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Abstract: A new extraction system containing a mixture of Cyanex 272 and caprylic acid is proposed
for the extraction and separation of lanthanides(III). It was shown that this system possesses a high
level of extraction ability and capacity. The extraction of lanthanides(III) from chloride-acetate and
nitrate-acetate media was investigated on an example of La(III). The composition of the extracted
species was confirmed, based on the analysis of lanthanum(III) extraction isotherms. In the case of
acetic-acetate aqueous solutions, a decrease in lanthanum(III) extraction efficiency was observed,
due to the decreasing equilibrium pH of the aqueous phase in accordance with the cation-exchange
mechanism. The composition of the synergistic mixture of Cyanex 272-caprylic acid established
demonstrates highly efficient separation of rare-earth metal ions.

Keywords: solvent extraction; lanthanides(III); Cyanex 272; caprylic acid

1. Introduction

Rare earth elements (REE) find their application in many fields of advanced materials
science and industry as they demonstrate a variety of promising and unique properties
(for example, luminescent, electronic, magnetic, and catalytic properties) [1–5].

The separation of lanthanides is a challenging goal, due to their similar chemical and
physical behavior. In recent years, there have been a growing number of studies on the
recovery and separation of lanthanides using a variety of methods, among which special
attention has been paid to liquid-liquid extraction [6–11]. Liquid-liquid extraction is the
most common large-scale separation method, which is usually carried out as a continuous,
multi-stage process of extraction and separation of REE from aqueous solutions using an
organic solvation agent (extractant) that forms complexes with REE ions. Rare earth metals
are then stripped from the REE-enriched organic phase by putting it in contact with an
aqueous solution with which ions have a greater affinity. Due to the very small behav-
ioral difference between lanthanides, the extraction-stripping process should be repeated
multiple times to achieve satisfactory separation. Usually, solvent extraction is followed
by precipitation of REE as a salt (e.g., carbonate, oxalate) or hydroxide, filtering, washing,
drying (or calcination) and grinding. Extractants of various classes have recently been
used for REE extraction and separation, for example, organophosphorus cation-exchange
extractants [12–15], neutral extractants (e.g., TBP, trialkylphosphine oxides) [16–19], binary
extractants and ionic liquids [20–26].

The most widely used acidic organophosphorus extractants for REE are 2-ethylhexylp-
hosphonic acid mono-2-ethylhexyl ester (EHEHPA), di(2,4,4-trimethylpentyl)phosphinic
acid (Cyanex 272) and di(2-ethylhexyl)phosphoric acid (DEHPA) [27–30]. Previously, the
extraction of REE from chloride solutions was studied using organophosphorus acids 2-
ethylhexylphosphonic acid mono-(2-ethylhexyl) ester (HEHEHP) combined with DEHPA,
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isopropylphosphonic acid 1-hexyl-4-ethyloctyl ester, Cyanex 272, bis(2,4,4-trimethypentyl)-
monothiophosphinic acid (Cyanex 302) or bis(2,4,4-trimethypentyl)dithiophosphinic acid
(Cyanex 301) as extractants. It was found that HEHEHP and Cyanex 272 could be used
for the separation of Tm(III), Yb(III) and Lu(III) from the other rare earth elements [27].
Acidic extractants are usually saponified in the organic phase by the addition of bases, in
order to speed up the extraction, and then REE are stripped from the organic phase using
acidic aqueous solutions during the subsequent step. Synergistic extraction of heavy REE
was observed in chloride media when mixing (2-ethylhexylamino)methylphosphonic acid
mono-2-ethylhexyl ester (HEHAMP) and EHEHPA. The maximum synergistic enhance-
ment factors of Lu(III), Yb(III), Tm(III), Er(III), Y(III) and Ho(III) were 2.89, 2.76, 2.54, 2.14,
2.14 and 2.06, respectively, at a mole fraction of HEHAMP equal to 0.5 [28]. Different extrac-
tants and their mixtures were investigated for Pr(III) extraction from chloride media [29].
Among all the combinations, mixtures of Cyanex 301 with Cyanex 921 or Cyanex-923
demonstrated a synergistic effect on the extraction of praseodymium. Different extractants
(Cyanex 272, DEHPA, EHEHPA and Cyanex 301) were tested for the separation of La from
Pr and Nd from synthetic chloride leach liquor [30]. Cyanex 272 demonstrated a better
extraction affinity toward Pr and Nd than La. Saponification of Cyanex 272 favored the
separation of La from Pr and Nd.

The practical application of Cyanex 272 is restricted by its low loading capacity,
because of its high pKa value [31], and the low lipophilicity of the extracted species. In this
regard, a number of synergistic extractant systems have been suggested for overcoming the
low extractability of Cyanex 272 and much attention has been paid to systems containing
several extractants. Thus, the synergistic extraction of Pr and Nd was achieved with the
binary mixtures of Cyanex 272 and tertiary amines [31–33]. Among the extractant mixtures
studied, the combination of Cyanex 272 and Alamine 336 showed the best extraction ability,
and the highest synergistic enhancement factors were observed at a Cyanex 272 mole
fraction of 0.5. The quantitative stripping of REE from the organic phase was found to be
possible by using solutions of mineral acids. A binary extractant based on Cyanex 272 and
methyltrioctylammonium showed a high extraction ability for REE recovery from nitrate
media [24]. In the extraction of light REE, a synergistic effect was found in the case of a
Cyanex 272-EHEHPA system with a low acid concentration [34]. Synergistic extraction
of REE was observed while using mixtures of bis(2,4,4-trimethylpentyl)phosphinic acid
with 8-hydroxyquinoline [35] and with sec-nonylphenoxy acetic acid [36]. The mixture of
DEHPA and Cyanex 272 was found to be synergistic for Eu(III) extraction. In the extraction
studies, the maximum synergistic enhancement factor was obtained for the DEHPA-Cyanex
272 mixture with a 1:1 molar ratio [37].

As well as using synergistic systems, the extraction and separation of REE can be
significantly improved by the addition of complexing agents to the aqueous phase. For
example, the extraction and separation of Pr(III) and Ce(III) in the EHEHPA-containing
system was found to become more efficient in the presence of complexing agents, such
as lactic or citric acid [38]. The addition of lactic acid to the DEHPA-containing system
was accompanied by an increase in DEHPA extraction capacity [39]. It was found that the
use of acetic acid, along with lactic acid, promoted the extraction of REE by Cyanex 272 in
kerosene [40]. The extraction of La(III) from acidic nitrate-acetate media by Cyanex 272
(H2A2) alone, or in combination with trioctylphospine oxide (TOPO) (B) in toluene, was
investigated [41]. It was found that [La(OAc)2A·3HA] and [La(OAc)A2·B] are extracted in
systems without and with TOPO, respectively.

In the case of Nd3+, Zanonato [42] demonstrated that lanthanide ions form various
acetate complexes according to the following equilibrium:

Ln3+ + j(OAc)− � Ln(OAc)j
(3−j)+, j = 1, 2, 3 (1)

It has been reported that the extraction of REEs by the binary extractants is improved
in the presence of carboxylates due to the solvation of extracted species in the organic
phase [43,44]. Thus, the mixture of Cyanex 272 with caprylic acid was examined to
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improve the solubility of lanthanum extracted complexes. The availability of acetic acid, in
combination with its low price, makes it suitable for extraction purposes. Thus, the acetate
ion was used as a complexing agent in the experimental study described below. This paper
describes a new Cyanex 272-caprylic acid system for the extraction of lanthanides(III) from
chloride-acetate and nitrate-acetate solutions. La(III) was chosen as a model object.

2. Materials and Methods

Stock solutions of lanthanum(III) chloride and nitrate were prepared by dissolving
LaCl3·7H2O and La(NO3)3·6H2O in distilled water. Stock solutions of Nd, Eu, Dy, Er and
Yb chlorides were prepared from their oxide (>99.9%) by dissolving them in HCl (conc.)
and diluting to the required volume with distilled water. The initial aqueous solutions
were diluted to the desired lanthanide concentration. Selected concentrations of acetate
ions in aqueous solutions were maintained by adding NaOAc or AcOH.

A mixture of di(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272, CYTEC, Canada)
and caprylic acid (Acros) was used as an extractant (solution in hexane). Commercial
extractants were used without any further purification.

The concentrations of lanthanide in the initial solution and in the aqueous phase after
extraction were determined via titration with a standard solution of EDTA at pH 5.5, using
xylenol orange as an indicator. The concentration of lanthanide in the organic phase was
calculated as the difference between the concentrations in the initial solution, and the
aqueous phase, after extraction. The concentrations of lanthanide in the organic phase were
also determined after its stripping with 0.5 mol/L HCl solution. Reagent grade chemicals
were used. The distribution ratio (D) was determined as the ratio of the concentration
of lanthanide(III) in the organic phase to that in the aqueous phase, and was calculated
according to the following equation:

D = [Ln]o/[Ln]aq, (2)

where [Ln]o and [Ln]aq are the equilibrium concentrations of the lanthanide in the organic
and aqueous phase, respectively. The separation factor characterizes the separation degree
between two lanthanides (Ln1–Ln2) in the extraction system and was calculated according
to the following equation:

β = D(Ln2)/D(Ln1) (3)

Extraction was performed at 20 ◦C in test tubes with ground-in stoppers, with equal
volumes of the aqueous and the organic phases. Phases were mixed for 15 min, which was
sufficient to establish the permanent values of the distribution ratios of lanthanides. pH
measurements were performed using a SevenExcellence s470-k pH meter.

Three replicate experiments showed that the standard deviation of the measurements
was less than 5%.

3. Results and Discussion

Preliminary experiments indicated that the extraction of La(III) from chloride-acetate
solutions with a 0.015 mol/L Cyanex 272 solution in hexane was accompanied by the
formation of insoluble products. To increase the solubility of lanthanum extracted species,
hexane solutions of Cyanex 272 were supplemented with caprylic acid in different con-
centrations (vide infra). The introduction of the latter resulted in complete precipitation
suppression. The structure of the extractants is shown in Figure 1.
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Figure 1. Commercial extractants Cyanex 272 and caprylic acid.

3.1. Effect of Caprylic Acid Concentration

Figure 2 shows evidence, from experimental data, for the effect of caprylic acid
concentration on La(III) extraction from chloride-acetate solution (0.1 mol/L NaOAc;
CLa(init) = 0.02 mol/L), both for pure acid and its mixture with Cyanex 272. In the first case
(curve 1, pure acid), the distribution ratios of La(III) did not exceed 0.6, despite the increase
of the concentration of caprylic acid to 0.05 mol/L. The use of caprylic acid in combination
with Cyanex 272 led to a significant growth in the La(III) distribution ratios (curve 2). In
this case, extraction efficiency improved noticeably with an increase in the caprylic acid
concentration. It can be assumed that extractable compounds with a different composition
were formed in the system, involving a mixture of Cyanex 272 and caprylic acid, compared
to extraction with pure extractants.

Figure 2. Effect of caprylic acid concentration on the La(III) extraction.

3.2. Effect of Sodium Acetate Concentration

Sodium acetate concentration was found to affect, to some extent, La(III) extraction
from chloride-acetate and nitrate-acetate solutions (CLa(init) = 0.02 mol/L) with a mixture of
Cyanex 272 (0.015 mol/L) and caprylic acid (0.02 mol/L) in hexane (Figure 3). In particular,
an increase in NaOAc concentration caused a substantial increase in the distribution ratio
of lanthanum until reaching a NaOAc:La ratio of about 10:1, after which no significant
changes were observed. It is also noteworthy that the equilibrium pH value of the aqueous
phase grew together with the efficiency of the La(III) transfer to the organic phase.



Processes 2021, 9, 2222 5 of 11

Figure 3. Effect of NaOAc concentration on the La(III) extraction.

When studying the complexation of Nd(III) with the acetate ion in aqueous solutions,
Zanonato [42] observed the formation of stable complex cations Nd(OAc)2+ when the
ratio of acetate to metal was equal to 10 or more at 25 ◦C. It can be inferred that under
corresponding experimental conditions complex cations such as La(OAc)2+ are also the
most stable species; thus, an increase in the sodium acetate concentration to more than
0.2 mol/L (when the ratio of sodium acetate to lanthanum reached 10) did not lead to the
further DLa increase (Figure 3).

To establish a synergistic effect in the system containing mixtures of Cyanex 272 and
caprylic acid, a study of La(III) distribution was carried out in the case of chloride-acetate
solutions (0.1 mol/L NaOAc; CLa(init) = 0.02 mol/L) using isomolar mixtures of Cyanex
272 and caprylic acid, depending on the molar fraction of Cyanex 272 in the organic phase
(Figure 4). It can be noted that an increase in the molar fraction of Cyanex 272 in the
mixture of extractants led to a monotonous increase in the lanthanum distribution ratios,
indicating the predominant formation of lanthanum complexes with this extractant.

Figure 4. Effect of molar fraction of Cyanex 272 on the La(III) extraction.
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3.3. Extraction Isotherms for La(III)

Figure 5 shows the extraction isotherms of La(III) from chloride-acetate (1, 2) and
nitrate-acetate (3) solutions obtained at various initial concentrations of Cyanex 272 (mol/L:
0.01 (1), 0.015 (2), 0.012 (3)) and caprylic acid (mol/L: 0.015 (1, 3), 0.03 (2)) under conditions
of caprylic acid excess. The extraction isotherms obtained were characterised by high
distribution ratios of La(III) in the initial regions (Figure 5), indicating the high extraction
ability of the proposed mixtures. Under saturation conditions, the concentration of La
in the organic phase was close to the initial concentration of Cyanex 272, during extrac-
tion from both chloride-acetate and nitrate-acetate solutions (Figure 5), i.e., the ratio of
CLa(o):CCyanex (init.)~1. A double increase in the caprylic acid concentration (from 0.015 to
0.03 mol/L) at an initial Cyanex 272 concentration of 0.01 mol/L (Figure 5, curves 1, 2)
did not lead to an increase in the La concentration in the organic phase. Thus, the data
obtained from the extraction isotherms (Figure 5) and the isomolar series (Figure 4) confirm
the formation of La(III) extracted species in the organic phase, mainly with Cyanex 272. It
can be assumed that caprylic acid molecules solvated the extracted species, increasing their
solubility in the organic phase as, in the absence of caprylic acid, the extraction of La(III)
with Cyanex 272 was accompanied by precipitation. The solvate formation in the organic
phase not only improved the solubility of the extracted complexes but also increased their
thermodynamic stability, since the La(III) distribution ratios increased with caprylic acid
concentration (Figure 2).

Figure 5. Isotherms of La(III) extraction with Cyanex 272-caprylic acid mixtures.

Based on the literature data on the composition of La(III) complexes in acetate so-
lutions [42], these experimental results allow us to suggest that the extraction of La(III)
from chloride-acetate and nitrate-acetate solutions in the presence of Cyanex 272 (H2A2)
and caprylic acid (H2B2) (which are usually dimeric in nonpolar solvents) mixtures
proceeded according to the cation-exchange mechanism and can be described by the
equilibrium below:

La(OAc)2
+

(aq) + 0.5 H2A2(o) + s H2B2(o) � La(OAc)2A·sH2B2(o) + H+
(aq), (4)

where aq and o stand for the aqueous and the organic phases, respectively, and s is the
number of caprylic acid dimers in solvates. Thus, an increase in DLa values, with an
increase in the concentration of NaOAc (Figure 3), is associated both with increasing the
acetate ion concentration in the aqueous phase, and with the growth of equilibrium pH in
accordance with the above equation.
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3.4. Extraction in the Presence of NaOAc/AcOH Mixtures

High distribution ratios of La(III) for chloride-acetate and nitrate-acetate solutions in sys-
tems containing Cyanex 272–caprylic acid mixtures complicate the separation of lanthanides;
therefore, the extraction of lanthanum and neodymium from aqueous solutions in the presence
of mixtures of sodium acetate and acetic acid were examined. The experimental conditions
were as follows: aqueous phase—NaOAc + AcOH = 0.2 mol/L; CLn(init) = 0.01 mol/L; or-
ganic phase—0.01 mol/L Cyanex 272 (a, b); 0.02 mol/L (a), 0.15 mol/L (b) caprylic acid. The
equilibrium pH values are given in Figure 6. The data for isomolar series (Figure 6) showed
that the distribution ratios of lanthanides decreased with a reduction in the molar fraction of
NaOAc in a mixture because of the equilibrium pH of the aqueous phase decreasing with the
addition of acetic acid in accordance with the cation-exchange mechanism of the extraction.
Experimental data (Figure 6) show that for extraction from nitrate acetic-acetate solutions
distribution ratios for Nd(III) were higher than for lanthanum.

Figure 6. Effect of the molar fraction of NaOAc on the extraction of La(III) (a) and Nd(III) (b).

The distribution ratios of lanthanides(III) for chloride acetic-acetate solutions at
CCH3COOH + CCH3COOH = 0.2 mol/L in the aqueous phase, during extraction with a mixture
containing 0.01 mol/L Cyanex 272 and 0.15 mol/L caprylic acid in hexane, are presented
in Table 1. These results show a decrease in the distribution ratios of lanthanides(III) with
an increase in the molar fraction of acetic acid in the mixture, as do the data in Figure 6.
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Table 1. Distribution ratios of lanthanides(III) for chloride acetic-acetate solutions (eq.—equal).

Ln

NaOAc:AcOH

1:1 1:1.4 1:2

DLn pH eq. DLn pH eq. DLn pH eq.

Nd 4.46 5.55 2.33 5.30 1.35 5.15

Sm 4.98 5.55 3.35 5.30 1.86 5.15

Dy 5.67 5.55 4.0 5.30 2.10 5.15

It is possible to affect the distribution and separation of REE by changing the com-
position of the aqueous phase, for example, by varying the ratio of NaOAc and AcOH.
Thus, the system containing a mixture of Cyanex 272 and caprylic acid can be used for the
efficient extraction of the sum of lanthanides(III) from acetate solutions.

3.5. Extraction of Lanthanides(III) from Chloride and Nitrate Acetic-Acetate Solutions

Since the distribution ratios of lanthanides are reduced for acetic acid solutions, the
extraction of these metals from chloride and nitrate acetic-acetate solutions was studied,
in order to determine the possibility of their separation. The distribution ratios of lan-
thanides(III) during extraction from chloride and nitrate acetic-acetate solutions with a
mixture of Cyanex 272 and caprylic acid at 1/3 and 1/2 in hexane are given in Figure 7
and Table 2, respectively.
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Figure 7. Extraction of lanthanides(III) with a mixture of 0.01 mol/L Cyanex 272 and 0.03 mol/L
caprylic acid.

Table 2. Distribution ratios (DLn) and separation factors (βLn/La) of lanthanides(III) with a mixture
of 0.01 mol/L Cyanex 272 and 0.02 mol/L caprylic acid.

Chloride Acetic-Acetate Media Nitrate Acetic-Acetate Media

Ln DLn βLn/La Ln DLn βLn/La

La 1.14 - La 0.818 -

Eu 2.75 2.41 Nd 1.0 1.22

Dy 13.9 12.2 Eu 2.33 2.85

Er 37.5 32.9 Dy 2.33 2.85

Yb 8.10 9.9
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Experimental conditions were as follows: aqueous phase—0.2 mol/L mixture of
NaOAc and AcOH (2:1); CLn(init) = 0.01 mol/L; pHeq. = 5.8. Experimental results indicated
that, in this system, the separation of heavy lanthanides from light REE was possible.

4. Conclusions

This paper has described how a new extraction system containing mixtures of Cyanex
272 and caprylic acid in hexane was examined for La(III) extraction from chloride-acetate
and nitrate-acetate media, as well as from acetic-acetate aqueous solutions. This system
has the advantage of using commercially available extractants. The mixtures of Cyanex 272
and caprylic acid exhibited a high extraction ability and capacity. The extraction isotherms
and the isomolar series data indicated that the La(III) extraction from chloride-acetate and
nitrate-acetate solutions in this system proceeded through a cation-exchange mechanism,
with the formation of lanthanum extracted species of the form La(OAc)2A.sH2B2 in the or-
ganic phase. The extraction of La(III) from acetic-acetate aqueous solutions proceeded with
lower distribution ratios because of the decreasing equilibrium pH of the aqueous phase.
It has been shown that the separation of lanthanides(III) can be achieved by extraction
with synergistic Cyanex 272-caprylic acid mixtures in hexane from chloride acetic-acetate
solutions. It was concluded that the extraction capacity of the investigated synergistic
Cyanex 272-caprylic acid mixtures correlated with methods previously proposed. The
usage of organic acidic agent mixtures, in particular a mixture of Cyanex 272 and caprylic
acid in hexane, for the extraction and separation of rare earth metals from acetate and
acetic-acetate solutions, is quite promising and may be of practical importance, for example,
when carrying out processes in the multistage dynamic extraction mode.
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