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Abstract—A periodic method of extraction-chromatographic separation of a mixture of components in a
closed cascade of mixer–settler extractors was proposed. The processes of extraction separation in a closed
cascade operating in the chromatography mode were analyzed. The theoretical foundations of the method
were developed, which are necessary for modeling of extraction-chromatographic separation processes;
examples of modeling different variants of such processes were given. The proposed separation method can
be especially useful in the development of technologies for obtaining pure and special-purity substances, in
particular, in the production of rare earth metals.
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The efficiency of chromatographs, as well as
extractors, is determined by the interphase mass-
transfer rate and the longitudinal dispersion rate in
both phases. Unlike continuous stationary processes
of countercurrent extraction, the transfer processes in
liquid–liquid chromatography are nonstationary, and
one of the phases—the stationary phase—is not
removed from the chromatographic column [1–15].
The methods and equipment of liquid–liquid chro-

matography have low productivity and cannot be used
in industry, in particular, in hydrometallurgy, where
large volumes of process solutions should be pro-
cessed. At the same time, chromatographic methods
have a number of advantages over extraction methods:
the former can separate a great number of components
within a single process stage, give high-purity prod-
ucts, are environmentally more friendly because they
use relatively low volumes of organic solvents, and are
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Fig. 1. (a) Uniform loop and (b) loop with recirculation line: A is the point of supply of the aqueous phase or a mixture of com-
ponents, B is the point of the recording of the concentrations and the removal of the fractions of components, N is the number
of stages in the cascade (1, 2, 3, …, k is no. of a stage), and F is the volume flow rate of supply of the aqueous phase to the cascade.
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Fig. 2. Modeling of the separation of a ternary mixture
(KD1 = 0.4, KD2 = 0.7, KD3 = 1.2) in two cycles (n = 2) at
N = 100, S = 0.8, and ts = 0.1. The numbers at the curves
are nos. of components of the mixture.
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less intensive in materials and energy because the
number of process stages and the amounts of the used
reagents are reduced. Previously, we have developed
high-productivity extraction-chromatographic sepa-
ration methods using industrial separation equipment:
a cascade of pulsed tray columns [3, 4, 14] and a cas-
cade of centrifugal extractors [15]. Various designs and
operating conditions of the considered separation pro-
cesses are possible. For practical implementation of
these processes, their theoretical description is neces-
sary. The purpose of this work was the theoretical
analysis of one of the most promising variants of such
processes, namely, extraction-chromatographic sepa-
ration of a mixture of components in a closed cascade
of mixer–settler extractors.

MATHEMATICAL MODEL

As in the cascade of centrifugal extractors, in each
stage of the modeled cascade, there is full recirculation
of the organic phase between the settler and the mixer,
and the stages of the cascade are coupled only by the
flow of the aqueous phase. Figure 1 presents two vari-
ants of the design of the cascade.

The calculation dependences were derived using
two approaches that we proposed before [16]: (1)
cycles of circulation of components of the mixture in
the system are represented as their transport through a
number of series-connected identical cascades, and
(2) it is assumed that the outlet concentration profiles
of components after each cycle can be described by the
Gaussian distribution. To simplify mathematical
manipulations, we consider extraction systems with a
linear dependence of the equilibrium concentrations
(the distribution coefficient KD is independent of con-
centration). Note that, in some cases, the equilibrium
curve can be approximated by a straight line with an
accuracy sufficient for practical calculations. To fur-
ther simplify the mathematical model, it can be
assumed that the f low circulating through the cascade
in a long pipeline (Fig. 1b), connecting the last stage
with the first stage (in the recycle line), moves in the
ideal displacement mode.

Using the first approach, after a number of mathe-
matical manipulations, the following equation was
derived for the outlet concentration profile of a com-
ponent with distribution coefficient KD after cycle n:

(1)

Using the Gaussian distribution, a simpler depen-
dence can be obtained:
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Fig. 3. Modeling of the separation of a binary mixture: (a) (KD1 = 0.8, KD2 = 1.4) in three cycles (n = 3) at N = 100, S = 0.5, and
b = 0.4; and (b) (KD1 = 1.4, KD2 = 2.4) in two cycles (n = 2) at N = 100, S = 0.5, and b = 0.4. 
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In Eqs. (1) and (2), the following notation is

accepted: , b = Vr/Vс is the ratio of the

volume Vr of the recirculation line to the volume Vс of
the cascade of extraction stages, N is the number of
stages in the cascade, S is the fraction of the volume
that is filled in a stage by the organic (nonflowing)
phase,  is the dimensionless concentration,

 =  is the average concentration in
the cascade after the loading of the mixture, Q is the
amount of the component with distribution coeffi-
cient KD in the loaded mixture, xs is the concentration
of the component in the mixture, F is the volume flow

=
− + D

1
1

a
S SK

= /X x x
= cx Q V τs s cx F V
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rate of supply of the aqueous phase and the mixture of

components and circulation in the loop,  is the

dimensionless time,  is the dimensionless
time of loading of the mixture of components, τs is the
duration of the period of loading of the mixture of
components, and i is no. of a cycle.

The calculations showed that, for modeling of sep-
aration processes, instead of Eq. (1), simpler depen-
dence (2) can be used.

To take into account the mutual effect of the neigh-
boring cycles, the concentration profiles of all the
cycles should be summed:

τ=
c

Ft
V

= τs s ct F V
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Fig. 4. Modeling of the two-stage separation of a ternary
mixture (KD1 = 0.2, KD2 = 0.5, KD3 = 1) in two and four
cycles at N = 100, S = 0.5, b = 0.8, and ts = 0.1. The num-
bers at the curves are nos. of components of the mixture.
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ANALYSIS OF MATHEMATICAL MODEL

Let us consider several examples of separation of
mixtures of components in the uniform loop (b = 0)
and in the loop with the recirculation line. Figure 2
presents the results of numerical modeling of the sep-
aration of a ternary mixture (KD1 = 0.4, KD2 = 0.7,
KD3 = 1.2) in two cycles in a cascade of hundred stages
(N = 100) at various values of the parameter b: the
concentration profiles after the second cycle, calcu-
lated from Eq. (2); and the concentration profiles
throughout the recirculation process, calculated from
Eq. (3). As is seen, the uniform loop (b = 0) after the
second cycle could separate components if the con-
centration profiles after the first and second cycles did
not overlap. The nonuniform loop owing to an
increase in the parameter b can separate the mixture in
two cycles.

After each passage of the mixture through the cas-
cade of extractors, the degree of separation of compo-
nents increases. However, the approach and overlap of
the concentration profiles of the neighboring cycles,
which are caused by their dispersion during their pas-
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sage through the cascade, limits the efficiency of sep-
aration in the uniform loop. The long recirculation
pipe in the nonuniform loop favors the separation of
the concentration profiles of the neighboring cycles,
thus making possible to increase the number of cycles
and increase the quality of separation.

Figure 3 by the example of the separation of two
binary systems (KD1 = 0.8, KD2 = 1.4 and KD1 = 1.4,
KD2 = 2.4) illustrates the effect of the parameter ts on
the quality of separation of components. In the first
case, the separation of components is reached in three
cycles (n = 3). An increase in ts from 0.01 to 0.3, which
corresponds to an increase in the selectivity by a factor
of 30, did not significantly affect the selectivity of the
separation. At ts = 0.5, because of the partial overlap of
the concentration profiles of the neighboring cycles,
the quality of separation impairs. In the second case,
the separation of components is reached in two cycles,
and the high selectivity of the process also remains at
ts = 0.5.

Figure 4 presents the results of modeling the two-
stage separation of a ternary mixture (KD1 = 0.2, KD2 =
0.5, KD3 = 1). After the second cycle, the loop is
opened; to the first stage of the cascade, the aqueous
phase is fed; and from the last stage, the fraction of
component 3 is removed for the time t = 2.6–3.2.
Then, the loop is closed; the separation continues; and
after the fourth cycle, the fractions of components 1
and 2 are removed from the cascade. The concentra-
tion profiles are calculated from Eq. (3) by substituting
n = 2 for the first stage and n = 4 for the second stage.
The multistage separation method can be used for the
separation of complex multicomponent mixtures.

CONCLUSIONS

The advantages of the proposed method of
extraction separation in a closed cascade of mixer–
settler extractors are an increase in the quality of sep-
aration (purity of the separated components) owing to
the multiple passage of a mixture through the cascade
and a decrease in the consumption of reagents (the
flow of the mixture (mobile phase) can circulate in the
cascade until the slowest component leaves the final
stage). A disadvantage of the method is the periodicity
of the process. We plan to perform experimental stud-
ies and further improvement of extraction processes of
separation and purification (development of the the-
ory of continuous processes), which can be used to
develop promising technologies for producing pure
and special-purity substances, in particular, in the
production of rare-earth metals.
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