographic method, we have identified traces of

various components when solving such practically important problems as the deter-
mination of traces of admixtures in monomers in the atmosphere around industrial
sites, etc.20-22,
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