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Abstract—Liquid–liquid chromatographic processes, in particular, separation of rare-earth metals, were pro-
posed to be performed in a cascade of centrifugal mixer–settler extractors. Various modes of extraction chro-
matographic processes of rare-earth metal separation were theoretically analyzed.
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An important problem of today is to develop new,
highly efficient technologies for producing rare-earth
metals and improve the existing ones, which are
already used in industry. Liquid extraction is widely
used both in separation of rare-earth metals (as well as
radioactive elements and nonferrous and noble met-
als) from leaching solutions of mineral and secondary
raw materials, and in subsequent processes of separa-
tion of components and their fine cleaning [1–7].
Note that new selective extractants are now intensely
searched for [8–11], whereas the process (equipment
and operations) design of extraction separation of
rare-earth metals receives much less attention.

Extraction in hydrometallurgy is typically carried
out in cascades of series-connected mixer–settlers or
in single-stage centrifugal extractors [12, 13]. In a cas-
cade of extractors, the following stages are usually per-
formed: extraction of metal salts from an aqueous
solution with an extractant dissolved in an organic
phase, washing of an extract with an aqueous solution
of metal salts, and stripping of a desired component
(or group of components) with water.

Recently, application of chromatographic methods
to separation of rare-earth metals has also been stud-
ied [1, 14–17]. The most promising of them in this
field seem to be liquid–liquid chromatographic pro-
cesses [18–21]. In liquid–liquid chromatography, a
liquid phase called the mobile phase is pumped
through an apparatus (chromatograph) and repeatedly
contacts a second liquid phase called the stationary
phase, which is retained in the apparatus in the free
state. Unlike countercurrent extraction, which within
a single stage can separate only binary mixtures, liq-
uid–liquid chromatography within a single stage can
separate multicomponent mixtures. Another advan-
tage of chromatographic methods of separation is low
reagent consumption, which allows one to use new,

highly efficient, albeit expensive, extractants for pro-
ducing pure and ultrapure substances.

A disadvantage of chromatographic methods is low
performance caused by low capacity of centrifugal
chromatographs used for performing liquid–liquid
chromatographic processes.

In this work, liquid–liquid chromatographic pro-
cesses, in particular, separation of rare-earth metals,
are proposed to be carried out in a cascade of centrif-
ugal extractors. Extraction chromatographic processes
of rare-earth metal separation in such a cascade are
theoretically analyzed.

CASCADE OF CENTRIFUGAL EXTRACTORS 
AS A SYSTEM FOR LIQUID–LIQUID 

CHROMATOGRAPHY
Liquid–liquid chromatographic processes are con-

ducted in apparatuses of two types: hydrostatic (series-
connected chambers in which phases contact are
mounted on the surface of the cylinder of an ordinary
centrifuge) and hydrodynamic (where the phases con-
tact in a coil wound on the bowl of a planet centrifuge)
[18–20]. As noted above, a disadvantage of these
apparatuses is their low performance caused by their
low capacity. The performance of extractors is several
orders of magnitude higher than that of chromato-
graphs. In principle, liquid–liquid chromatographic
processes can be carried out in cascades of mixer–set-
tlers [22]. However, because of the large volume of set-
tlers, the chromatographic separation is of low effi-
ciency since the fractions of components spread as
they move along the cascade. A cascade of single-stage
centrifugal extractors is free of this disadvantage.
Here, single-stage centrifugal extractors with mixing
of phases under gravity, e.g., those of the TsENTREK
type, are considered [13]. The volume of the settling
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chamber at a mixer–settler stage is typically many
times the volume of the mixing chamber, whereas the
volumes of the mixing chamber and the decantation
chamber at a centrifugal extractor stage are approxi-
mately equal [13].

Figure 1 shows a schematic of a cascade of single-
stage centrifugal extractors for liquid–liquid chro-
matographic separation. Unlike countercurrent
extraction, stages of the cascade of centrifugal
extractors are coupled only by the f low of the aqueous
phase. The organic phase is retained in the cascade by
its recirculation between the mixing and decantation
chambers at each stage of the cascade.

The cascade of extractors includes vessels for a
metal salt solution in the aqueous phase and for the
pure, metal-free aqueous phase and works as follows.
Initially, all the stages of the cascade are filled with an
extractant-containing organic phase, and the pure
aqueous phase is pumped through the cascade at a cer-
tain rate while recirculating the organic phase until
hydrodynamic equilibrium (the constancy of the ratio
between the phases at the stages) is reached. Then,
instead of the pure aqueous phase, the metal salt solu-
tion in the aqueous phase is fed to the cascade for a
certain time at the same rate. After the loading of the
mixture of metals to be separated is completed, the
feeding of the pure aqueous phase to the cascade is
resumed. Further, the process is repeated. At the out-
let of the cascade, fractions of separated metals are
periodically removed.

THEORETICAL ANALYSIS
In the mixing chamber of a centrifugal extractor,

the agitator finely divides one of the phases and brings
the phases into intimate contact, and in the decanta-
tion chamber, which is a centrifugal separator, the
phases are rapidly separated. Therefore, the extraction
chromatographic process in the cascade of extractors
can be described using a model of equilibrium steps.
For further analysis, the following notation is intro-
duced:  is the equilibrium partition coeffi-
cient of a component between the organic and aque-
ous phases; x is the concentration of the component in

DK y x=

the aqueous phase; y is the concentration of the com-
ponent in the organic phase; N is the number of equi-
librium steps (number of extractors in the cascade);

 is the dimensionless concentration;
 is the average concentration in

the cascade after the completion of the loading; F is
the volumetric f low rate of feeding of the aqueous
phase to the cascade; Q = xsFτs is the amount of the
component fed to the cascade for loading time τs; Vc =
Vо + Vа is the volume of the cascade of extractors; Vо
and Vа are the volumes of the organic and aqueous

phases in the cascade, respectively; 

is the fraction of the volume of the organic phase at the

steps of the cascade of extractors;  is the

dimensionless time;  is the average residence

time of the aqueous phase in the cascade; and
 is the dimensionless loading time.

Using this notation and the previously obtained
results [23, 24], the theoretical dependences necessary
for analyzing separation processes can be represented
in the form

,
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Fig. 1. Schematic of a cascade of single-stage centrifugal extractors for liquid–liquid chromatographic separation. SP stands for
stationary (organic) phase; MP, for mobile (aqueous) phase.
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cascade during and after the loading of the mixture,
respectively.

Let us consider several variants (modes) of
extraction chromatographic separation of rare-earth
metals in the cascade of centrifugal extractors.
Extractants for separation of rare-earth metals are
characterized by wide ranges of both partition coeffi-
cients and separation factors. Analysis below is made
at a separation factor of neighboring rare-earth metals
of 2 and within two ranges of partition coefficients:
low (on the order of 1) and high (on the order of 10).

Low Partition Coefficient Range

Performed within this range are, e.g., extraction
of rare-earth metal nitrates and chlorides with solu-
tions of binary extractants in toluene from aqueous
salt-free solutions [1] and extraction of rare-earth
metals in the nitric acid–di(2-ethylhexyl)phosphoric
acid system [14].

It was shown [25, 26] that, at low partition coeffi-
cients, the chromatographic separation efficiency can
be significantly increased by replacing the steady-state
(continuous) mode of feeding of the mobile phase to a
column by a discrete (cyclic) mode. The separation
efficiencies in the two modes as estimated in terms of
number of theoretical steps (plates) are interrelated by
the expression

. (4)

Figure 2 presents the outlet concentration profiles
calculated by Eqs. (2)–(4) for a ternary mixture with
the partition coefficients KD1 = 0.4, KD2 = 0.8, and
KD3 = 1.6 at various loading times in the modes of con-
tinuous and cyclic feeding of the aqueous phase f low
to a 50-step cascade. As is seen from Fig. 2, an increase
in the loading time from ts = 0.004 (when the fed
amount of the solution of components is equal to the
volume of the aqueous phase at one step of the cas-
cade) to ts = 0.1 (when the fed amount of the solution
of components is equal to the volume of the aqueous
phase at 25 steps, i.e., in a half of the cascade) hardly
influences the separation quality. A further increase in
the loading time to ts = 0.2 noticeably decreases the
component separation quality. Moreover, Fig. 2 sug-
gests that the cyclic mode of feeding of the aqueous
phase f low markedly improves the component separa-
tion.

High Partition Coefficient Range

As follows from formulas (4), at high partition
coefficients, the chromatographic separation efficien-
cies in the continuous and discrete modes of feeding of
the mobile phase become virtually equal. Therefore,
the separation process is influenced only by the mode

c
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of feeding of the aqueous solution of the mixture being
separated to the cascade.

Figure 3 shows the outlet concentration profiles
calculated by Eqs. (2) and (3) for a ternary mixture
with the partition coefficients KD1 = 4, KD2 = 8, and
KD3 = 16 at various times of loading of the mixture to
a 50-step cascade. One can see from Fig. 3 that an
increase in the loading time to ts = 0.8 (when the fed
amount of the solution of components is equal to the
volume of the aqueous phase at 200 steps, i.e., is four
times the volume of the aqueous phase in the cascade)
has almost no effect on the separation quality. Only at
a loading time of ts = 1.6, the component separation
quality deteriorates.

Thus, the performance of extraction systems with
high partition coefficients is many times that of sys-
tems with low partition coefficients. However, the
retention times of fractions of components in the latter
case are also higher.

Above, separation processes with batch feeding of
a mixture to be separated to an extraction chromato-
graphic separation system were considered. In prac-
tice, it is preferable to carry out such processes in a
continuous semibatch mode with regular feeding of
the mixture at specified time intervals. The time inter-
val between two consecutive loads of the mixture
should be sufficient to separate the fractions of the
slowest (in motion along the cascade) component of
the first load (the component with the highest parti-
tion coefficient) and the fastest component of the sec-
ond load (the component with the lowest partition
coefficient). If the first load of the mixture is done at
the time τ1 = 0 and the second and subsequent loads
are done in time intervals τ2, then the process can be
modeled and the outlet concentration profiles can be
calculated using the formulas

,
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(7)

where  is the dimensionless time interval
between loads of the mixture to the cascade.
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Equations (5), (6), and (7) describe the outlet con-
centration profiles of components of the first, second,
and nth loads, respectively.

In Fig. 4, for a ternary mixture with KD1 = 4, KD2 = 8,
KD3 = 16, the outlet concentration profiles are pre-
sented for the components with the maximal (KDmax =
KD3 = 16) and minimal (KDmin = KD1 = 4) partition
coefficients after the second load at various loading

Fig. 2. Calculated outlet concentration profiles for a ternary mixture ((1) KD1 = 0.4, (2) KD2 = 0.8, and (3) KD3 = 1.6) with (A)
continuous and (B) cyclic feeding of the aqueous phase f low to a cascade (N = 50, S = 0.8) at various loading times ts = (a) 0.004,
(b) 0.1, and (c) 0.2.
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Fig. 3. Calculated outlet concentration profiles for a ter-
nary mixture ((1) KD1 = 4, (2) KD2 = 8, and (3) KD3 = 16)
loaded to a cascade (N = 50, S = 0.8) at various loading
times ts = (a) 0.004, (b) 0.2, (c) 0.4, (d) 0.8, and (e) 1.6.
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Fig. 4. Calculated outlet concentration profiles of the
components with the maximal ((3) KDmax = KD3 = 16) and
minimal ((1) KDmin = KD1 = 4) partition coefficients after
the second load to a cascade (N = 50, S = 0.8) at (a) ts =
0.2 and t2 = 16, (b) ts = 0.8 and t2 = 16, (c) ts = 1.6 and t2 =
16, and (d) ts = 1.6 and t2 = 18.
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durations as calculated by Eqs. (5) and (6). Figure 5
shows the calculated outlet concentration profiles and
fraction withdrawal boundaries after two loads. As is
seen from Fig. 4, an increase in the duration of loading
of the mixture to the cascade to ts = 0.8 does not
require one to increase the time interval between
loads. Only at a loading duration of ts = 1.6, the time
interval between loads should be increased from t2 =
16 to t2 = 18 (Figs. 4c, 4d).
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Fig. 5. Calculated outlet concentration profiles and frac-
tion withdrawal boundaries for components of a mixture
((1) KD1 = 4, (2) KD2 = 8, and (3) KD3 = 16) after two loads
(N = 50, S = 0.8, ts = 0.8, t2 = 18).
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