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Abstract—Extraction of lanthanum chloride and nitrate from neutral chloride and nitrate solutions with a
binary extractant (R3NHA) based on an equimolar mixture of diglycolic acid N,N-dioctylamide and tri-n-
octylamine was studied. It was shown that the extraction of lanthanum chloride with R3NHA proceeds by the
mechanism of binary extraction of salts to give the LaA3 extractable compound in the organic phase. In the
case of lanthanum nitrate extraction, complexes of a different composition are formed in the organic phase,
with the ratio of the metal concentration in the organic phase to the initial concentration of the binary
extractant being 1 : 1. The extractability of lanthanides in the system with this binary extractant increased with
increasing atomic number of the metal.
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Lanthanides are widely used not only in the tradi-
tional branches of industry, but also in the modern
manufacturing processes, as they possess luminescent,
electronic, magnetic, and other useful properties. In
most cases, this requires a high degree of purity of the
lanthanide; however, separation of these metals is a
challenge because of similarity of their chemical and
physical properties. Among known techniques,
extraction is one of the most efficient ways for lantha-
nide recovery, separation, and purification [1], and
organophosphorus reagents, for example, di(2-ethyl-
hexyl)phosphate and 2-ethylhexyl 2-ethylhexylphos-
phonate, are the most well-known commercial
extractants [2]. However, organophosphorus extract-
ants are toxic and pollute the environment, as their
disposal gives phosphorus-containing wastes. Extract-
ants based on carboxylic acid derivatives consisting
only of C, H, O, and N atoms do not contain phos-
phorus and, from the environmental standpoint, they
are promising for development of new processes for
lanthanide extraction. The extraction of a number of
lanthanides from nitrate and chloride solutions with
mono-N,N-dioctylamide of diglycolic acid (HDGA)
has been studied [3–5].

It was found that increasing pH of the aqueous phase
leads to increasing distribution ratios of lanthanides, in
conformity with the cation exchange mechanism of
extraction. Unlike known extractants, carboxylic acid
derivatives containing only C, H, and O atoms (e.g.,
Versatic 10), which extract lanthanides from neutral
media [6], HDGA provides almost quantitative recov-
ery of lanthanides from weakly acidic solutions (1 ≤ pH ≤
3); i.e., efficiency of extraction with HDGA is compa-
rable with the extraction with organophosphorus com-
pounds. The extraction stoichiometry in HDGA (HA)
systems was determined; it was found that lanthanides
are recovered from nitrate solutions to give LnA3 com-
plexes [3, 4], while extraction from chloride media may
also give, for example, in the case of erbium, LnA2Cl
compounds [5].

Apart from traditional extractants, binary extract-
ants that can also be classified as ionic liquids (ILs),
that is, organic salts existing in the liquid state at room
temperature, are used for the recovery and separation
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Fig. 1. Extraction isotherms of (1) lanthanum chloride
from a 0.5 M solution of NaCl, (2) lanthanum nitrate from
aqueous solutions without NaNO3 and (3) lanthanum
nitrate in the presence of 0.5 M NaNO3 with a 0.01 M tol-
uene solution of R3NHA.
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of lanthanides [7–17]. Extraction systems using ILs
based on diglycolic acid N,N-dioctylamide and qua-
ternary ammonium bases were reported [18–20]. It
was shown [18, 19] that phase distribution of lantha-
nide nitrates in systems containing the IL representing
the salt of HDGA and methyltrioctylammonium
(R4NA) differs from the phase distribution observed in
the extraction of these metals with a mixture of the ini-
tial extractants. According to [19], the extraction of
europium nitrate with R4NA solutions in dodecane
results in the formation of Eu(NO3)3 · (R4NA)3 sol-
vates. An extractable complex of a similar composition
is formed upon the extraction of neodymium from
nitrate solutions with dodecane solutions of R4NA
[19]. However, with ionic liquid, methyltrioctylam-
monium nitrate, as the solvent and NaNO3 as the salt-
ing-out agent, the stoichiometry of extraction changes
and neodymium migrates to the organic phase as
Nd(NO3)3 · R4NA [18]. As the concentration of
NaNO3 increases, the distribution ratios of lantha-
nides increase and at very high concentrations of
nitrate ions, the extraction of metals with ionic liquid
proceeds by anion exchange and coordination mecha-
nisms [18, 19].

It is noted that ILs based on HDGA have a higher
extraction capacity than a mixture of initial extractants at
the same equilibrium pH values [18]. It appeared of
interest to study the extraction of lanthanide salts from
nitrate and chloride solutions with a new binary extract-
ant based on HDGA and tri-n-octylamine (TOA).

EXPERIMENTAL

The initial solutions of lanthanum nitrate and chlo-
ride were prepared by dissolving weighed portions of
La(NO3)3 · 6H2O (reagent grade) and LaCl3 · 7H2O
RUSSIAN JOURNAL O
(reagent grade) in distilled water. The solutions of Nd,
Eu, and Er nitrates were prepared by dissolving
weighed portions of reagent grade metal oxides in con-
centrated HNO3 followed by repeated evaporation of
aqueous solutions on a water bath to remove excess
acid. The extractant, diglycolic acid N,N-dioctyl-
amide, was synthesized by a reported procedure [3].
The binary extractant, TOA–HDGA, was prepared by
dissolution of equimolar amounts of tri-n-octylamine
(Fluka) and N,N-dioctylamide of diglycolic acid in
toluene.

The phases were stirred at 20°C in test tubes with
ground-glass joints for 15 min; this was sufficient to
attain invariable distribution ratios of lanthanides.

The lanthanide concentrations in the initial solu-
tions and aqueous phases after extraction were deter-
mined by titration with Trilon B in the presence of
xylenol orange. The concentrations of lanthanides in
organic phases were determined as the difference
between the concentrations in the initial solution and
aqueous phase after extraction.

RESULTS AND DISCUSSION
The extraction of lanthanides with a binary extract-

ant based on TOA and HDGA (R3NHA) was studied
in relation to lanthanum salts. The stoichiometry of
phase distribution was established by measuring the
isotherms of extraction of lanthanum chloride from
0.5 M solutions of NaCl and lanthanum nitrate from
aqueous solutions without addition of the salting-out
agent and from 0.5 M solutions of NaNO3 into a 0.01 M
solution of R3NHA in toluene (Fig. 1). The data pre-
sented in Fig. 1 (curve 1) indicate that in the extraction
of LaCl3 from chloride solutions with saturation of the
organic phase, the extractant to metal ratio was close
to 3, which attested to the formation of the LaA3
extractable salt (A– is the HDGA anion). Presumably,
in the general case without considering the possible
reactions between the components in the organic
phase, lanthanum chloride distribution in the
R3NHA-containing system is described by the equa-
tion of the binary extraction of salts:

(1)

The isotherm of La(NO3)3 extraction from aqueous
solutions without a salting-out agent (Fig. 1, curve 2) has
a f lat section at a 1 : 1 ratio of the metal concentration
in the organic phase to the initial concentration of the
binary extractant. Presumably, compounds containing
metal-containing anions with mixed ligands are
formed in the organic phase in the R3NHA system, as
takes place, for example, in the extraction of lantha-
nide nitrates with methyltrioctylammonium dialkyl-
phosphinate [15]. The formation of compounds of this
composition can be attributed to more potent com-
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Fig. 2. Extraction of (1) lanthanum chloride vs. NaCl con-
centration and (2) lanthanum nitrate vs. NaNO3 concentra-
tion with a 0.01 M toluene solution of R3NHA; CLa(init) =
0.01 mol/L. 
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Fig. 3. Distribution coefficients of lanthanide nitrates in the
extraction with a 0.01 M toluene solution of R3NHA from
aqueous solutions (1) in the absence of NaNO3 and (2) in
the presence of 0.5 M NaNO3; CLn(init) = 0.01 mol/L.
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plexing properties of nitrate ions compared with chlo-
ride ions and to lower hydration energy of  in the
aqueous phase. The extraction of lanthanum nitrate
with the binary extractant is described, in this case, by
the equation that implies two extractable compounds

(2)

It is known that the extraction of lanthanides from
nitrate solutions with trioctylammonium nitrates
involves the formation of extractable compounds with
metal-containing anions [21]; therefore, extraction
with formation of one extractable compound can also
be assumed:

(3)

In parallel with binary extraction at high nitrate
concentrations, solvates can be formed in the aqueous
phase according to the equation

(4)

With excess extractant, the extractable compounds
can be solvated by the binary extractant or trioctylam-
monium nitrate molecules.

The extraction of lanthanum nitrate is more effi-
cient from nitrate solutions (Fig. 1, curve 3) than from
aqueous solutions without a salting out agent and, the
more so, it is more efficient than extraction of lantha-
num chloride. Under saturation conditions, the ratio
of the initial extractant concentration to the concen-
tration of lanthanum in the organic phase is equal to
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unity, like in the case of extraction from solutions
without a salting-out agent.

The effect of NaCl and NaNO3 concentration on
the extraction of lanthanum chloride and nitrate,
respectively, was studied (Fig. 2). It follows from the
data of Fig. 2 (curve 1) that an increase in the NaCl
concentration is accompanied by a minor increase in
the distribution ratios of lanthanum chloride accord-
ing to equation (1). An increase in the NaNO3 con-
centration leads to considerably higher recovery of
lanthanum nitrate (Fig. 2, curve 2), which also con-
firms the co-extraction of nitrate ions with lanthanum
and their presence in the extractable complex accord-
ing to equations (2)–(4).

The extraction of lanthanide nitrates from aqueous
solutions in the absence of NaNO3 and in the presence
of 0.5 M NaNO3 with a 0.01 M solution of R3NHA in
toluene was compared (Fig. 3). It can be seen from the
obtained results that extratability of lanthanides
increases with increasing atomic number of the metal;
this is also characteristic of binary extractant systems
based on dialkyl phosphoric [11, 12] and dialkylphos-
phinic acids [13, 14].

The studies demonstrated high capacity of the
TOA–HDGA binary extractant with respect to lan-
thanide nitrates, which may have practical impor-
tance. In addition, in the systems with this binary
extractant under the experimental conditions, no pre-
cipitates were formed (CLn(o) ≤ 0.01 mol/L), whereas
for the extraction with binary extractants based on
dialkyl phosohoric acids, the solubility of extractable
compounds does not exceed 0.006 mol/L [11, 12]. The
results show good prospects for extraction systems
based on TOA–HDGA to be used, for example, in liq-
uid chromatography and in combined extraction and
chromatographic separation processes [22–25]. The
binary extractant based on TOA and HDGA could
also find use in extraction processes using liquid mem-
l. 64  No. 8  2019
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brane principle [26–30]. This is due to the fact that
these processes do not require large amounts of
extractants.
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