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Abstract—Results of an experimental study on a semibatch multistage chromatographic extraction process for
the separation of a binary mixture of components in a multistage setup with eluent recycling under different
mixture-loading conditions are presented.
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INTRODUCTION

As a rule, liquid–liquid chromatography is widely
used for analytic and preparative purposes, but interest
in it has also grown in recent years in the production of
medicines on an industrial scale [1–8]. New liquid–
liquid chromatography methods (in which less expen-
sive and easily maintainable extraction equipment,
i.e., a cascade of multistage columns or mixing-set-
tling extractors modified in a proper way, is proposed
for use instead of centrifugal chromatographs) are
being developed and studied at the Kurnakov Institute
of General and Inorganic Chemistry, Russian Acad-
emy of Sciences [9–12]. One advantage of this
approach is also the absence of serious obstacles for
increasing the scales to industrial application. Liquid
chromatography with a free stationary phase or liquid
chromatography without a solid carrier, which is also
called centrifugal chromatography, is a comparatively
new method of chromatography [13–16]. One specific
feature of such processes is the absence of a solid car-
rier for the stationary phase retained in an apparatus in
a free state by centrifugal forces and, therefore, it is
more appropriate to call it the nonflowing phase, in
contrast to the f lowing (mobile) phase.

Unlike chromatography, the injection of a mixture
into the system in the chromatographic extraction
processes of separation considered in this paper is per-
formed not in the form of a short-term pulse, but peri-
odically for a certain time interval. This paper is
devoted to studying the effect of regimes used for the
injection of a f lowing phase and a separated mixture of
components into the chromatographic extraction
setup designed in the form of a cascade of consecu-
tively connected multistage columns on the efficiency

of separation, when the process is performed in a
closed loop. As was shown in [11], the application of
mobile phase recycling simulates an increase in the
number of stages in a chromatographic device, thus
improving the efficiency of separation, whereas an
increase in the separated mixture injection time ele-
vates the productivity of this process [10, 12]. How-
ever, an increase in productivity has limits due to a
decrease in the degree of separation, i.e., in the pro-
cess selectivity.

EXPERIMENTAL SETUP AND METHOD 
OF EXPERIMENTS

Experimental studies were performed on a labora-
tory setup (Fig. 1) which had a total volume of 119 mL
and was composed of four consecutively connected
multistage columns sectioned by perforated trays
installed at every 35 mm with a diameter of 6.4 mm
and 26 stages in each. The trays are PTFE plates 3 mm
in thickness and have 13 orifices 0.25 mm in diameter.
The experiments were performed with the use of a
two-phase hexane–isopropanol–water system at a
volumetric ratio of 1 : 1 : 1, and caffeine and coumarin
were used as separated substances. The binary mixture
solution in the f lowing phase was periodically fed to
the initial stage of the first column for a certain time
period in an alternating sequence with the pure f low-
ing phase. The separated mixture and mobile phase
were injected into the setup with the use of dosing
pumps with adjustable frequency and velocity of the
piston motion. The specified operational parameters
of the dosing pumps provided the displacement of dis-
crete mobile phase volumes through the columns
(pulsed feeding in the form of individual injections)
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Fig. 1. Process f lowsheet of the laboratory chromato-
graphic extraction multistage setup with mobile phase
recycling: V1, V2, and V3 are three-way valves; P1 and P2
are dosing pumps; and D is a detector. (a) Separated mix-
ture injection in the open loop, (b) separation of compo-
nents in the closed loop, (c) supply of the fresh f lowing
phase and withdrawal of components from the setup in the
open system.
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with intense phase contact necessary for interphase
mass transfer. The f lowing phase was withdrawn from
the last stage of the fourth column after passing
through all the stages in the cascade of columns. The
outlet of the last (fourth) column was connected in the
regime of recycling to the inlet of the first column with
an FEP tube, which had an inner diameter of 1.6 mm
and a length of 26.5 m and provided the recycling sys-
tem volume equal to 0.48 from the device volume.
Outlet concentration curves were continuously
recorded at the outlet from the setup with the use of
UVV 101.4 M spectrophotometric detector connected
THEORETICAL FOUNDATIONS OF
to a computer. The productivity of the considered
semibatch chromatographic extraction process is gov-
erned by the time of loading periods (the number of
injections for the solution of components) and the
intervals between neighboring loads. For this reason,
the time taken to inject the solution of components
into the system (the number of injections, i.e., the vol-
ume of the loaded separated mixture) and the intervals
in which new solution portions were injected were var-
ied in the experiments. The experiments were per-
formed for two sequential loadings of the solution of
components into the system.

For the individual components of the selected
pharmaceutical mixture (caffeine and coumarin), the
distribution coefficients and the numbers of theoreti-
cal stages were preliminarily determined from the
experimental chromatograms.

The distribution coefficients were calculated by the
formula

(1)

where K is the distribution coefficient, if is the number
of a f lowing phase portion leaving the setup and corre-
sponds to the yield of the entire volume of this phase
(solvent front yield), imax is the number of a portion
with a maximum concentration, and S is the nonflow-
ing phase fraction.

Taking into account the cyclic f lowing phase
motion regime, the parameter if is equal to the total
number of stages in the cascade of columns, i.e., if =
ns = 104.

The number of theoretical stages (trays) was deter-
mined from the peak base width W as

(2)

RESULTS AND DISCUSSION
The distribution coefficients K calculated by

Eq. (1) were K1 = 0.10 for caffeine and K2 = 0.46 for
coumarin. The numbers of theoretical stages accord-
ing to Eq. (2) was N1 for caffeine and N2 = 26 for cou-
marin.

The experimental concentration curves at the out-
let from the setup are plotted in Fig. 2 in the absor-
bance (mAu)–time (s) coordinates for different con-
ditions of mixture loading into the apparatus in the
regime with eluent recycling. As can be seen from the
experimental curves, the separation of components is
attained after two cycles (after two passages of the sep-
arated mixture through the setup). As can be seen from
the experimental curves, the separation of compo-
nents is attained after two cycles (after two passages of
the separated mixture through the setup). When the
load is increased from 1 to 40 injections, the separa-
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Fig. 2. Experimental concentration curves of components at the outlet from the setup for two sequential loadings of the binary
caffeine–coumarin mixture for the separation process performed under mobile phase recycling conditions at different separated
mixture loads into the setup by (a) 1, (b) 10, (c) 20, (d) 30, and (e) 40 injections.
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tion efficiency of the components becomes slightly
worse, but productivity grows many times. Moreover,
as follows from the comparison of Figs. 2a–2e, the
concentration of components in the separated frac-
tions grows by more than an order of magnitude, when
the separated mixture load is increased from 1 to 40
injections.
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
CONCLUSIONS
The results demonstrate the possibility and pros-

pects of organizing the continuous chromatographic
extraction process for the separation of components in
a cascade of consecutively connected extraction col-
umns in the regime of f lowing (mobile) phase recy-
cling. For the intensification of mass transfer, espe-
EERING  Vol. 55  No. 5  2021
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cially in cases when the extraction process is accompa-
nied by a chemical reaction at the phase interface, it is
possible to use multistage (sectioned) columns with
stirrers [17].
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