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Abstract—The interphase distribution of lanthanide chlorides in ternary aqueous–organic systems containing
DEHPA has been studied as a function of the compositions of the aqueous and organic phases. It is found
that, in a 1 : 1 : 1 ternary system (aqueous LaCl3 solution + CH3COONa + CH3COOH–DEHPA in hexane–
isopropanol), one can achieve the separation of lanthanides, which depends on the ratio between sodium ace-
tate and acetic acid in the aqueous phase and the DEHPA concentration in the organic phase. The separation
coefficients of lanthanides with respect to lanthanum in the extraction of rare-earth metal chlorides from ace-
tic acid–acetate solutions are calculated.
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INTRODUCTION

Rare-earth metals (REMs) are used in many fields
of science and industry. Along with their conventional
use in the ceramic and glass industry and as catalysts
in oil refining, REMs find application in the produc-
tion of magnets, TV phosphors, electronics, batteries,
precision-guided munitions, and others. Lanthanides,
the main group of REMs, have similar chemical and
physical properties because of the similarity of their
ionic radii. These metals are difficult to separate by
conventional adsorption or ion-exchange processes;
therefore, the recovery and separation of lanthanides
have been investigated in numerous works using more
effective methods, among which a special place is held
by extraction and chromatographic techniques.
Extraction is used to recover lanthanides, remove
impurities, and isolate high-purity individual metals.
Efficient extractants for the recovery and separation of
REMs are various organophosphoric acids, among
which di-(2-ethylhexyl)phosphoric acid is most
known and well studied [1, 2].

For separating substances, new extraction–chro-
matographic methods were proposed, which combine
the advantages of liquid–liquid extraction and liquid–
liquid chromatography (solid support-free liquid
chromatography) [3–12]. Unlike classical chromatog-
raphy, in liquid–liquid chromatography, the station-
ary phase is actually also mobile, because it is not
immobilized to a solid support, but is held in place in

a chromatograph by centrifugal forces [3, 9–11] or by
viscosity and surface tension forces [6, 8]. The effi-
cient extraction–chromatographic separation of com-
ponents of mixtures is reached by choosing a two-
phase system of solvents. For this purpose, a heptane–
ethyl acetate–methanol–water group is often used;
using it, any system can be composed, including the
most hydrophilic (0 : 1 : 0 : 1) and most hydrophobic
(1 : 0 : 1 : 0) ones [9–12].

Previously, we investigated the interphase distribu-
tion of lanthanide salts in ternary aqueous–organic
systems to the organic phase of which a binary extract-
ant was added. We showed that the distribution of lan-
thanide salts in these systems differs from that in
extraction systems [13]. In this work, we studied 1 : 1 : 1
ternary systems containing a hydrophilic component
(water), a hydrophobic component (hexane), and a
component exhibiting both hydrophilic and hydro-
phobic properties (isopropanol). To extract lantha-
nide chlorides into the organic phase (hexane), a cat-
ion-exchange extractant—di-(2-ethylhexyl)phos-
phoric acid (DEHPA)—was added.

It is known from literature sources that complexing
agents may favor the more efficient separation of
REMs in extraction systems. For example, the
extraction of Pr and Nd from chloride–acetate media
with 8-hydroxyquinoline solutions in heptane showed
that the acetate ion concentration affects the distribu-
tion coefficients of these metals because of complex-
ation processes in the aqueous phase [14]. The effect
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of complexing agents such as lactic and citric acids on
the synergistic extraction and separation of lantha-
nides was detected [15, 16]. It was of interest to inves-
tigate the distribution of lanthanide chlorides in ter-
nary systems of aqueous solutions in the presence of a
complexing agent (sodium acetate).

EXPERIMENTAL
The initial solutions of lanthanum and ytterbium

chlorides were prepared by the dissolution of samples
of chemically pure salts LaCl3 ⋅ 7H2O and YbCl3 ⋅
6H2O in distilled water. The initial solutions of chlo-
rides of Nd, Sm, Gd, Dy, and Er were produced by the
dissolution of chemically pure oxides of these metals
in concentrated HCl with the subsequent multiple
boiling down of solutions on a water bath to remove
the excess of the acid.

The initial solutions of lanthanide chlorides were
used for preparing aqueous solutions of metal chlo-
rides of various compositions by adding buffer solu-
tions, sodium acetate, and solutions of acetic and
hydrochloric acids.

The extractant was a hexane solution of di-(2-eth-
ylhexyl)phosphoric acid (Aldrich). The solvent was
chemically pure hexane.

The characteristics of the distribution in ternary
systems were investigated mainly by the example of
lanthanum chloride and isopropanol as the third com-
ponent.

The phases were stirred at 20°C in ground-glass-
stoppered test tubes for 15 min, which was sufficient
for reaching constant values of the lanthanide distri-
bution coefficients. In 1 : 1 : 1 systems, the addition of
a third component with both hydrophilic and hydro-
phobic properties leads to the fact that the aqueous
phase may contain organics, and the organic phase
may contain water; therefore, after the phase separa-
tion, the volumes of the upper (organic) and lower
(aqueous) phases were determined.

The lanthanide concentrations in the initial solu-
tions and the aqueous phases after extraction were deter-
mined by trilonometric titration with the indicator xyle-
nol orange. The lanthanide concentrations in the organic
phases were found from the difference between the con-
centrations in the initial solution and the aqueous phase
after extraction with account for the change in the vol-
umes of the aqueous and organic phases.

RESULTS AND DISCUSSION
The object of investigation was the interphase dis-

tribution of REM chlorides from solutions of an ace-
tate buffer solution (pH 4) in 1 : 1 : 1 multicomponent
aqueous–organic systems containing DEHPA with
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isopropanol as the third component. The extraction
was performed from buffer solutions for maintaining
constant values of the pH of the aqueous phase under
the conditions of the cation-exchange process in the
system with di-(2-ethylhexyl)phosphoric acid. In the
experiments, equal volumes of DEHPA solutions in
hexane of various concentrations and isopropanol
were added to a solution of a metal chloride in the ace-
tate buffer solution. With correction for the change in
the volume ratio between the aqueous and organic
phases in this system, the lanthanide distribution coef-
ficients were calculated as

where Cin and C(aq) are the metal concentrations in the
initial solution and the aqueous phase, respectively,
after extraction; Vaq and Vor are the volumes of the
aqueous and organic phases, respectively, after
extraction.

The experimental results (Table 1) showed a high
distribution coefficients of lanthanide chlorides from
acetate buffer solution in the DEHPA-containing ter-
nary systems. If the extractant is in a deficit (Cext(in) <
CLn(in)), the lanthanide distribution coefficients differ
slightly, probably because of the saturation of the
organic phase (Cext(in)/CLn(or) = 1.13–1.60). If the
extractant is in a double excess, the distribution coef-
ficients are high for all lanthanides, which can be used,
e.g., for concentrating these metals from aqueous
solutions.

A comparison of the lanthanum chloride
extraction from acetate buffer solution in the 1 : 1 : 1
systems and in the 1 : 1 systems containing DEHPA at
equal ratios between the aqueous and organic phases
(Table 2) demonstrated that the lanthanum extraction
in the DEHPA-containing ternary systems is more
efficient than that in multicomponent systems con-
taining trioctylmethylammonium dialkyl phosphate
[13]. In the extraction of lanthanum chloride from
neutral aqueous solutions in the extraction system and
the ternary systems, the distribution coefficients do
not exceed 0.5.

The lanthanum chloride distribution in the 1 : 1 : 1
ternary system from aqueous solutions in the presence
of a complexing agent (sodium acetate) was studied.
Figure 1 and Table 3 illustrate the results of the LaCl3
extraction as a function of the sodium acetate concen-
tration at various initial concentrations of lanthanum
and DEHPA. Note that sodium acetate not only par-
ticipates in the complexation of REMs [14], but it also
influences the acidity of the aqueous phase because of
involving in hydrolysis processes. The data (Fig. 1)
show that an increase in the sodium acetate concen-
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Table 1. Results of the extraction of lanthanide chlorides in the 1 : 1 : 1 system containing DEHPA from acetate buffer solu-
tion (I) and solutions of a mixture of 0.018 M CH3COONa and 0.05 M CH3COOH (II) (Vaq : Vor = 5.5 : 3.5)

Ln СLn(in), М

DLn

I II

Сext = 0.0143 М Сext = 0.0357 М Сext = 0.0143 М
Сext = 0.0357 М

(βLn/La)

La 0.0191 1.14 12.1 0.91 1.73

Nd 0.0190 1.48 28.3 1.06 2.11 (1.22)

Sm 0.0192 1.14 18.5 1.08 2.25 (1.30)

Gd 0.0193 0.78 12.2 1.07 2.64 (1.53)

Dy 0.0193 0.82 7.61 0.76 2.70 (1.56)

Er 0.0193 0.86 9.67 0.80 3.24 (1.87)

Yb 0.0190 1.15 23.6 1.07 4.53 (2.62)

Table 2. Results of the lanthanum chloride extraction
from an acetate buffer solution in the extraction system (1 : 1)
and the ternary system (1 : 1 : 1) (Cext = 0.0214 M, CLa(in) =
0.087 M)

System Vaq : Vо СLa(aq), М СLa(or), М DLa

1 : 1 
1 : 1 : 1

5.5 : 3.5
5.5 : 3.5

0.0023
0.0018

0.0101
0.0108

4.39
6.00
tration increases the lanthanum recovery into the
organic phase, which is particularly noticeable at lower
metal concentrations in the solutions and higher
extractant concentrations (curve 3). The increase in
the lanthanum recovery into the organic phase in the
presence of sodium acetate can be due both to an
increase in pH and to the formation of lanthanum
complexes with the acetate ion in the aqueous phase.
The ratios between the extractant and lanthanum con-
centrations in the organic phase in the lanthanum
chloride extraction in the 1 : 1 : 1 system containing
DEHPA were calculated (Table 3). These data demon-
strate that, with increasing sodium acetate concentra-
tion, the organic phase is saturated to a Cext : CLa(or) ratio
of about 1. It is known from the literature data that, in
DEHPA-containing extraction systems, the extraction
of REMs from weakly acidic chloride solutions occurs
by a cation-exchange mechanism to form extractable
complexes LnA3 ⋅ 3HA [1, 2] and the extraction from
solutions with elevated acidity occurs by a solvation
mechanism to form complexes LnCl3 ⋅ qHA (YF–
DEHPA) [17]. The data in Table 3 indicate changes in
the compositions of the extracted lanthanide compounds
in the studied DEHPA-containing 1 : 1 : 1 systems.

The results showed that lanthanum chloride from
CH3COONa-containing solutions in the DEHPA-
containing 1 : 1 : 1 ternary systems is also recovered at
high distribution coefficients in the presence of an
excess of the extractant (Table 3), much as from the
acetic acid–acetate buffer solution (Tables 1, 2).
Therefore, the LaCl3 extraction from sodium acetate
solutions in the presence of acetic and hydrochloric
acids was investigated to reach lower lanthanum distri-
bution coefficients. Figure 2 presents data on the lan-
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
thanum chloride extraction in the 1 : 1 : 1 ternary sys-
tem as a function of the composition of the isomolar
(0.07 mol/L) mixtures of CH3COONa and
CH3COOH (curve 1) and CH3COONa and HCl
(curve 3). The experimental results (Fig. 2) showed
that, with increasing mineral acid content, the lantha-
num distribution coefficients decrease, and this
decrease is more significant in the HCl-containing
system because of an increase in the acidity of the
aqueous phase. The lanthanum chloride distribution
from an acetic acid–acetate solution (0.02 M
CH3COONa + 0.05 M CH3COOH) and a chloride–
acetate solution (0.04 M CH3COONa + 0.03 M HCl)
was investigated in comparison with the LaCl3 recov-
ery from aqueous salt-free solutions as a function of
the DEHPA concentration (Fig. 3). An increase in the
DEHPA concentration increases the lanthanum chlo-
ride extraction on all the systems, but this effect is
most pronounced in the recovery from the acetic
acid–acetate media.

The extraction of lanthanide chlorides from acetic
acid–acetate solutions containing 0.018 M
EERING  Vol. 54  No. 4  2020
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Fig. 1. Effect of the sodium acetate concentration on the
lanthanum chloride extraction in the 1 : 1 : 1 ternary sys-
tem (aqueous LaCl3 solution + CH3COONa–DEHPA in
hexane–isopropanol) at CLa(in) = (1, 2) 0.0311 and
(3) 0.0155 mol/L, Cext(in) of (1) 0.0107 and (2, 3)
0.0214 mol/L, and Vaq : Vor = 5.5 : 3.5.
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3

2
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Fig. 2. Lanthanum chloride extraction in the 1 : 1 : 1 ter-
nary system (aqueous LaCl3 solution + CH3COONa +
HX–DEHPA in hexane–isopropanol) as a function of the
composition of the isomolar mixture at CLa(in) =
0.019 mol/L, Cext(in) = 0.0214 mol/L, CHX = (1)
CH3COOH and (2) HCl, and Vaq : Vor = 5.5 : 3.5.
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CH3COONa and 0.05 M CH3COOH was studied at
the DEHPA concentrations, ensuring relatively low
and medium lanthanum distribution coefficients
(Fig. 3). The experimental data (Table 1) suggest that,
in the extraction from acetic acid–acetate solutions in
the case of a deficit of the extractant, the lanthanide
distribution coefficients differ insignificantly, but if
DEHPA is in an excess, the separation coefficients
βLn/La of lanthanide chlorides with respect to LnCl3

increase with increasing lanthanide atomic number and
are within the range 1.22–2.62. Thus, in the 1 : 1 : 1 ternary
THEORETICAL FOUNDATIONS OF

Table 3. Results of the lanthanum chloride extraction in
CH3COONa–DEHPA in hexane–isopropanol)

СLa(in), М Сexp(in), М СLa(a

0.0311 0.0107 0.01 0.0
0.03 0.0
0.09 0.0
0.18 0.0
0.27 0.0

0.0311 0.0214 0.045 0.0
0.091 0.0
0.182 0.0
0.273 0.0

0.0155 0.0214 0.05 0.0
0.09 0.0
0.18 0.0

3CH COONaC
system (aqueous LaCl3 solution + CH3COONa +
CH3COOH–DEHPA in hexane–isopropanol), sepa-
ration of lanthanides is reached, which depends on the
ratio between sodium acetate and acetic acid in the
aqueous phase and the DEHPA concentration in the
organic phase. Thus, by varying the compositions of
the aqueous and organic phases in a DEHPA-contain-
 CHEMICAL ENGINEERING  Vol. 54  No. 4  2020

 the 1 : 1 : 1 ternary system (aqueous LaCl3 solution +

q), М СLa(о), М DLa Сexp/СLa(or)

276 0.0055 0.20 1.95
238 0.0115 0.48 0.93
248 0.0099 0.40 1.08
257 0.0085 0.33 1.26
265 0.0072 0.27 1.49
230 0.0127 0.55 1.69
207 0.0163 0.79 1.31
198 0.0178 0.90 1.20
200 0.0174 0.87 1.23
047 0.0170 3.62 1.26
039 0.0182 4.67 1.18
036 0.0187 5.19 1.14
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Fig. 3. Effect of the DEHPA concentration on the lantha-
num chloride extraction in the 1 : 1 : 1 ternary system (1)
aqueous LaCl3 solution–DEHPA in hexane–isopropa-
nol, (2) aqueous LaCl3 solution + 0.02 M CH3COONa +
0.05 M CH3COOH–DEHPA in hexane–isopropanol,
and (3) aqueous LaCl3 solution + 0.02 M CH3COONa +
0.03 M HCl–DEHPA in hexane–isopropanol at CLa(in) =
0.019 mol/L and Vaq : Vor = 5.5 : 3.5.
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ing multicomponent system, the separation coeffi-
cients of lanthanides can be affected.

CONCLUSIONS

The interphase distribution of lanthanide chlorides
was studied in DEHPA-containing ternary aqueous–
organic systems with isopropanol as the third compo-
nent. It was shown that the LaCl3 extraction from ace-
tate buffer solution in multicomponent aqueous–
organic systems is more efficient than that in DEHPA-
containing extraction systems. The lanthanum chlo-
ride extraction from acetic acid–acetate and chlo-
ride–acetate solutions was investigated as a function of
the compositions of the aqueous and organic phases.
It was found that, in the 1 : 1 : 1 ternary system (aque-
ous LaCl3 solution + CH3COONa + CH3COOH–
DEHPA in hexane–isopropanol), the separation of
lanthanides can be reached at certain ratios between
sodium acetate and acetic acid in the aqueous phase
and a certain DEHPA concentration in the organic
phase. The separation coefficients of lanthanides with
respect to lanthanum in the extraction of rare-earth
metal chlorides from acetic acid–acetate solutions
were calculated.
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