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Abstract: A review of the investigations devoted to the solvent extraction processes of metal ions with
a chelating ligand thenoyltrifluoroacetone (HTTA) is presented herein. It seems that this molecule has
been preferred in the field for more than half a century, and that it is used very often as an extractant
for almost all metals. The main objective of the present review is also to provide an overview of
the synergistic solvent extraction of lanthanoids, particularly with the use of a β-diketone−neutral
mixture. Based on the previous published results in the open literature, the extraction efficiency has
been examined in detail and discussed further mainly in terms of the corresponding equilibrium
constants among other outlined, so-important parameters. Major conclusions on the role of ligating
groups of extractants towards the mechanism, an improved extraction enhancement, and selectivity
are additionally provided. The fact that ionic liquids (ILs) appear to be replacing volatile diluents in
the field of the liquid–liquid extraction of metals, again with the participation of this β-diketone, is
not surprising. As is well known, a very efficient and simple way to determine the stoichiometry of
the extracted species in the organic phase is by the simple use of the slope analysis method; however,
it is sometimes difficult to perform, either because it somehow requests good solubility of the ligand
or because obtained slopes are quite often far from integer values in ILs.
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1. Introduction

As a matter of fact, solvent extraction is perhaps obviously the most-common chemical
technique used for the separation and purification of almost all metals presented in the
periodic table, including various valuable transition d-cations as well as f-elements. In the
liquid–liquid extraction processes of metallic species, the two phases should be immiscible,
as they can be mixed together in all proportions to form two separate appearances at
ambient temperature and pressure. However, the solvent extraction chemistry of metallic
cations such as f-ions needs the use of suitable organic ligands to coordinate the targeted
cation easily, to make it soluble in an organic phase, and then to allow the phase transfer
from the aqueous phase to the organic one. Therefore, molecular design is likely the holy
grail of scientific research. It has enjoyed a long history in the chemist’s agenda, providing
fascinating molecules with unique architectures to affect the complexation and solvent
extraction performance, as well as immense selectivity.

In general, the β-diketones are organic compounds bearing two carbonyl groups
that are separated by one carbon atom and usually exhibit keto–enol tautomerism [1]; see
Figure 1. In most β-diketones, the substituents on the α-carbon are hydrogen atoms, while
the substituent connected to the carbonyl functions can be an alkyl or a fluorinated alkyl
group, or an aromatic or a heteroaromatic group. The simplest molecule of this family
is acetylacetone, in which both end substituents neighboring the carbonyls are methyl
groups. For instance, thenoyltrifluoroacetone (HTTA) was introduced as an analytical
reagent by Calvin and Reid in late 1947, and since then, it has been extensively exploited
as an extractant for lanthanoid elements. It is a white crystalline compound with an acid
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dissociation constant of 6.7 × 10−7 at 25 ◦C. In fact, due to the presence of trifluoromethyl
group in its chemical structure, it has high acidity in the enol form, which, in turn, is very
useful in the solvent extraction process of various metals at low pH [2].
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Figure 1. Structural formulas of the chelating extractant thenoyltrifluoroacetone (HTTA).

The presence of electron-withdrawing groups such as −CF3 de facto favors the enol
form. The choice of HTTA as a chelating agent in the preference to other β-dicarbonyl
compounds is based on the following reasons [1]: (i) first of all, HTTA forms complexes with
many metal ions more readily that acetylacetone (pKa = 9.7). In fact, HTTA (pKa = 6.2) is
less basic and, hence, yields more stable chelates; (ii) secondly, HTTA chelates are, of course,
insoluble in neutral and to some extent in acidic aqueous solutions, but are soluble in neutral
aromatic hydrocarbons or similar non-polar organic diluents; (iii) thirdly, HTTA chelates
are stable in highly acidic media and are non-volatile at room temperature. Therefore,
this attractive chelating compound has been widely used over the years for the solvent
extraction of s- [3], p- [4], d-ions [5], lanthanoids [6–8], and actinoids [9,10]. In general,
the scientific investigations in the field have been carried out using a variety of organic
diluents and different ionic media and ionic strengths in the aqueous phase. Nevertheless,
this molecule continues to play a major role in the studies of metal complexations, although
later on, the scenario changed over time. Therefore, this review deals with the basics
of solvent extraction techniques implementing HTTA molecules and discusses in detail
their applications in the field, focusing on the recovery of important or valuable metals.
For instance, greater emphasis will be placed on interesting details, taking into account
newer science implementing ionic liquids (ILs) being considered for advanced applications.
This work covers the literature until the end of April 2022, and to the best of the author’s
knowledge, no reviews highlighting this specific concept overview of a chelating extractant
vis á vis various metals, and particularly 4f-ions in solvent extraction chemistry, have been
previously published.

2. Presentation of Equilibrium Data and Evaluation Criteria

The example presented here, to illustrate a scheme of the solvent extraction process
of trivalent lanthanoid ions (Ln3+) with chelating ligand (HL) alone and involving an
additional ligand, i.e., synergist (S), can be represented by the following equilibria:

Ln3+
(aq) + 3HL(o)
 LnL3(o) + 3H+

(aq) (1)

Ln3+
(aq) + 4HL(o)
 LnL3·HL(o) + 3H+

(aq) (2)

Ln3+
(aq) + 3HL(o) + nS(o)
 LnL3·nS(o) + 3H+

(aq) (3)

where the subscripts “aq” and “o” denote aqueous and organic phases, respectively.
Thus, the formation of mixed complexes in the organic phase can be described by the

following two equations:
LnL3(o) + nS(o)
 LnL3·nS(o) (4)

LnL3·HL(o) + nS(o)
 LnL3·nS(o) + HL (5)

The corresponding equilibrium constants KL, KL,S, and βL,S are usually given by the ex-
pressions below. The square brackets denote the molar concentration of the corresponding
species. Actually, the equilibrium constants KL, KL,S, and βL,S are concentration constants
and, therefore, are based on the assumption that the activity coefficients of the species do
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not change significantly under the experimental conditions employed. This means that the
activity coefficients were held (approximately) constant during measurements. Thus, such
constants are strictly valid only in the chosen electrolyte at the stated ionic strength.

KL(1) =
[LnL 3](org) [H

+
]3

(aq)

[Ln 3+
]
(aq)

[HL]3(org)

= DL(1)

[H+
]3

(aq)

[HL]3(org)

(6)

KL(2) =
[LnL 3·HL](org) [H

+
]3

(aq)

[Ln 3+
]
(aq)

[HL]4(org)

= DL(2)

[H+
]3

(aq)

[HL]4(org)

(7)

KL,S =
[LnL 3·nS](o) [H

+
]3

(aq)

[Ln 3+
]
(aq)

[HL]3(aq)[S]
n
= DL,S

[H+
]3

(aq)

[HL]3(org)[S]
n
(org)

(8)

βL,S(1) =
[LnL 3·nS](org)

[LnL 3](org)[S]
n
(org)

=
KL,S

KL(1)
(9)

βL,S(2) =
[LnL 3·nS](org)[HL](org)

[LnL 3·HL](org)[S]
n
(org)

=
KL,S

KL(2)
(10)

Quantitatively speaking, the distribution ratio of metallic species (M) at equilibrium
can be defined as

D =
[M](o)
[M](aq)

.
V(aq)

V(o)
(11)

where Vaq and Vo are the volumes of the two liquid phases. This equation gives the ratio
of the total (analytical) concentration of a solute in the extract (regardless of its chemical
form) to its total (analytical) concentration in the other phase (usually aqueous). Of course,
with a phase ratio of unity, the completeness of extraction should be 99.9%, at an error of
less than 0.1%: this means a distribution ratio of ≥103 is required [11].

As an illustration, the synergistic solvent extraction of lanthanoids, i.e., with a com-
bination of two ligands (HL−S), was usually studied using a traditional and effective
means, called “slope analysis”, to obtain both stoichiometric and equilibrium constant
information about the chemical extraction process. It is based on an examination of the
variation of DL,S (the distribution ratio due to the synergistic effect) as a function of the
relevant experimental variables. As lanthanoid extraction with the second ligand (S) alone
is often negligible under experimental conditions, the values of D obtained experimentally
are the sum of DL,S and DL (DL is the distribution ratio due to the lanthanoid extraction
with HL alone under the same experimental conditions) [12]. So, the values of DL,S were
calculated as D–DL. A log-log plot of DL,S vs. one of the variables [H+], [HL] and [S],
keeping the other two constant, indicates the stoichiometry of the extractable complex, and
thus leads to the derivation of a suitable equilibrium expression and then to the calculation
of the equilibrium constant [12]. One example concerning the slope analysis application for
lanthanoids solvent extraction with a mixed system combining HTTA and a synergistic
agent, a calixarene molecule, is presented in Figure 2.
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Figure 2. LogDL,S vs. pH for the extraction of lanthanoid ions with mixtures of HL(HTTA)−S at [HL]
= 6 × 10−2 mol/dm3 and [S] = 1 × 10−3 mol/dm3. LogDL,S vs. [HL] for the extraction of lanthanoid
ions with mixtures of HL−S at [S] = 1 × 10−3 mol/dm3; La, pH = 3.30; Nd, pH = 2.75; Eu, pH = 2.65;
Ho, pH = 2.35; Lu, pH = 2.05. LogDL,S vs. [S] for the extraction of lanthanoid ions with mixtures of
HL−S at [HL] = 6 × 10−2 mol/dm3; La, pH = 3.35; Nd, pH = 2.85; Eu, pH = 2.50; Ho, pH = 2.50; Lu,
pH = 2.05. Adaptation from Ref. [13] with permission.

If the extractant concentration is constant and hydrolysis in the aqueous phase and
polymerization in the organic phase are both negligible, then the plots will be straight lines
and their slopes will give the number of the ligands in the adducts formed. Indeed, the
presence of anomalous points or outliers in experimental data can modify the plotting of
these straight lines and therefore the values of the stoichiometry and stability constant
obtained. Some other analytical methods used to establish formulas of species include IR,
UV-Vis, and NMR spectra, together with the production and analysis of solids that might
be produced [14]. The different methods are not equally sensitive to the concentrations
of various species, so the adequacy and precision of the experimental work are somehow
essential for the reliability of equilibrium constants, as the source of the greatest error is
often the inadequacy of the experimental method used. Indeed, however, even an ideal
experimental method will provide, of course, only poor data if the experimental work is
not performed satisfactorily [15].

Some limitations of slope analysis arise from possible side reactions in the aqueous or
organic phases as well as due to the interaction between extractants [16]. In point of fact,
almost always, the aqueous phase contains inorganic (ClO4

−, Cl−, NO3
−, SO4

2−) or other
anions, which to a certain degree complex with metal ions. However, both selectivity in
extraction and efficiency in process design often rely on chemical reactions occurring in
or moderated by the aqueous medium. By virtue of their high charge/radius ratios, the
f-elements are strongly hydrated in aqueous solutions. Consequently, the nature of the
extracted species depends on the acid being used (HCl, HNO3, HClO4, H2SO4) and its
concentration in the aqueous phase [17]. It is common for highly charged metal ions to
undergo strong interaction with anions in aqueous solution and give many kinds of metal
complexes. Generally, the slope analysis method will also not give good results in solvent
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extraction chemistry if some impurities are presented in the organic phase that are likely to
form addition compounds with extractants. As it is a well-known fact that the chelating
agents can be regarded as weak acids, while neutral donors are bases, there is a possibility
for interaction between them in the organic phase, which will reduce the concentrations
of free ligands and particularly result in an antagonistic effect in some cases [18,19]. It
can be assumed that this type of association between the reagents should decrease the
concentration of both of them in the organic phase, making them available for the chelate
extraction and further for adduct formation, and this should not decrease the synergistic
enhancement at all [20].

For instance, the reliability of published equilibrium constants in the open literature
for the formation of complexes by various ligand combinations with metal ions in solution
has been evaluated using the criteria adopted in previous IUPAC publications in this
area [21–27]. It may be worthwhile to mention several points again. A clear definition of
reported constants and an unambiguous specification of the metal complex stoichiometry
relies on:

X The extent to which essential reaction conditions have been specified. These include
the purity of the ligand(s), temperature, ionic strength, nature of the supporting
electrolyte, reaction kinetics, ligand:metal ratios, etc. The extractant concentration
range must be specified absolutely as well. Attention must be paid to the achievement
of a clean separation, so that neither of the liquid phases are contaminated by the
other, i.e., to prevent entrainment of less than 0.1% of the wrong liquid phase [11];

X The soundness of apparatus calibration and the specification of whether concentration
or mixed constants were calculated;

X The maintenance of constant temperature and ionic strength during the experimental
work-up;

X Reliable mathematical treatment of the experimental data;
X Correct selection of auxiliary data from the literature;
X Details of the calculation method applied. As a whole, the experimental method

applied and the numerical analysis chosen by authors are considered to have minimal
systematic errors.

It is advisable for the reader to use extraction constants obtained under well-identified
experimental conditions because, in spite of the numerous studies, recommended values
can be offered in only a few cases, taking into account the diversity of ligands and exper-
imental conditions for a given metal. Another obvious reason for this is associated with
an inadequate description of chemical equilibria in a particular solvent extraction system,
especially one implementing IL compounds.

For each solvent extraction system, information is provided for the chemical reaction,
the equilibrium constant, the temperature, the composition of the aqueous and the organic
phases, the homogeneous equilibria involving the acid dissociation of the main extractant
in the aqueous phase, and, of course, the reference to the original published source. The
organic diluent used must be also specified [28]. Generally, concentrations are expressed in
mol dm−3, mol/dm3 (M). It is important that the total concentrations of the metal ion(s),
ligand(s), and hydrogen ion should be within ranges that are relevant to the particular
equilibria. In other words, beyond certain concentration ranges, additional equilibria may
need to be taken into consideration [15]. All stability constants were usually reported in
terms of concentrations.

However, this concept is not always sufficient when it comes to describing the chemical
extraction mechanisms fully. Sometimes, a complete description of the organization of the
species in the two solutions (a/o) is required, especially when the solvent systems are very
complicated. More and more recent work calls for a multi-scale approach, which consists
not only in simply determining the stoichiometry of the extracted complexes in the organic
phase, but also in probing the interactions between the ligands, as well as investigating
in detail the supramolecular organization of the metal complexes. Obviously, a spectra-
assisted interpretation is necessary and highly desirable to cope with synergistic systems in



Separations 2022, 9, 154 6 of 40

which association can occur and several product species may form, but identifying each
one can be a difficult task [29].

3. Liquid–Liquid Extraction of Metal Ions with 1-(2-Thienyl)-4,4,4-Trifluoro-
1,3-Butanedione (HTTA) Alone

A summary of HTTA extraction coefficients has been published by Poskanzer and
Foreman in the distant year 1961, in which a compilation of pH values of 50 percent
extraction by 0.2 mol dm−3 HTTA in benzene was presented for around 48 elements
in the form of a periodic table [6]. A graph is given, by which one may quickly esti-
mate the percent extraction as a function of pH. Another interesting and useful aspect
observed and not explained at the time that seems to warrant further investigation accord-
ing to the authors is the fact that an increase in acidity leads to an increase in the solvent
extraction process.

First, it must be stressed that the separation of Eu3+ and Am3+ ions has been studied
by solvent extraction and the following reaction was proposed by Sekine and Dyrssen in
late 1964 [30]:

M3+
(aq) + (3+n)HA(o)
MA3(HA)n (o) + 3H+

(aq) (12)

The distribution of the chelate complexes of these metal ions of between 0.1 mol
dm−3 NaClO4 and chloroform or methyl isobutyl ketone, with approximately nineteen
chelating acids, has been determined. Even though no information on the hydrolysis of
the tracer concentrations of lanthanoid or actinoid ions is available, it may be concluded
from studies at higher metal concentrations that no hydrolysis occurs below a pH range
of ca. 5–6. All experiments were, therefore, carried out at a pH below 5.5. The net
distribution ratio, D, was determined between 0.01 and 100. Among the studied acids,
it was observed that some extract Eu3+ into the organic phase better than Am3+, some
extract Am3+ better, and some extract them equally well. Further, the separation factor SF
= DEu/DAm was determined for twelve of these organic acids, covering the spectrum of
available materials; see Table 1. Some important conclusions have been reached by the
authors on the basis of this detail investigation: chelating acids with the same reacting
groups seem to give separation factors close to each other. Examples of such groups are =
POOH (in dialkylphosphates), -COCHC(OH)- (in acetylpyrazolone and HTTA molecule),
-N(OH)NO and -N(OH)CO- (in cupferron, neocupferron and the benzoylhydroxylamines),
and -COOH (in the hydroxynaphthoic acids) [30]. The solvent extraction is generally poor
if the chelating acid is too weak, and a substitution which increases the acid strength of a
reagent will usually improve the extraction properties. Thus, dichloroxine extracts better
than oxine, HTTA better than acetylacetone, and 2-hydroxy-1-naphthoic acid better than 1-
naphthoic acid. The basic strength of the ligand can only be one of the factors that influence
the separation of a lanthanoid and an actinoid ion with the same position in each f-series.
Qualitatively, however, the results up until 1960 suggest that an increase in the basicity
and chelating power (stability constant) of the ligand will increase the net distribution
ratio (chloroform/water) [31]. This relationship may facilitate the choice of a suitable
chelating agent for the separation of lanthanoid and actinoid ions by solvent extraction
process. The extraction may also be poor because of the formation of MA3 complexes in the
aqueous phase, if the hydrophobic part of the chelating acid is too small in relation to the
hydrophilic groups. In point of fact, the extraction of actinium (III) with the four chelating
reagents (HTTA, dibutylphosphate, β-isopropyltropolone or 5,7-dichloroxine) was found
to be always inferior to that of lanthanum (III) in CHCl3 [32].
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Table 1. Europium/americium separation factors for a series of acidic extractants. Adapted with
permission form Ref. [30].

Extractants Diluent SFEu/Am

dibutylphosphoric acid CHCl3 22.9
dioctylphosphoric acid CHCl3 14.1

1-phenyl-3-methyl-4-acetylpyrazolone-5 CHCl3 3.47
thenoyltrifluoroacetone CHCl3 3.02

neocupferron CHCl3 1.74
N-benzoylphenylhydroxylamine CHCl3 1.66

N-2,4-dichlorobenzoylphenylhydroxylamine CHCl3 1.32
β-isopropyltropolon CHCl3 0.98

1-hydroxy-2-napthoic acid hexone 1.07
2-hydroxy-1-napthoic acid hexone 1.02
3-hydroxy-2-naphtoic acid hexone 0.95

5,7-dichloroxine CHCl3 0.10

On the other hand, Albinsson has decided that in C6H6 medium at least two complexes
exist, LnAa3 and the self-adduct LnAa3·HAa, while for the lower lanthanoids (especially
La3+), a second self-adduct, LnAa3·(HAa)2, was found to be extracted with acetylace-
tone [33,34]. Generally, these species have higher extraction as compared to LnL3 [16]. Such
type of solvent extraction reaction was noted for the first time by Dyrssen for Sr2+ ion
when 8-hydroxyquinoline was applied in CHCl3 [35]. However, Newman and Klotz have
reported the formation of auto-synergistic species Am (TTA)3·HTTA (autosynergism) in
benzene with the calculated equilibrium constant ca. 0.75 ± 0.05 [36]. Furthermore, the
corresponding equilibrium constants for the extraction of some 4fs and 5f-ions with several
chelating extractants calculated on the basis of Equations (1) and (2) are summarized in
Table 2.

Table 2. LogK values of f-ions using different chelating agents, µ = 0.1/Cl− medium/CHCl3.

Ln3+ HBA HTTA HPPMBP HPMMBP HP HPMFBP HPMTFBP HPBI
La −21.81 −11.06 −6.21 −6.12 −5.84 −5.16 −3.24 −1.33
Nd −10.12 −5.84 −4.17 −4.35 −3.91 −2.74 −0.54
Eu −8.68 −5.57 −3.89 −3.42 −3.37 −2.47 0.06
Ho −8.56 −4.97 −3.37 −3.24 −2.84 −1.88 0.36
Lu −8.15 −4.58 −3.12 −2.83 −2.62 −1.62 0.70
U6+ −2.44 0.63 1.40
Th4+ 2.25 6.96 8.26
Np4+ 5.68 10.11
Pu4+ 7.31 13.75 10.76
pKa 8.96 6.23 4.23 4.02 3.92 3.52 4.40 1.23

Notes: benzoylacetone (HBA), 3-methyl-1-phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one (HPPMBP), 3-methyl-4-(4-
methylbenzoyl)-1-phenyl-pyrazol-5-one (HPMMBP), 4-benzoyl-3-mehyl-1-phenyl-pyrazolin-5-one (HP), 4-(4-
fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one (HPMFBP), 3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-
pyrazol-5-one (HPMTFBP), 4-benzoyl-3-phenyl-5-isoxazolone (HPBI); HPBI–ClO4

− medium; actinoids [37]-
xylene, CHCl3, C6H6, toluene; Ln (TTA)3, Ln (PBI)3, and LnL3·HL (where HL is 4-acylpyrazolone).

Moreover, the presented data show that the values of the logK of 4-benzoyl-3-phenyl-
5-isoxazolone (HPBI) ligand (Figure 3) for 4f-ions are higher (up to eight times) than those
obtained for the extraction of metals of the 4f-series with the typical β-diketone, HTTA
reagent, as well as approximately four times higher as compared with 4-benzoyl-3-methyl-
1-phenyl-5-pyrazolone (HP) as a chelating extractant in chloroform medium; see Figure 4.
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As can be seen from the data presented in Table 2, the equilibrium constant values
increase as the pKa values decrease. In other words, the inverse linear correlation of
the extraction constant with respect to the pKa exists. The difference in the obtained
extraction enhancement is seen when changing the type of the compound, i.e., typical
β-diketone and β-diketones, in which the heterocyclic ring contained one of the ketonic
groups (acylpyrazolone and isoxazolone). On other hand, apropos of the chemical structure
in a β-diketone family (HBA)/HTTA), the substituent effect of the −CF3 group, which is
very well recognized in solvent extraction chemistry [1], is somehow clearly demonstrated;
see Table 2. Moreover, it is established that the substituted pyrazolones in para-position
cause only quantitative changes in the synergistic extraction of lanthanoids with CHCl3 [38].
Furthermore, the obtained logK values with the 4-fluorophenyl terminal group (an electron
withdrawing substituent) are larger than the case when electron-donating (−CH3) groups
are introduced in the benzoyl moieties. Therefore, acid dissociation constants are essential
parameters for a quantitative understanding of complex equilibria in solution and are of
fundamental significance for how to predict the effectiveness of a substance. Hence, in
liquid–liquid extractions of lanthanoids (Lns) with molecular diluents, great attention has
been paid to the exact pKa value of the applied ligand. Of course, this physicochemical
parameter has been carefully adjusted by introduction of various substituents.

On the other hand, the type of organic diluent used has only a pronounced qualitative
effect on the extraction efficiency of 4f-ions, without a noticeable influence on the reaction
mechanism to such a degree as the data delineated in Figure 5, on a clear view. It is
seen that, for a specific organic diluent, the values of the equilibrium constant logKL
usually increase with the increasing atomic number of the metals, as expected from their
decreasing ionic radii. It was found that for a given metal, the values of logKT (HTTA)
and logKP (HP) for both solvent systems increase in the following order: CHCl3 < C6H6
< C2H4Cl2 < CCl4 < C6H12 [12,39,40]. For instance, a spectrophotometry study shows
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that the coordination of the metal chelate is invariant from one diluent to another. As a
starting assumption for reflection, the organic molecular diluent is usually considered as
inert (even it is chloroform), since it does not appear as an active participant in the solvent
extraction equilibrium expression. However, the impact of the diluent has already been
demonstrated on multiple occasions for various solvent systems in the field. Consequently,
it may be concluded that, as a whole, the increase in the diluent’s solvating ability hinders
the extraction process [41]. Probably, understanding that detail, it seems that the diluent
effect on the solvent extraction process follows the general schematic behavior described in
the solvation process.
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Further, the calculated values of the separation factors (SFs) for adjacent light lan-
thanoid ions using different chelating ligands alone diluted in C6H6 are presented in Table 3.
It should be noted that a significant loss of selectivity is observed after the first pair (Ce/La)
in all studied extraction systems, with likely one exception. In addition, the values of the
obtained SFs remain almost the same for the pairs of the light 4f-series when applying the
HPBI ligand with, evidently, extraordinarily high extractability. In fact, good selectivity,
to some extent, was found with the 4,4,4-trifluoro-1-(biphenyl-4-yl) butane-1,3-dione com-
pound [42], almost similar to those shown with the HPMFBP compound. However, it is
not so easy to make a general conclusion concerning the selectivity between light adjacent
Ln (III) ions from the data collected in Table 3. Nevertheless, as a whole, based on our
previous investigations and other research studies, the lanthanoid extraction increases
in the order β-diketone < 4-acylpyrazolone < 4-acyl-3-phenyl-5-isoxazolone, while the
selectivity decreases, regrettably. This survey also shows that the ligand number, and
ipso facto the Kex, are both strongly dependent of the diluent used for the solvent extrac-
tion process. For example, the calculated SFs for a Lu/La pair are 6.0 × 102 with HPBI,
1.2 × 103 when applying an HP molecule and 5.4 × 103 with HTTA, and 1.7 × 105 with
benzoylacetone (HBA) [8]. It is generally accepted in solvent extraction chemistry that the
separation becomes poorer as the extractability increases, and the selectivity decreases with
increasing extractant acidity, i.e., pKa. Additionally, Okamura et al. [43] have reported re-
cently that this tendency, which is well recognized in conventional organic solvent systems,
is quite similar in an IL medium ([C1C4im+] [Tf2N−]) as well. For instance, the order of
the selectivity of Ln (III) ions is consistent with that of the extractant’s pKa values: HBA
(benzoylacetone, 8.96) >> HNTA (2-naphthoyltrifluoroacetone, 6.35) ≈ HTTA (6.23) [43].
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Table 3. Values of the separation factors of the light lanthanoid pairs obtained using chelating
extractants alone in C6H6.

Lns Pair SF

HTTA * HFPA *** HP ** HPMMBP HPMFBP HPBI ****

Ce/La 12.02 6.45 8.13 16.22 5.75 2.18
Pr/Ce 3.80 2.63 1.86 6.30 2.04 1.44
Nd/Pr 2.0 2.57 3.80 2.29 8.12 2.08
Sm/Nd 10 2.51 2.39 2.34 1.90 2.75
Eu/Sm 1.09 1.99 1.34 1.66 1.28 2.82
Gd/Eu 1.47 2.04 0.89 2.08 2.08 2.82

Note: HFPA: 4,4,4-trifluoro-1-(biphenyl-4-yl) butane-1,3-dione; HPMMBP: 3-methyl-4-(4-methylbenzoyl)-1-
phenyl-pyrazol-5-one; HPMFBP: 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one. * [6]; ** [44]; *** [42];
**** [45].

Moreover, the exposed data in Figure 6 confirm the well-known fact that the sepa-
ration factors of the lighter lanthanoids are higher than those calculated for the heavier
representatives of 4f-ions. On the other hand, the change of the diluent CHCl3 and, to some
extent, C2H4Cl2 also, with C6H6, CCl4, and C6H12, caused a rather large increase in the
SFs with HTTA ligand of the first investigated pair Nd/La, but such a tendency was not
observed for the other lanthanoid pair, Figure 6.
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In order to establish the influence of the extraction of lanthanoid ions with different
chelating reagents on their separation, the SFs of three pairs with representatives of light,
intermediate, and heavy lanthanoids are given in Table 4. It is seen that the SFs decrease in
the order HTTA > HP > HPBI, while the lanthanoid extraction increases in the opposite
order: HTTA < HP < HPBI. It is interesting to note that the HTTA ligand, which is a
much poorer extractant for lanthanoids than HPBI, exhibits a separation for the three
studied pairs, Lu/La, Eu/La, and Lu/Eu, which is 8.9, 13.8, and 1.77 times higher than
those obtained when HPBI is used as a chelating agent in C6H6 organic environment.
Moreover, a similar selectivity trend was observed by Pavithran and Reddy [47–49] among
the lanthanoids, and by Brunette et al. [50] for alkaline earth extraction, too. As a whole, the
separation becomes poorer as the extractability increases [47], and the selectivity decreases
with increasing extractant acidity [50]. Furthermore, the logK value generally decreases
as the diluent gains the ability to enter into hydrogen bonding with the extractant or the
extracted metal complex, in accordance with the following trend described by Kolarik [51]:
inert diluents > n-donor > π-donor > acceptor.



Separations 2022, 9, 154 11 of 40

Table 4. Tendencies in the separation of the lanthanoids in their solvent extraction, implementing
C6H6 [45].

Extractant Separation Factors

Lu/La Eu/La Lu/Eu

HPBI 6.0 × 102 51.28 11.74
HP 1.2 × 103 1.8 × 102 6.30

HTTA 5.4 × 103 7.0 × 102 8.04

4. Synergism in Liquid–Liquid Extraction of Metal Ions with a Chelating
Ligand HTTA

The term “synergism” is utilized in the field of metal solvent extraction to describe
cases where the extractive capability of a mixture of extractants is greater than the sum of
their individual extractive capabilities [16]. The adjective recommended in the IUPAC Gold
Book is “synergic”, but most scientists prefer “synergistic”. Synergistic extraction is an
attractive research topic in the field of the liquid–liquid extraction of metal species because
the possible combinations of various ligands possessing dissimilar chemical properties
are really enormous. As a matter of fact, the synergistic effect was observed by Cun-
ningham et al. [52] for the extraction of Pr(III) and Nd(III) ions from nitric acid solutions
by mixtures of HTTA and tributylphosphate (arguably, the most important reagent for
actinoid separations is TBP) in kerosene, but synergism acquired its name in 1958 when a
group of scientists from Oak Ridge Laboratory (USA) investigated the extraction of U(VI)
by combinations of organophosphorus-extracting agents [53]. The extraordinary surge
of interest has shown that, historically, this phenomenon was noticed as early as in the
year 1879 by Vogel in the extraction of Co (II) thiocyanate by an equal mixture of ether
and amylalcohol [54]. Consequently, the phenomenon of synergism obtained from HTTA
compounds is very important, both historically, since the first synergism described was
obtained using a HTTA + TBP mixture, and by the quantity of published papers: about 80
publications on the subject have appeared since 1972 [55]. In point of fact, Irving and Edg-
ington [56], for the first time, and further, Healy and co-workers [57], have employed HTTA
molecules in combination with neutral organophosphates (S) using C6H6, C6H12, CHCl3,
and CCl4 as diluents to demonstrate a strong enhancement (up to 108 times the partition
ratio for HTTA or S alone) of the extraction of metal species such as alkaline earth, trivalent
lanthanoids and actinoids, thorium(IV), as well as uranyl ions. For historical reasons, when
the adduct is a molecule or molecules of the chelating acid itself or similar acid species,
this has not been classified as synergism, although it is, in fact, a similar phenomenon [58].
The synergistic reactions described in these pioneering works have produced extracting
species with the general formula M(TTA)xSy, where x is the valence of the metal ion and
y varies between 1 and 3. The existence of this type of mixed adducts Ln (L)3Sy (y = 1–3)
has been observed usually when 4f-ions were extracted with synergistic acidic/neutral
mixtures [13,42,59–65]. In the majority of solvent systems investigated, the nature of the
diluent used and the composition of the aqueous phase do not affect the stoichiometry of
the synergistic adduct [66]. Though successful solvent systems do exhibit greater extraction
strength, unfortunately, synergistic systems rarely achieve much enhancement in selectivity
for a given group of metals such as lanthanoids, or in the mutual separation of members of
the groups [67]. Generally, in synergistic solvent systems, the acidic (chelating) compound
(HL) typically deprotonates to form an anionic ligand L− that can chelate with the metal
ion Mn+, while the neutral ligand or, in other words, the synergistic agent S replaces any
remaining water molecules from the coordination shell of the neutral complex, enhancing
its solubility in the organic liquid phase. This process can be expressed as:

Mn+ + nHL + xS
MLn·Sx + nH+ (13)

No standard method for the quantification of the phenomenon—synergism—has
been agreed on, and any approach should be clearly defined in a given situation (IUPAC
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Gold Book). Actually, the synergistic effect can be represented by the synergistic coeffi-
cient (SC) defined by Taube and Siekierski as SC = log [(D1,2/D1 + D2)], where D1, D2,
and D1,2 denote the distribution ratios of a metal ion between the organic and aqueous
phase, containing one of the extractants and their mixture [68]. In other words, the sol-
vent extraction is synergistic when SC > 0, and antagonistic when SC < 0, i.e., negative
synergism [18,69]. For instance, antisynergism was first reported as a phenomenon, of
course, by Blake et al. [53], and later for some separation procedures concerning certain
ions, e.g., Np(IV), Np(VI), U(VI), U(VI), Pu(III), Y(III), and Ln (III), by Peppard et al. [70] in
the organophosphorus acid–phosphorus ester series as a result of interaction between the
two ligands mono(2-ethylhexyl) orthophosphoric acid and TBP (tri-n-butyl phosphate) in
toluene. Some researchers have used the following expression for the synergistic coefficient
(SC) too:

SC =
D1,2

D1 + D2

Or, as defined by Tagushi and Goto [71]:

SC =
logD1,2

D1 + D2
,

where D1,2 denotes the distribution ratio of the species for the mixture of extractants.
Further, except by the coefficient of synergism, it can be also proved if the following

equality is fulfilled [66]:
D1,2 = D1 + D2 + ∆D,

where the increase ∆D is the magnitude of the synergistic enhancement of extraction. In
the presence of a large synergistic effect, D1 and D2 remain negligibly small compared
to ∆D, and then D1,2 ≈ ∆D. In analytical chemistry, for an extraction system based on a
pH-dependent chemical reaction, as in the case of acidic extractants, the value of SC has
been estimated by the following equation as well: SC = n∆pH50. This is supposable where n
is the charge of the metal ion (Ln3+: n = 3) and ∆pH50 is the difference of pH corresponding
to 50 % extraction (D = 1) when the total concentration of the extraction system is the same
for the single solvent system (e.g., HL) and for the mixtures with the neutral ligand. As a
whole, this will give good results only in cases when the extraction with a synergistic agent
used alone is almost negligible under the applied experimental conditions. Per contra, good
results can be obtained if the following three assumptions are fulfilled [54]: (1) the metal
concentration is negligibly small when compared with the concentration of the chelating
acid; (2) the distribution of HL and S remains constant in the pH range investigated; (3) the
formation of hydroxocomplexes can be ignored in the same pH range.

The chemistry of synergistic systems generally, and also of those making use of
chelating ligands, is highly diverse, as the variety of extracting agents and their possible
combinations are so numerous [72–76]. Nonetheless, the enhancement using HTTA is
exhibited with various metallic species from the periodic table, and is much larger—up to
108—than the cases with dialkyl phosphoric acids, and up to 102 larger when changing the
S from the neutral alkyl phosphates, through phosphonates, to the phosphine oxides [57].
As a matter of fact, the synergic enhancement of metal ion extraction has been studied
most extensively using thenoyltrifluoroacetone (HTTA) ligand and various organic phos-
phate esters. Some of the findings valid for molecular diluents can be summarized as
follows [77,78]:

(i) HTTA metal chelate extraction systems show a much larger synergistic effect than
most metal chelate extraction systems;

(ii) The synergistic effect is larger when the neutral adduct-forming ligand is an organic
phosphate ester than when it is any other neutral ligand;

(iii) The synergistic effect is strongly dependent on the central metal ion; HTTA chelates
of trivalent lanthanoids and actinoids or uranyl ions show larger synergistic effects
than many other metals’ HTTA chelates;
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(iv) The synergistic effect also depends on the molecular organic diluents and it usually
increases when water has a smaller solubility in the diluent.

It was also reported long ago that the synergistic effect is different in different inert
organic diluents applied, and is usually larger when water has a smaller solubility in the
used organic diluent [77]. It has been concluded that (i) the β-diketones which have one
trifluoromethyl group extract Eu (III) extract better than those without a trifluoromethyl
group. For instance, the pH of 50% extraction increases in the following order: TTA ≈
FTA < BFA < TAA < BZA < AA. Therefore, acetylacetone showed the least extraction
of Eu (III): less than 10%. The difference in the metal extraction with acetylacetone or
trifluoroacetylacetone and the metal extraction with the homologues of these β-diketones
seems to be mainly due to the aqueous chelate complex formation. The substitution of
a methyl group in acetylacetone or trifluoroacetone with a benzoyl, furoyl, or thenoyl
group increases the possibility of metal extraction because the substitution increases the
organophilic tendency of the molecules and prevents the formation of metal chelates in
the aqueous phase. Moreover, the β-diketones with one trifluoromethyl group extract the
metal ion from aqueous solutions at a lower pH than those without a trifluoromethyl group.
(ii) Another thing to underline is that a metal chelate with a β-diketone with a trifluo-
romethyl group in its chemical structure is a much better acceptor of tributylphosphate to
form further adduct complexes (MA3·(TBP)) than a β-diketone with no trifluoromethyl
group. In fact, the metal chelates with the CH3-group β-diketones do not form the second
adduct, MA3·(TBP)2, while the metal chelates with the CF3-group β-diketones form the
second adducts. (iii>) The ability of the acetylacetone chelate or the trifluoroacetylacetone
chelate to de facto form an adduct is not changed significantly by the replacement of the
methyl group with groups such as benzoyl, furoyl, or thenoyl [77]. A study of the extraction
of the thenoyltrifluoroacetone chelates of calcium and strontium has been described by
Sekine and Dyrssen in the hope that a better understanding of these systems will lead
to a wider use of this reagent in the solvent extraction and separation of these ions [79].
As a CCl4 diluent generally gives both rapid and satisfactory liquid phase separation, it
was chosen for the investigation with TOPO, TBP, and methyl isobutyl ketone (hexone)
as adduct-forming ligands. The separation of calcium and strontium can be effected suc-
cessfully by mixture of 0.1 mol dm−3 TTA + 0.01 mol dm−3 TBP at an extraction pH of 4,
removing most other metal ions, but it leaves Ca and Sr (probably also group 1 metals and
Mg2+, Ba2+ and Ra2+) in the aqueous layer. When the pH is raised to 6.6, almost 99% of Ca
was extracted, while in order to remove most of the remaining 30% of Sr, which is extracted
simultaneously, the organic layer is washed three times at pH 6.6 with water buffered with
p-nitrophenol or veronal. Further, the solvent extraction of In (III) and Eu (III) ions has
been also studied by the same research team with mixtures of thenoyltrifluoroacetone and
β-isopropyltropolone (IPT) in chloroform [80]. The distribution of In (III) was explained
by the extraction of InAaB3-a, (0 ≤ a ≤ 3) complexes (type A). The mixed complexes of
Eu (III) were considered to be EuAaBbHa + b − 3 (type B), but the addition of 1 mol dm−3

TBP (S) changes the species to EuAaB3-aL2 complexes (type C). The calculated equilibrium
constants seem to indicate somehow that IPT in the undissociated form, HB, is a rather
strong donor to the EuA3 chelate. Furthermore, adduct formation by the Eu (III) and
Th (IV) chelate complexes of 2-thenoyltrifluoroacetone and β-isopropyltropolone with
TBP and methyl isobutyl ketone (hexone) has been studied by the distribution method
using CHCl3 and CCl4 as organic diluents also [81]. The formation of an adduct with the
undissociated chelating acid was observed at high ligand concentrations, MA3·HA. In most
cases, an increase in the metal extraction was observed when TBP or hexone was added to
the organic phase, and this effect, which is especially large for the TTA chelates, could be
explained by the formation of mixed adducts, MAxSy. As a whole, the formation constants
were larger for the Eu (III) chelates than for the Th (IV) chelates and larger for TBP used
as a second ligand than hexone; they were also larger in CCl4 medium than in CHCl3.
Moreover, the adduct formation of the tris−TTA complexes of In3+, Sc3+, La3+, Eu3+, Lu3+,
and Am3+ ions have been studied by liquid–liquid distribution, applying CCl4 diluent and



Separations 2022, 9, 154 14 of 40

the aqueous phase of 1 mol dm−3 (H, Na) CIO4 [82]. This leads to MA3 and MA3Sn species’
formation in the organic phase, where the chelating acid, HA, is 2-thenoyltrifluoroacetone,
and the neutral ligands, S, are TBP, dibutylsulfoxide (DBSO), and methyl isobutyl ketone
(hexone) [82]. In fact, InA3 does not form adducts, ScA3 adds one TBP but no hexone, and
LaA3, EuA3, LuA3, and AmA3 add two molecules of TBP ligand. In addition, the formation
constants of the MA3·(TBP)2 adducts showed the following order of stability: LaA3 > EuA3
≈ LuA3. The ligand DBSO gives similar results to TBP, but the adducts with hexone are
less stable than those with TBP.

The distribution of Eu (III) ions has been studied with various mixtures of ligands,
including different chelating acids such as HTTA, 1-naphthoic acid, β-isopropyltropolone,
5,7-dichloro-oxine, N-benzoylphenylhydroxylamine, dioctylphosphate, and N-2,4-
dichlorobenzoylphenylhydroxylamine [83]. The synergistic solvent extraction of the Eu
(III)−TTA chelate into two diluents was found to increase by the addition of the following
ligands: trioctylphosphine oxide > tributylphosphate ~ quinoline > coumarin > hexone >
α-naphthol. As a matter of fact, two adducts, EuA3S and in some cases EuA3S2, have been
obtained in the organic phase. In the case of the TTA−chelates, the PO group forms likely
stronger adduct complexes than the more basic nitrogen atom in quinoline. On the other
hand, the length of the hydrocarbon chain is not so important in future adduct formation
processes in the organic phase, provided that the distribution constant of the donor ligand
is not so low that most of it is concentrated in the aqueous layer, thus diminishing [S]o [83].
This is demonstrated, of course, by the results obtained with tributyl and trioctyl phosphine
oxides. Further, it was found that the formation constants are larger when CCl4 is the
diluent in use, rather than in CHCl3 medium.

Furthermore, Marcus and Kertes [66] have proposed three types of possible reaction
mechanisms to explain the data of the synergistic solvent extraction of metal ions by the
combined action of two specific solutes in the organic phase (Scheme 1): (1) the neutral
adduct replaces the residual water of hydration in the first coordination sphere of the metal
ion; (2) the neutral adduct attaches the metal chelate, by means of a hydrogen bond, to the
coordinated waters of the first hydration sphere; and (3) the coordination number of the
non-hydrated chelate expands from 6 to 8 to accommodate the direct coordination of the
adduct to metal. Actually, the geometry of the formed complex can play a significant role
in the strength of many complexes [84].
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For instance, Upor has made an attempt at generalizing the reaction mechanism with
synergistic and antagonistic effects in 1970. Actually, however, this was not successful for
any of the following components: (i) metal ions (Zr4+, Hf4+, Ti4+, Sc3+, Y3+, Ln3+, Th4+,
UO2

2+, Am3+); (ii) active chelating agents (HTTA, dialkylphosphoric acid); (iii) neutral
phosphorus compounds (TBP, TOPO), alcohols, aliphatic amines [85]. Nevertheless, the
extraction of Th4+, UO2

2+, and Ln3+ ions was associated with a synergistic phenomenon in
systems containing β-diketone and phosphoric ester in petroleum ether, such as an organic
medium. In spite of this, it seems obvious that, in the case of antagonistic extraction, a
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single compound formed between the two complexing agents, resulting in the decreased
activity of the chelating agent which, in turn, suppresses metal ion extraction, is not enough.
In other words, the extent of antagonism is not at all independent of the chemical nature of
the diluent either.

The potential use of the combination of the β-diketone HTTA with TOPO in n-
dodecane for the recovery of a Sc3+, such as Sc (TTA)3·TOPO, complex from a sulfuric acid
solution containing transition metals such as Al3+, Fe3+, Mn2+, Co2+, Ni2+, and Zn2+ in a
refining process was demonstrated by Zhao et al. [86]. Adduct formation constants have
been determined also in the thirteen diluents for two types of synergistic adducts, namely,
Eu (TTA)3·S and Eu (TTA)3·2S (S = TOPO), by Akiba et al. [87]. Moreover, Irving and
Edington have established the mixed-adduct complexes of the type M(TTA)2(NO3)·2TBPO
(M = Am or Eu) [88]. The optimum conditions were established when Ln3+ were synergisti-
cally extracted with hexafluoroacetylacetone and TOPO as mixed ligand complexes with
the general formula LnL3·2TOPO [89]. Considering the interaction reaction between the
extractants in cyclohexane media, Atalka and Favaro have identified, in the organic phase,
the following species, Ln (TTA)3·TOPO and Ln (TTA)3·2TOPO, for La and Yb ions [90]. An
extensive study on the extraction of the whole lanthanoid series, except for two ions (Pm
and Lu) with HTTA and triphenylphosphine oxide (TPPO) mixture in benzene from an
aqueous perchlorate medium at constant ionic strength of 0.2 mol dm−3 was carried out by
Aly et al. [91]. It was found that the main extracted adduct contains the lanthanoid chelates
together with two TPPO molecules. In the solvent extraction of metal β-diketonates, it is
well known that the presence of a Lewis base such as TOPO enhances the extractability
because of adduct formation between the metal chelates and the Lewis base. Further, Aly
et al. have found that almost all lanthanoids are synergistically extracted by HTTA−TOPO
mixtures in benzene under comparable conditions, and it was reported that the separation
factors as well as the synergistic coefficients change periodically in a manner directly related
to the tetrad effect, the double-double effect, and the so-called “inclined” W effect [91]. This
contribution is an extensive study on the extraction of the whole 4f-series. In this work, the
lanthanoid chelate, Ln (TTA)3, gave an adduct of a general formula Ln (TTA)3·2TPPO all
over the whole series [91]:

Ln3+
(aq) + 3HTTA(o) + 2TPPO(o)
 Ln (TTA)3·2TPPO(o) + 3H+

(aq) (14)

So far, regrettably, no investigations are available concerning the coordination of water
molecules to the chelate or the mixed adduct. In many cases, it was suggested that the
lighter members, i.e., La–Nd, are mainly 9-coordinated, whereby the heavier representatives
of 4f-series, Gd–Lu, are 8-coordinated in solutions. In fact, such synergistic occurrence has
been widely investigated, but steric hindrance by the terminal groups in the β-diketones
has hardly been recognized [92].

A survey of the synergistic data is given in Tables 5 and 6. Data in the tables are
first ordered according to the target 4f-ion, following by the type of the extracted metal
complex in the organic phase; within each category, the data are sequenced in line with
applied diluents.
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Table 5. Summary of synergistic systems of thenoyltrifluoroacetone with an organophosphorus
ligand for the solvent extraction of trivalent lanthanoids.

Cation Diluents Equilibrium Refs

Eu cyclohexane Eu (TTA)3/Eu (TTA)3·2TBP [89]

152,154 Eu

n-hexane, n-heptane, cyclohexane,
methylenechloride, chloroform, benzene,
carbon tetrachloride, bromoform, toluene,

isopropylbenzene, chlorobenzene,
o-dichlorobenzene

Eu (TTA)3·TBP/
Eu (TTA)3·2TBP [93]

All REs CCl4 Ln (TTA)3 [94]

Sc CHCl3 Sc(TTA)3 [95]

Sc CHCl3 Sc(acac)3 [95]

Sc, La, Eu, Lu CCl4
Ln (TTA)3/

Ln (TTA)3·TBP/
Ln (TTA)3·2TBP

[82]

Eu CHCl3, CCl4

Eu (TTA)3·TBP/
Eu (TTA)3·2TBP/
Eu (TTA)3·TOPO/
Eu (TTA)3·2TOPO

[83]

Tm, Eu C6H6, cyclohexane

Tm(TTA)3/Tm(TTA)3·TBP/
Tm(TTA)3·TOPO/
Tm(TTA)3·2TBP/

Tm(TTA)3·2TOPO

[58]

152,154 Eu

pentane, hexane, heptane, cyclohexane,
isopropylbenzene, carbon tetrachloride,

toluene, benzene, chloroform, chlorobenzene,
methylene chloride, o-dichlorobenzene,

bromoform

Eu (TTA)3·TOPO/
Eu (TTA)3·2TOPO [87]

169Yb, 140La cyclohexane Ln (TTA)3·TOPO/
Ln (TTA)3·2TOPO [90]

All Ln3+ benzene Ln (TTA)3/ Ln (TTA)3·2TPPO [91]

La, Nd, Eu, Dy, Lu [C1C4im+][Tf2N−] Ln (TTA)3 [95]

La, Nd, Eu, Dy, Lu [C1C4im+][Tf2N−] Ln (TTA)4
− [96]

La,Nd, Eu, Dy, Lu [C1C4im+][Tf2N−]

Ln (TTA)3·2TOPO/
Ln (TTA)2·2TOPO (Ln = Nd)/

Ln (TTA)2·3TOPO
(Ln = La,Nd, Eu, Dy,Lu)/Lu

(TTA)·3TOPO

[96]

In view of a quantitative description of the synergism and antagonism as a phe-
nomenon, [97] reports Eu3+ and Tm3+ extraction and separation with benzoyltrifluoroace-
tone and TBP, and on the interaction of the both these reagents with water in benzene.
It was shown that the antagonistic effect can be accounted for quantitatively on the ba-
sis of the formation constants of the hydrated complexes detected in the organic phase:
(HBTA)n(TBP)m(H2O)r. This behavior is attributed to an increase in the water content of
the organic liquid phase, and can be fully accounted for by the decrease in the activity of
both compounds due to the formation of several hydrated species in the organic phase also.
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Table 6. Summary of synergistic systems containing β-diketone and organophosphorus ligands used
for the solvent extraction of trivalent lanthanoids.

Cation Diluents Equilibrium Refs.

Eu CHCl3
EuL3/ EuL3·TBP (L: acetylacetone, benzoylacetone,

trifluoroacetylacetone, benzoyltrifluoroacetone,
froyltrifluoroacetone, thenoyltrifluoroacetone)

[77]

La, Eu, Tb, Lu C6H6
LnL3/LnL3·TBP/LnL3·2TBP/LnL3·TOPO/LnL3·2TOPO

L: benzoyltrifluoroacetone [98]

La, Ce, Pr, Nd, Sm, Eu, Gd C6H6
LnL3/LnL3·2TOPO/LnL3·2TBPO/LnL3·TPPO

L:4,4,4-trifluoro-1-(biphenyl-4-yl)butane-1,3-dione [42]

La, Pr, Eu, Ho, Yb CHCl3

LnL3/ ML3·TOPO
L:2-trifluoroacetyl-cyclopentanone,

2-trifluoroacetyl-cyclohaxanone,
2-trifluoroacetyl-cycloheptanone

[99]

La, Nd, Eu, Ho, Lu CHCl3 LnL3/LnL3·2S1; L: HTTA; S: S1 [13]

All Ln3+ CCl4 LnL3/LnL3·2S; L: HTTA; S: S7 [61]

All Ln3+ CCl4 Ln (TTA)3·S; S: S8 [59]

La, Nd, Eu, Dy, Lu [C1C4im+][Tf2N−] Ln (ba)2
+; L: benzoylacetone [100]

La, Nd, Eu, Dy, Lu LnL3; L: benzoylacetone

La, Nd, Eu, Dy [C1C4im+][Tf2N−] LnL2(TOPO)2
+ L: benzoylacetone [100]

La, Nd, Eu, Dy, Lu LnL(TOPO)4
+;L: benzoylacetone

Note: S1: 5,11,17,23-tert-butyl-25,26,27,28-tetrakis(dimethylphosphinoylmethoxy)calix[4]arene; S7: tert-
butylcalix[4]arene tetrakis(N,N-dimethylacetamide); S8: 4-tert-butylcalix[4]arene-tetraacetic acid tetraethyl ester.

With regard to several essential factors affecting the stability of the formed synergistic
metal species, the following four generalizations can be summarized [101]: (i) first of all,
with organophosphorus compounds in the role of a neutral ligand, the order of synergistic
enhancement obtained is that of increasing base strength. With considerable restrictions
apropos of steric factors, the stability usually increases with increased donor properties of
the molecule; (ii) though the composition of the adduct fortunately remains unaffected, the
change of the organic diluent employed frequently affects the synergistic enhancement at
the same time quite significantly. In addition, in some extreme cases reported, the diluent
may have an effect on synergism that is greater than the initial synergistic effect observed
already; (iii) thirdly, it should be emphasized that there is a small but finite decrease in the
synergistic enhancement as a rule with decreasing ionic radius of the metal, regularly of
course. This appearance can be attributed, at least partially, to a lower energy needed to
accommodate the neutral ligand with increased ionic radius of the central metal atom; (iv)
finally, we must note that stronger chelating agents form strong metal complexes and, as a
consequence, have a lower tendency to facilitate the binding of the neutral ligand to the
metal than a weaker one does [101].

By its nature, the effect of diluent may be a reflection of the effective concentrations
of the extractant and of the adduct due to the interaction between them and the dilu-
ent in use [76]. The magnitude of the adduct formation constants in different diluents,
such as cyclohexane, carbon tetrachloride, benzene, chloroform, pentachloroethane, and
tetrachloroethane, was found to be correlated with the dimerization constants of benzoic
acid (HB) used as a second extractant with HTTA in a mixture for Eu (III) extraction: Eu
(TTA)3·HB or Eu (TTA)3·2HB. Synergism has also been observed when two β-diketones
are used in a solvent system. For example, the solvent extraction of lanthanoids (La–Gd)
with mixtures of a chelating extractants (HL), either 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-
pyrazol-5-one (HPMFBP) or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HP-
MMBP), in combination with a HTTA reagent has been studied in benzene [102]. The
observed extraction mechanism in the two used systems is identical, indicating that the
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lanthanoid extraction behavior was not influenced by the 4-acylpyrazolone substituents.
It was found that, in the presence of a thenoyltrifluoroacetone, the lanthanoids were ex-
tracted as LnL3·HTTA species. The small extraction enhancement upon the addition of
HTTA in the solvent systems could be explained by the fact that probably the self-adduct
LnL3·HL is anhydrous, as autosynergism must be accompanied by the displacement of
coordinated water molecules. So, the transformation of the self-adduct (LnL3·HL) into the
mixed adduct LnL3·HTTA does not cause the formation of a more hydrophobic complex,
as happens in most cases of synergistic solvent extraction. The statement of Hala, that in
the mixed adducts formed in the organic phase during a solvent extraction process using a
combination of two β-diketones, the weaker acid takes part as a neutral molecule in the
extracted metallic species, is in accordance with the present finding, i.e., the LnL3·HTTA
arrangement [103]. Honestly, similar results have been established by Woo et al. for the
solvent extraction of Eu (III) ions with mixtures of HTTA and acetylacetone (HAcAc) [104].
On the basis of the chemical analyses conducted as well as infrared investigations, the
researchers have found that the weaker acid is involved in the complex formation Eu
(TTA)3·HAcAc as a neutral molecule.

Additionally, the introduction of a second neutral ligand, a crown ether molecule, re-
sulted in an increased extraction efficiency of the 4f-ions in the following order:
DB24C8 > DB18C6 (dibenzo-24-crown-8 and dibenzo-18-crown-6), established in the pres-
ence of the chelating reagent HTTA dissolved in 1,2-dichloroethane: Ln (TTA)3·S, [105]. A
greater stability for the formed mixed complexes in coordinating the DB24C8 molecule has
also been established. Nevertheless, the calculated separation factors show a fairly uniform
selectivity for the three HTTA, HTTA−DB24C8, or HTTA−DB18C6 solvent systems; see
Figure 7. For example, the selectivity of the Sm/Nd metal ion pair is calculated to be 2.40,
2.23, and 2.51, respectively.
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Figure 7. Values of the synergistic and separation factors in the 4f-series produced
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([HTTA] = 6 × 10−2 mol/dm3, [DB24C8(DB18C6)] = 2.5 × 10−3 mol/dm3, pH = 3.80). Adaptation
from Ref. [105]. ©2005 Taylor&Francis.
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In the same way, the synergistic factors, mixed extraction constants, and formation
constants of the different adducts, Ln (TTA)3·2S (S: 15-crown-5), established in the organic
phase (chloroform) were found to take the sequence Eu3+ > Tm3+ > Yb3+ [63]. However,
using 12-crown-4, no enhancement in the 4f synergistic extraction was observed, which
could be explained in terms of the small cavity size of the 12C4 compound relative to 15C5.
On the other hand, characteristic ion-pair extraction of the lighter Ln (III) ions was observed
with 1,2-dichloroethane extract containing HTTA and 18-crown-6 or dicychlohexano-18-
crown-6 (CE), in which the cationic complex, Ln (TTA)2CE+, was formed and extracted [106].
Remarkable increases in extractability and selectivity were attained in the synergistic ion-
pair extraction of the lighter 4f-ions, which could be elucidated on the basis of a size-
fitting effect in the complex formation of the lighter ions with crown ether molecules. In
addition, the interaction of the UOz

z+, Eu3+, La3+, and Th4+ complexes of HTTA with
several crown ethers have been investigated in two molecular diluents, namely, benzene
and chloroform [107]. The thermodynamic parameters were found and the hydration of
the complexes were determined by Karl Fischer and fluorescence techniques. Several lH
and 13C NMR spectra used to further clarify the nature of the complexes indicated that the
metal ion more often does not interact equally with all the ether oxygens, and the “fit” of
the cation to the crown ether cavity is a not-so-significant characteristic. It was also found
that the binding to the simple crowns by Ln (TTA)3 and UOz(TTA)2 chelates follows the
basicity sequence, but with DC18C6 and DB18C6, steric effects become somehow more
important. Moreover, such effects are very decisive for Th (TTA)4 interactions, even in the
interactions with the simple crown ether.

Furthermore, the great increase in the equilibrium constant value (approximately
11 orders of magnitude) was found by the addition of another interesting synergistic
agent, the macrocyclic calixarene ligand, to the system Ln3+–HTTA, forming as well Eu
(TTA)3·2S species [61]. Moreover, the data found in the study show that the linearity of
the four segments to form “inclined W” is preserved in order to address the effect of L
(the total angular momentum) [108] (Figure 8). For instance, the addition of a calixarene
tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide) (S) to the chelating extractant
HTTA improves the extraction efficiency of the all Ln (III) ions in 4f-series and produces
large synergistic effects, up to 106. The very-high synergistic enhancement shows that
the possible interaction between the extractants in the organic phase can be neglected;
otherwise, an antagonistic effect would occur [109,110]. The SC values obtained in this
case of acidic/neutral coupling are approximately two times higher than the case when
HPBI (4-benzoyl-3-phenyl-5-isoxazolone) was used as a chelating extractant instead of
HTTA in combination with the same synergist [60], as well as in comparison with the
combination of HTTA and another calixarene, 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis-
(dimethylphosphinoylmethoxy)calix[4]arene [13] (see Figure 2).

In mixed-ligand extraction systems of targeting lanthanoids, the Ln ion, to which three
molecules of chelating reagent have already been coordinated, has space for the adduct-
forming reagent in exact proportion to its ionic radius. Thus, steric hindrance for adduct for-
mation somehow increases with atomic number. It is clearly seen from the obtained results
herein that the synergistic enhancement is almost always higher for a particular lanthanoid
ion when the HTTA compound is used as a chelating extractant. This is in accordance with
the observation of Pai et al. [111], that the weaker the chelate, the higher the established
synergism in solvent extraction processes. In addition, about 10- to 40-fold enhancement
has been observed in the extraction of the trivalent La, Eu, Lu, and Am ions with HP ligand
and bis-2-ethylhexylsulphoxide [112], whereas with mixtures of HPBI and sulphoxides, an
about 2- to 4-fold enhancement was observed in the extraction of trivalent Nd, Tb, and Tm
ions [113]. Therefore, many studies have been carried out using a neutral unidentate ligand
as the synergistic agent, such as crown ethers [105,114], organophosphorus compounds,
sulfoxides [115,116], or alkylammonium salts. Compared with these available literature
sources, there are likely a limited number of scientific investigations devoted to the solvent
extraction of metals with mixtures involving a neutral bidentate ligand. The formation of
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synergistic adducts containing a β-diketone as the acidic component (acetylacetone, ben-
zoylacetone [117–119], pivaloyltrifluoroacetone [120], thenoyltrifluoroacetone [121–127],
LIX 54 (a β-diketone derivative) [128] and 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone [129]
and bidentate chelating agents, 1,10-phenanthroline and 2,2′-bipyridyl, have been reported
for many metals under a variety of conditions. For example, synergistic effects of seven
bidentate amines, S: 2,2′-bipyridyl, and 1,10-phenanthroline and its derivatives, on the
extraction of zinc (II) with 2-thenoyltrifluoroacetone, HTTA, in benzene were investigated
with established dominant extracted species Zn (TTA)2·S in every system [130]; see Fig-
ure 9. The addition of the amines, even at a low concentration (<10−5 mol dm−3), caused
a remarkable improvement in D, while at higher concentrations, a lowering of the D was
observed because of the masking effect of amines in the aqueous phase. In fact, a very high,
up to 106, synergistic effect was achieved by Kassierer and Kertes using a combination
of two bidentate chelating agents, the β-diketone with a nitrogen base [121,122,124,126].
The synergistic extraction of lanthanoidsn (III), i.e., La, Sm, Tb, Tm, and Lu, using HTTA
and nitrogen-containing neutral bidentate ligands (S), i.e., three ethylenediamine deriva-
tives, such as N,N′-dimethylethylenediamine, N,N′-diethylethylenediamine, and cis-l,2-
cyclohexanediamine, was studied in benzene: Ln (TTA)3·S [131].
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The stoichiometry Ln (TTA)3·S [132], which includes one molecule of the synergist, was
also established for the solvent extraction of some lanthanoid ions with the combination of
HTTA–bipy in C6H6 [126]. Further, Duyckaerts et al. [123] have also reported the formation
of mixed complexes in four molecular diluents, e.g., Eu (TTA)3·S, where the synergistic
agent, S, is 2,2′-dipy, 1,10-phen, and its 2,9-dimethyl derivative. Supplementarily, the
comparison of calculated equilibrium constant KL,S values obtained for the HTTA–1,10-
phen and HTTA–2,2′-bipy combinations shows that the stability of the complexes involving
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1,10–phen used as a synergistic agent is higher than those involving 2,2′–bipy compound,
probably because of the higher basicity of the former; see Table 7.

Table 7. Values of the equilibrium constants KT, KT,S, and βT,S, and pH50 for the extraction of
lanthanoid ions with HTTA and HTTA–S systems in CHCl3. Reprinted with permission from
Ref. [132].

Ln3+ logKT logKT,S logβT,S pH50

HTTA–bipy HTTA–phen HTTA–bipy HTTA–phen HTTA HTTA–bipy HTTA–phen

La −11.06 −5.85 −3.95 5.21 7.11 5.08 4.13 3.48
Nd −10.12 −3.71 −1.78 6.41 8.34 4.77 3.40 2.76
Eu −8.68 −2.23 −0.43 6.45 8.25 4.29 2.92 2.31
Ho −8.56 −1.75 0.08 6.81 8.64 4.25 2.74 2.13
Lu −8.15 −0.96 0.64 7.19 8.79 4.11 2.52 1.95

Notes: The values of the equilibrium constants are calculated on the basis of the 42 experimental points; statistical
confidence is 95 % and standard deviation is less than ±0.05.

Moreover, it can be seen that the SC changes approximately from 102 to 106. So,
the combination of two bidentate ligands, the acidic chelating agent and the Lewis base,
i.e., phenanthroline or bipyridyl, produces a very strong synergistic effect in the solvent
extraction process of lanthanoids. These published data show that the SC obtained for the
mixtures including 1,10-phenantroline as a synergistic agent are approximately two and
one order of magnitude higher than that when 2,2′-bipyridyl is used in combination with
HTTA. This observation confirms previous investigations in which the synergistic effect
decreases in the order phen > bipy with differences up to two orders of magnitude [121].
As a whole, the larger synergistic effect with phenanthroline is probably due to its stronger
donor properties [128]. Moreover, the obtained SC values in the cited study (Table 8) are
much higher than those in the cases when diphenylsulfoxide [115], crown ethers [110], or
calix[4]arenes [13,60,133] were used as a second extractant for the synergistic extraction
of Ln3+ with a β-diketone. In conclusion, the stability of these mixed-ligand adducts in
organic diluents (as a rule, they are insoluble in water) depends on many factors, including
the terminal groups of the β-diketone, its acidity and steric hindrance, the basicity of the
donor atom(s) in the organic base and its structure, and the size of the metal atom too [134].
Usually, a comparison of the formation constants reveals that the greater the basicity of
the donor atom(s), the greater the stability of the adduct formed; however, the greater the
stability of the metal diketonate, the weaker the adduct that is formed.

Table 8. Values of the synergistic coefficients ([HTTA] = 4× 10−2 mol/dm3 and [S] = 5× 10−3 mol/dm3,
phen: pH = 2.50; bipy: pH = 3.20) and separation factors for the lanthanoid extraction with HTTA
alone and HTTA–S systems in CHCl3. Reprinted with permission from Ref. [132].

Ln3+ SC SF

HTTA–bipy HTTA–phen HTTA HTTA–bipy HTTA–phen

La 2.91 4.82 Nd/La 8.70 138.09 147.9
Nd 4.11 6.04 Eu/Nd 27.54 30.19 22.38
Eu 4.15 5.95 Ho/Eu 1.31 3.02 3.23
Ho 4.51 6.34 Lu/Ho 3.54 6.16 3.63
Lu 4.89 6.49

It is maybe worth mentioning that a large number of papers is devoted to the synergis-
tic extraction with mixtures of HTTA in combination with amines or quaternary ammonium
salts [12,45,135]. A novel family of engineering-purpose ILs derived from the quaternary
ammonium salt Aliquat 336 (methyltrialkyl(C8–C10 chloride) have also been used for a
long time for the synergistic solvent extraction of countless metals. One ideal represen-
tative of ILs is the quaternary ammonium salt, having the industrial nickname Aliquat
336 (trialkyl(C8–C10)methylammonium chloride, m.p.: −20 ◦C; viscosity: 1500 mPa·s).
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However, due to high viscosity, this IL is mostly used after dissolving it in organic diluents.
Additionally, the extraction mechanism is based on anion exchange and, hence, strongly
depends on the composition of the applied aqueous phase. The formation of anionic
mixed complex Q+[Eu (TTA)4]− (where TTA− stands for the thenoyltrifluoroacetone anion)
was firstly established in 1977 by Genov and Dukov [136] with the combination of an
acidic chelating compound, β-diketone, and quaternary ammonium salts, Aliquat 336, in
molecular diluents, and later confirmed not only for lanthanoids [46,137,138] but for the
extraction of other metals too [139,140]. The four anions of the chelating extractant (L−)
form the inner coordination sphere of the complex, satisfying the coordination abilities of
the lanthanoid ion (CN = 8), while the cation of the liquid salt Aliquat 336, Q+, occupies
the outer sphere of the formed anionic metal complex in the organic molecular phase. The
variations of the calculated equilibrium constants logKL,Q with the atomic number of the
lanthanoids are given in Figure 11. Because of gradation filling of electrons into the 4f
shell, the properties of many lanthanoid compounds have shown changing gradations with
an increase in the atomic number. An interesting property for Lns was firstly reported
by Peppard et al. [141], i.e., logK values vs. atomic number Z formed four tetrads. It is
seen that the logKL,Q values change in almost the same manner with increasing atomic
number for both studied HL–QCl and HL–QClO4 combinations. Therefore, the change
of the quaternary ammonium salt anion (Cl− with ClO4

−) produces only quantitative
differences during lanthanoid solvent extraction; see Figure 10. The considerable influence
of the anion on the synergistic process can be explained by the fact that the bond in QClO4
is stronger than that in QCl, and as consequence, the formation of the complexes Q+[LnL4

–]
is more difficult in the presence of QClO4.
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Taking into account the last consideration, it could be concluded that when metal ions
are extracted with mixtures incorporating alkylammonium salt, two competitive reactions
can occur in the organic phase, i.e., the formation of mixed metal complexes [12,18], leading
to synergism or interaction between the two extractants producing ion-pair formation
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as a parallel reaction: Q+·L−. In other words, according to the Le Chatelier’s principle,
the equilibrium connected with the ion-pairs’ Q+·L− formation will be shifted to the left,
destroying it in the process. In the opposite case, antagonism will probably occur [137,142,143].

Furthermore, the solvent extraction of europium (III) in aqueous 0.1 mol dm−3 sodium
chloride or sodium nitrate solutions with HTTA into chloroform was measured in the
absence and presence of tetraethylammonium, tetrapropylammonium, tetrapentylam-
monium, or tetradecyldimethylbenzylammonium (base+) [144]. It was found that the
formation equilibrium of the ternary complex, the Eu (tta)4

−base+, by association of the
neutral complex, Eu (TTA)3, with the ion-pair, TTA−base+, in the organic phase is essen-
tially not affected by the size of the base+. The extraction of anions with a certain quaternary
ammonium is better in the order Cl− < NO3

− < TTA−, while that of a certain anion with
the quaternary ammoniums is better in the order tea+ < tppa+ < tba+ < tpta+ < tddmba+.
This order agrees with the general tendency regarding the solvent extraction of various
ion-pairs; that is, extraction process is better when the ions are larger [144].

5. Ionic Liquid Media for Solvent Extraction of Metal Ions with HTTA Alone as Well
as in Mixed-Solvent Systems

ILs are merely “liquid solids” that are, presently, considered to have some green
characteristics, not omitting that, for engineering purposes, they should be also afford-
able. It is estimated that 1018, an ever-growing amount, of cation–anion combinations
potentially exist, and the properties of ILs strongly depend on the choice of the cation
(typically organic) and anion (usually inorganic with a -1 charge)—but some features
are common [145]. However, in some cases, ILs do not offer advantages compared to
organic diluents; there are several examples of high reactivity and selectivity [146]. A
number of hydrophobic and potentially environmentally friendly ILs have been employed
as substituents for volatile organic diluents (VOC) in liquid–liquid extraction due to their
low vapor pressure and non-flammability, but likely only 1-alkyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imides ([C1Cnim+][Tf2N−]) were effectively chosen as unique
media and could stand out [147,148].

Recognizably, the only common β-diketone ligand so intensively studied in
biphasic aqueous/IL systems in the last 15 years is undoubtedly the compound 2-
thenoyltrifluoroacetone [149–156]. The establishment of anionic lanthanoid complexes
of the type [C1Cnim+][Ln (TTA)4

−] in the organic “oil” phase is made possible likely by
the anion exchange pathway reaction due to the loss of [Tf2N−] anion to the aqueous
phase [157]. Nevertheless, the coordination environment of Eu3+ ions in the neutral Eu
(TTA)3 chelate in [C1C4im+][Tf2N−] medium was investigated by time-resolved laser-
induced fluorescence and infrared absorption spectroscopies, indicating that the complex
is completely dehydrated in an IL saturated with water [156]. On the other hand, in
molecular diluents, two or three water molecules are introduced in the first coordination
sphere, i.e., Eu (TTA)3(H2O)3, since the coordination number of Eu3+ is generally eight or
nine in solutions [155]. Despite all efforts made till now, little is likely known about the
reaction mechanism in ionic organic media; nevertheless, it is worth developing the solvent
extraction process in ionic diluents further.

5.1. IL’s Anion and Cation Solubility in the Upper Aqueous Phase

Definitely, the knowledge of the mutual solubility of water and ILs is very important
as regards their further applications as a liquid organic media in the chemical engineer-
ing field [158]. Unfortunately, a limited number of analytical techniques are sensitive
enough or are not quite efficient for the direct determination of trace components of ILs
transferred in aqueous phase. In fact, as the reader can see, the concentration of cation
[C1C4im+] in the aqueous phase was determined spectrophotometrically at 210 nm, a
method proposed by Jensen and co-researchers [157], while that of anion [Tf2N−] as col-
ored ion bis[(trifluoromethyl)sulfonyl)]imide bis(2,9-dimethyl-1,10-phenantroline)copper(I)
in ethyl acetate was determined at 456 nm. As one would expect, the solubility of ILs in
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water is strongly influenced by their anions, e.g., salts of [Tf2N−] are less soluble than those
containing [PF6

−] [148]. In order to investigate the presence of IL’s ions in the upper phase,
several experiments were carried out at low aqueous acidity (1 × 10−4 − 1.5 mol dm−3

DNO3) including the presence of a corresponding acidic/neutral ligand alone (Figure 11),
or their mixture in the lower oil phase.
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Figure 11. [C1C4im+] or [Tf2N−] vs. [DNO3] of the aqueous phase using [C1C4im+][Tf2N−] as
organic medium in the presence of ligands [HTTA] = 8 × 10−3 M and [CMPO] = 2 × 10−3 M.
Adaptation from Ref. [78] with permission.

The quantity (mM) of the IL’s entities transferred from the “oil” to the water-rich
solution (less-dense phase) were measured in the 1H and 19F NMR spectra (Q−NMR) of
the samples in D2O, and plotted against the concentration values of DNO3 [78,159,160].
In all systems, generally speaking, the solubility of the cationic and anionic component
of the IL increases slightly as a function of [DNO3], i.e., with decreasing pH values; see
Figure 11. This finding is consistent with previous determinations of ca. 15 mM in D2O
and 90 mM for 6 mol dm−3 DNO3 for [Me3BuN+][Tf2N−] IL [161]. Depuydt et al. also
reported a higher solubility of the IL cation ([P444C1COOH+], tri-n-butyl(carboxylmethyl)-
phosphonium) in water-rich phase at lower pH [162]. A very small difference between
the IL cation and anion concentrations in the upper phase was noted previously, when
biphasic mixtures of deuterated acids of various concentrations (DCl, DNO3, DClO4
from 10−2 to 10−4 mol dm−3 mainly) were examined [159]. Moreover, it was found
that IL’s anion solubility, (CF3SO2)2N− in the water-rich phase, decreases in the order
[C1C4im+][Tf2N−] > [C1C6im+][Tf2N−] > [C1C8im+][Tf2N−] > [C1C10im+][Tf2N−]. There-
fore, using [C1C4im+][Tf2N−] samples, without the presence of sodium perchlorate in the
upper phase, displays similar ionic solubility at ca. 17 mM, a value in agreement with
results in pure H2O for the same IL phase: ca. 15 mM. In the presence of the neutral ligand
octyl(phenyl)-N,N-diisobutylcarbaoylmethyl phosphine oxide (CMPO), the transfer of ILs’
components in the aqueous phase increases a little bit, around 1.3–2.2 mM, in comparison
with the case when the chelating ligand (HTTA) was dissolved in [C1C4im+][Tf2N−], but
practically no difference can be registered between cation and anion solubility, and it can
be classified as equal under certain experimental conditions; see Figure 11. On the basis
of the obtained data via NMR measurements, one may conclude that, under the applied
experimental conditions, the solubility of ILs’ components in the aqueous phase does not



Separations 2022, 9, 154 25 of 40

depend on the presence of the organic molecule used as an extractant for 4f-ions, their
concentration, nor its chemical nature (acidic, neutral or acidic/neutral combination) [160].
However, it is a generally accepted statement that, depending on the type of extracted
complex, being anionic or cationic, anions or cations of the IL diffuse to the aqueous phase
in exchange for the extracted metal complex. On the other hand, Fu et al. pointed out
that, due to the formation of a metal neutral complex in the extraction process, losses of IL
components can be avoided [149]. For instance, the extraction experiments of 4f-ions were
carried out at low acidity (pH in the range 1–4), and the conclusion based on the findings is
that the quantity (mM) of the IL’s entities ([C1C4im+], [Tf2N−]) transferred from “oil” to the
water-rich solution is independent of the chemical composition of the aqueous phase when
DNO3, DCl, or DClO4 mineral acids were exploited, including the examination at constant
ionic strength µ = 0.1 (NaCl or NaNO3): ~14–17 mM [159]. ILs play a more active role not
only in the partitioning process as a receiving phase, but also represent an important mode
of metal ion extraction taking part in the formation of metallic species. Although they are
often said to be “immiscible” with water, because of the existence of a meniscus, the water
transfer to IL phases with which they are in contact with is known to be a key factor [158].
The average amount of water dissolved in [C1Cnim+][Tf2N−] strongly depends on the IL’s
nature, but usually decreases with increasing length of the IL cation, from 12 200 ppm
down to 8 350 ppm (n = 4 to 10), with a trend following that of the hydrophobicity the ILs’
cations. The addition of an acidic ligand to the IL phase has no significant effect onto the
water solubility in the more hydrophobic ILs. For example, the average water content in
[C1C10im+][Tf2N−] in the presence of HTTA is 8500 ppm, to be compared to an average
value, in the absence of ligand, equal to 8350 ppm. Nevertheless, the situation is a little bit
different in [C1C4im+][Tf2N−] media, where the H2O uptake can reach 14 000 ppm upon
HTTA addition in the lower oil phase. On the other hand, the effect of adding chelating
compounds to the IL phase (n = 4) onto the H+ distribution (pH at equilibrium as a function
of pHin) was examined in the pH range of 1–3.5 too. The obtained results are presented in
Figure 12 for the HTTA ligand [163]. The addition of any of the three investigated chelating
ligands (HTTA, HP, HPBI) has a large impact on the pHeq values, which decrease so that
the pHeq vs. pHin plot lies below the curve obtained in the absence of ligand: the more
ligands introduced, the more acidic the aqueous phase becomes, at any initial pH value.
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In this context, the investigation was performed using HTTA in the [C1C10im+][Tf2N−]
phase, and the results are displayed in Figure 12 as well. Thus, using the latter IL, all data
points, either with or without the HTTA compound, lie on the same y = x line. Clearly, such
changes (from S-shaped curve to linear variation) occur abruptly when changing from one
IL to the other, as these liquid [Tf2N−] media display different alkyl chain lengths. Further,
one can safely assume that H+ solubility in [C1C10im+][Tf2N−] media is very low, although
water still migrates to this IL.

Moreover, the pKaIL values of ligands with different-acidity HTTA, HP, and HPBI (see
Figure 3) have been measured in [C1C4im+][Tf2N−] (pH range 1–3.5) by Atanassova and
Billard [163]. The obtained three values of pKaIL corresponding to the ligand dissociation
in a water-saturated [C1C4im+][Tf2N−] phase (12 200 ppm average H2O amount) are very
similar, 2.0–3.5, in comparison with the large difference observed for their pKaW values of
1.12–6.23 [164]. Consequently, in the liquid–liquid extraction of lanthanoids with molecular
diluents, great attention has been paid to the exact pKaw value of the used ligand, and this
parameter has been carefully adjusted by the introduction of various substituents. [165].

5.2. Solvent Extraction of Ln (III) Ion with Thenoyltrifluoroacetone in an IL Media,
[C1Cnim+][Tf2N−]

The chemistry of complexation reactions of β-diketone compounds with trivalent
lanthanoid cations are very intensively studied in solution, aqueous, organic, or biphasic
aqueous–organic liquid systems [166]. It was found that two types of neutral complexes are
commonly formed in organic diluents during solvent extraction according to the following
equilibria [12,13,59,61,157]:

Ln3+
(aq) + 3 HTTA(o)
 Ln (TTA)3(H2O)n(o) + 3H+

(aq); n = 2, 3 (15)

Ln3+
(aq) + 4 HTTA(o)
 Ln (TTA)3(HTTA)(o) + 3H+

(aq) (16)

Even so, the coordination numbers (CN) of mononuclear β-diketone lanthanoid
complexes are generally high, varying from 6 to 12, and depend on the ionic radii of
ions, the ligand, the reaction medium, the diluent, and the experimental conditions, such
as temperature or ligand to metal ratio, with 8 and 9 being rather common. In any case,
it has been shown that, in ILs, the 4f-ions maintain the usual CNs that they display in
molecular diluents [167]. When considering the mechanism of lanthanoid (III) extraction
towards an IL or molecular diluent phases by the use of β-dicarbonyl compounds, two
very different situations can be found: in molecular diluents, the extracted metal species
are always neutral, while in ILs, extracted species are predominantly charged, owing to
the ionic nature of this liquid compound. In particular, the solvent extraction of anionic
complexes by HTTA has been shown to proceed by the exchange of the [Tf2N−] anions
into the aqueous phase:

Ln3+
(aq) + 4HTTA(o) + [C1C4im+][Tf2N−](o)
 [C1C4im+][Ln (TTA)4

−](o) + 4H+
(aq) + [Tf2N−](aq) (17)

However, other mechanisms are possible, such as cationic exchange or the extraction
of neutral species, in a way rather similar to that occurring in molecular diluents. Generally,
in addition to the formation of a neutral complex, cation (Ln (L2)+, L represents the anion
of the chelating compound) and anion (Ln (L4)−) exchange extraction mechanisms are also
proposed in the IL-based solvent extraction systems. When the reaction in the organic
phase is via ion-exchange mode, the extraction of metal ions is more efficient in the system
of a shorter alkyl IL’s chain [149].

Although good linear dependencies were obtained during the investigation of the
fundamental stoichiometry of the complex in the Eu3+/HCl/HTTA/[C1Cnim+][Tf2N−]
system, they have not led to an integer value, and as a consequence, it is not possible
to determine the exact number of chelating ligands involved in the solvent extraction
process [78]. Despite the fact that a simple slope analysis could not identify a single metal-
extractant species in the oil phase, the limiting slopes clearly demonstrate that anionic
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complexes (1:4, Eu3+: TTA), i.e., Eu (TTA)4
−, are not extracted in the cited study. However,

it was observed for the [C1C4im+][Tf2N−]/HTTA/HClO4/1 mol dm−3 NaClO4 solvent
system [157] and, probably, the self-adduct formation is not an important reaction in
Equations (2) and (16) as well [150]. Complementary physicochemical methods have
been used by Jensen and co-workers [157], namely, equilibrium thermodynamics, optical
absorption, and luminescence spectroscopies, high-energy X-ray scattering, EXAFS, and
molecular dynamics simulations, to support the formation of anionic Nd(TTA)4

− or Eu
(TTA)4

− complexes without water coordinated to the metal center in [C1C4im+][Tf2N−]
medium. Over the previous years, since 2003 [157], several extraction mechanisms have
been proposed by different research groups to explain the extraction of various metals,
including 4f-ions, by HTTA in 1-alkyl-3-methylimidazolium-based ILs:
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IL [C1C4im+][NfO−] (nonafluoro-1-butanesulfonate anion) was used as the organic
phase for europium and neodymium extraction from 1 mol dm−3 NaClO4/HClO4 aqueous
solutions (1.74 ≤ pcH ≤ 2.92 and the HTTA concentration 0.0 mol dm−3 ≤ HTTA ≤
0.625 mol dm−3 ) when metal:HTTA stoichiometries of 1:0 (Eu (H2O)9

3+), 1:2, and 1:3
were detected with different numbers of inner-sphere water molecules (2 or 0), which
depend on the ligand concentration and pH [151]. At low extractant concentrations or
low pcH, lanthanoids are extracted into the organic oil phase as the fully hydrated aqua
cations, for example, Nd(H2O)3+

9 or Eu (H2O)3+
9. As the extractant concentration and

pcH are increased, two other lanthanoid-containing complexes with different numbers
of coordinated TTA− (2 or 3) and different numbers of inner-sphere water molecules (2
or 0) are also extracted. In other words, this suggests the presence of multiple extraction
equilibria that vary in importance as the experimental solution conditions change.
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MZ+(TTA)n
+ + nH+ + (z-m)[C1Cnim+](aq) (20)

For example, Kumar et al. have established the complex [UO2(TTA)2
2+(Tf2N−)2] in

the oil phase [170].
The great variety of possible lanthanoid−TTA complexes, however, affords the chemi-

cal ionic systems considerable freedom in selecting between solvent extraction mechanisms
involving neutral, cationic, or anionic species, depending on the experiment [96,171–174].
However, the presence of multiple extraction equilibria that vary in importance as the
different extraction parameters change over a wide range (extraction conditions, the chem-
ical composition of the biphasic system, acid concentration in the aqueous phase, the
ionic strength, the ligand concentration in the organic phase, and of course the significant
solubility of IL ions in the aqueous phase) are not commonly adopted, and an explicit
extraction model when ionic diluent is proposed. Further, the special role of the [Tf2N−]
anions in the IL–water distribution of Eu3+−TTA chelates was elucidated recently by
Okamura et al. [175]. Almost all research groups have attempted to confirm the one spe-
ciation derived from modeling the distribution ratio experiments, UV-Vis spectroscopy,
and EXAFS measurements, but the existence of few extracted species at the same time was
not evoked. On the basis of the experimental results, three complexes can be proposed
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Eu (TTA)2+, Eu (TTA)2
+, and Eu (TTA)3, which can contain other anions (Cl−, Tf2N−)

or water molecules in order to satisfy the high CNs desired by lanthanoid cations and
to complete the inner coordination spheres of the complexes. Therefore, in many cases,
writing the composition of the complex-like simple chelate LnL3, instead of [LnL3(Tf2N−)x,
(H2O)y, (C1C4im+)z](z − x), is only a shortcut used for the sake of convenience. However,
in dry ILs or ones with a low water content, the [Tf2N–] ion can be a coordinating anion
and may display several denticities and coordination modes [176]. Comparing the four
extraction systems in ref. [78], one can see that the extraction efficiency or performance
is influenced by the lengthening of the alkyl chain in the imidazolium cation, from C4 to
C10. Generally, the HTTA reagent shows better extraction ability towards Eu3+ ions in the
[C1C10im+][Tf2N−] solvent system. According to the results, the logD values decrease
as a function of n, i.e., with a trend following that of the hydrophobicity of ILs’ cations:
[C1C10im+][Tf2N−] > [C1C8im+][Tf2N−] > [C1C6im+][Tf2N−] > [C1C4im+][Tf2N−]. It is
very interesting that the established order by Hirayama et al. [169] of logK values for the
conventional chelate extraction is [C1C4im+][PF6

−] > [C1C6im+][PF6
−] > [C1C8im+][PF6

−],
whereas for anionic species it is [C1C4im+][PF6

−] < [C1C6im+][PF6
−] < [C1C8im+][PF6

−].
In other words, M2+(TTA)2 species seem to favor a hydrophilic nature, while M2+(TTA)3

−

favour a hydrophobic one, according to the authors. Furthermore, the extraction behavior
of several divalent metal cations (M2+) in IL chelate extraction systems was investigated
using several ILs as an extraction diluent and thenoyltrifluoroacetone as an extractant [177]
as well. Additionally, the behavior was compared with that using less hydrophobic media
([C1Cnim+][PF6

−]). The extracted species in the [C1Cnim+][Tf2N−] solvent systems were
neutral M(TTA)2 for M = Cu and anionic M(TTA)3

– for M = Mn, Co, Ni, Zn, and Cd.
The conversion of the IL anion from [PF6

−] to more the hydrophobic [Tf2N−] resulted in
changing the species extracted for Ni2+ from hydrated neutral complex (Ni(TTA)2(H2O)2)
to hydrophobic anionic complex (Ni(TTA)3

–). Furthermore, the extractability for these
metals was governed, obviously, by the hydrophobicity of the IL ions. Thus, in the IL
chelate extraction system, the selection of a suitable ionic liquid as the extraction phase
seems to be an important factor for the enhancement of extraction selectivity. In all investi-
gated [C1Cnim+][Tf2N−] systems, the order of logK values was found to be [C1C4im+] <
[C1C6im+] < [C1C8im+], which is the same as the order in [C1Cnim+][PF6

−]. These facts
suggest that the 1-alkyl chain length of [C1Cnim+] of the IL phase affects the extractability
of these metals as anionic species M(TTA)3

–. Additionally, the chelate extraction of divalent
transition metal cations into a [C1C4im+][PF6

−] environment with β-diketones having a
trifluoromethyl group such as benzoyltrifluoroacetone, 2-naphtoyltrifluoroacetone, and
trifluoroacetylacetone was investigated by Hirayama et al. [178]. As a whole, the obtained
results suggest that the important part of these β-diketone ligands in the stabilization of
some anionic ML3

− complexes (Mn, Co, Zn, Cd) or ML2 (Ni, Cu, Pb) in [C1C4im+][PF6
−]

media is not the hydrophobicity of ring structures such as 2-thienyl, phenyl, and 2-naphthyl
groups, but the electronegativity of the trifluoromethyl group and, more strictly, that of the
fluorine atoms in the group. Moreover, to underline again, hydrated ML2 chelate prefers a
more hydrophilic regime, whereas ML3

− prefers a more hydrophobic one.
Because of their favorable physico-chemical properties and superior remarkable ex-

traction behavior in comparison with conventional diluents, ILs have been evaluated as
innovative, perspective organic media for metal solvent extraction [179].

5.3. Synergistic Solvent Extraction of Ln (III) Ions with Mixtures including Thenoyltrifluoroacetone

The distribution ratios produced by a mixture of two or more compounds may be
unfamiliar to the sum of their individual contributions generating the synergistic effect.
When it is lower, contrarily, the synergism is negative. Significant effort has been devoted
to the study of this phenomenon in solvent extraction over the past decades, including
with the HTTA molecule as a principle extractant in duo with varied synergistic agents for
f-block elements in molecular diluents, as was already seen in Section 4. Although syner-
gism in traditional molecular liquids has been well investigated, so far only a very limited
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number of studies have shown that synergism as a phenomenon produced by two ligands
also occurs in IL−based solvent systems until the end of 2013. As a matter of fact, only a
handful of publications on synergism in ILs is available for that period since the first trial in
2005 [180]. In truth, the IL’s constituents can pass into the aqueous phase in the absence of
Mn+ as well, i.e., losses of [C1Cnim+] and [Tf2N−] entities cannot be avoided at all [158,159].
If a large number of species are formed successively when the concentration of one of the
extractants is varied, the equilibria are so numerous that even the best curve-fitting with a
large number of experimental data may not lead to a clear interpretation of the synergistic
effect. The stoichiometry of the adducts was unresolved and only trends in the relative
solvating power of the extractants were deduced from the slope analysis [54]. For an exam-
ple, the synergistic extractions concerning Ln3+/HCl/HTTA/CMPO/[C1Cnim+][Tf2N−]
solvent systems have been published recently, and in reality, only a handful of studies
are available at the moment in the literature that apply HTTA in IL based synergistic
systems. Nevertheless, more detailed research investigation is necessary to establish the
exact extraction mechanism in ionic diluents; the cationic mixed complexes of the type Eu
(TTA)(CMPO)y

2+, Eu (TTA)2(CMPO)y
+, or Eu (TTA)3(CMPO)y seem to emerge as follows:

Eu3+
(aq) + xHTTA(o) + yCMPO(o) + (3-z)[C1Cnim+](o)
 [Eu3+(TTA)x(CMPO)y]+

(o) + xH+
(aq) + (3-z)[C1Cnim+](aq) (21)

The formation of cationic ternary complexes of 4f-ions into ILs was already reported.
Hirayama et al. have reported the La3+ extraction with a cation-exchange process such as
La (TTA)2(18C6)+ and La (TTA)(18C6)2+ species formed in the organic phase, (18-crown-
6) [150]. Moreover, the dicationic ternary complex Eu (BA)(TOPO)3

2+ (benzoylacetone,
HBA) extracted via ion exchange was suggested by Okamura and co-researchers, too [43].

Adduct-formation constants have been determined in the thirteen molecular diluents
for the two types of synergistic adducts, Eu (TTA)3·S and Eu (TTA)3·2S (S = TOPO), by
Akiba et al. [87] The complexes of the type LnL3·2TOPO were also established when hexaflu-
oroacetone was applied [89]. The simultaneous extraction of two synergistic species having
one or two oxo-donor molecules (Eu (TTA)3·2S and Eu (TTA)3·S,
S = DPSO(diphenyl sulphoxide), TBP and TOPO) in benzene was also observed by Mathur
and co-researchers [181]. So, the addition of a neutral organophosphorous extractants to
the Ln3+ chelate systems in molecular diluents improves the extraction efficiency and the
donor ability of the phosphoryl oxygen, which is the key parameter that determines the
increase in extraction [42,182].

In truth, the addition of a CMPO molecule to a Eu3+/HTTA/[C1C10im+][Tf2N−] mix-
ture causes a relatively small synergism, i.e., the values are below one order of magnitude.
Moreover, the Eu (III) ion is not extracted synergistically (SC < 0) in the cases when rather
high extractant concentrations are used (1.5× 10−2 mol dm−3). Almost no synergistic effect
was observed either for all Ln (III) ions, except Lu (III), using a combination of HTTA and
TOPO diluted in [C1C10im+][Tf2N−] media, as reported recently by Okamura et al. [96].
Healy reported, many years ago, that a synergistic enhancement occurs up to a molar
concentration of additives between 10−2 and 10−1, and above this concentration a reverse
effect is evidenced when molecular diluents were used [57]. So, taking into account that, in
ILs, the lower extractant concentrations are necessary, this antisynergistic region probably
exists below 10−2 mol dm−3. The authors used diverse classes of molecular diluents, such
as aromatic, alicyclic, and aliphatic diluents, and concluded that the synergism was not
influenced by the class-wise behavior. Despite the fact that different synergistic agents are
employed, the lowering of SCs in an IL media is clearly distinguishable in comparison
with the systems implemented the molecular diluents, in which up to 106 synergistic en-
hancement was usually observed [12,14,69]. This tendency was already observed in similar
synergistic mixtures (acidic/neutral duo) by Atanassova et al. [165,183]

The slope analysis method was also used to assess the synergistic extraction system
for a combination of HTTA and tri-n-octyl phosphine oxide (TOPO), and the IL itself was
found to be directly involved in the complex formation of the metal extraction system [184].
The synergistic effect was strongly influenced by the diluent in which the extractants
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were dissolved. Furthermore, extraction efficiencies for all the rare-earth metal ions were
enhanced by synergism when a conventional organic diluent was used (n-dodecane).
However, the synergistic effect in the IL preferentially improved the scandium extraction,
leading to higher selectivity for Sc than for other rare-earth metals. This suggests that the
extracted species in the synergistic system had a stoichiometry of 3:2:1 (HTTA:TOPO:M,
M = Y, La, Nd, Eu, and Dy) and 2:2:1 for Sc3+. The synergistic extraction reaction in the
n-dodecane system can, therefore, be expressed as

M3+
(aq) + mHTTA(o) + nTOPO(o) + xNO3

−
(aq)
M(TTA)m(TOPO)n(NO3

−)x(o) + mH+
(aq) (22)

while the stoichiometry of the synergistic extraction in the IL system was found to be 2:3:1
for Eu3+ and 1:3:1 for Sc3+ with the release of an imidazolium cation into the aqueous phase,
which accelerated the partitioning of the metal complexes, expressed as

M3+
(aq) + mHTTA(o) + nTOPO(o) + xNO3

−
(aq) + (3-m-x)[C1C4im+][T f 2N−](o) 


M(TTA)m(TOPO)n(NO3
−)x

(3-m-x)[T f 2N−](3-m-x)(o) + (3-m-x)[C1C4im+](aq) + mH+
(aq)

(23)

On the other hand, the selective synergistic effect for heavier Ln (III) ions was
found also using a combination of HTTA and TOPO in [C1C4im+][Tf2N−], leading to
enhanced separability among Ln (III) ions [96]. The extracted Ln (III) species and the
corresponding extraction constants obtained in the HTTA–TOPO system were determined
by three-dimensional extraction equilibrium analysis. In this synergistic system, the neutral
adduct, Ln (TTA)3(TOPO)2, and the cationic charged adducts, Ln (TTA)2(TOPO)2

+, Ln
(TTA)2(TOPO)3

+, as well as Ln (TTA)(TOPO)3
2+, were extracted into the IL phase. More-

over, highly selective synergism was found for lanthanoid extraction with β-diketones such
as 2-thenoyltrifluoroacetone, 2-naphthoyltrifluoroacetone (HNTA), and benzoylacetone
(HBA) in the presence of TOPO in the same IL, [C1C4im+][Tf2N−] [43]. The formation of di-
cationic ternary complex Eu (BA)(TOPO)3

2+, extracted via an ion exchange, was suggested
by Okamura and co-researchers in this IL, too. The synergistic enhancement for each of
the three studied Ln3+ ions (La, Eu, Lu) in the HTTA−TOPO and HNTA−TOPO solvent
systems was reported to be similar, while being quite different from the HBA−TOPO mix-
ture due to the absence of a CF3 group in the β-diketone chemical structure. Additionally,
the synergistic effect for Eu3+ and Lu3+ ions in HBA−TOPO systems was found to be
considerably larger than that in the HNTA−TOPO case. It is already known that benzoy-
lacetone is a poor extractant for 4f-ions due to its higher pKa value (8.96), as compared to
thenoyltrifluoroacetone (6.2), and its quality of being more competitive was not ameliorated
in the ionic organic environment.

Another synergistic extraction system was investigated for the possible selective sep-
aration of light lanthanoids using an IL, [C1C4im+][Tf2N−], as an extraction medium for
HTTA and 18-crown-6 extractants [150]. Trivalent lanthanum was efficiently extracted
as a cationic ternary complex by the cation-exchange process of La (TTA)2(18C6)+ and
La (TTA)(18C6)2+, whereas europium and lutetium showed relatively low extractability
without forming respective ternary complexes. This result is thought to originate in a
size-fitting effect of 18-crown-6 to lanthanum (18C6, cavity size = 0.268–0.286 nm and La3+,
ionic diameter = 0.243 nm at the coordination number 9) and the unique nature of the
IL as a diluent. Nevertheless, characteristic ion-pair extraction of the lighter Ln (III) was
observed with 1,2-dichloroethane, i.e., identified in conventional organic molecular diluent
containing HTTA and 18-crown-6 or dicychlohexano-18-crown-6 as synergistic agents, in
which the cationic complex, Ln(TTA)2CE+, was formed and extracted [106]. Remarkable
increases in extractability and selectivity were attained in the synergistic ion-pair extraction
of the lighter Ln ions (from La to Gd), which could be elucidated on the basis of the size-
fitting effect in the complex formation of the lighter Ln ions with crown ether as well. The
synergistic effect of 18-crown-6 derivatives was also reported by the same group, including
cis-dicyclohexano-18-crown-6 (DC18C6), dibenzo-18-crown-6 (DB18C6), and 15-crown-5
(15C5), in combination with HTTA as a main chelating agent in the [C1C4im+][Tf2N−]
organic phase for all 14 lanthanoids [185]. For instance, the extractability of lighter
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Ln3+ ions was enhanced upon the addition of a crown ether in the established order,
DC18C6 > 18C6 >> DB18C6 = 15C5, whereas the extraction behavior of heavier ones was
hardly changed.

Moreover, room-temperature ILs containing β-diketonate anions have been pre-
pared and tested for the solvent extraction of 5f-ions such as 239Pu (IV), 233U(VI), and
241Am (III) from aqueous nitric acid medium [155]. Several new ionic liquid compounds
such as alkylquaternaryammonium thenoyltrifluoroacetonate (R4NTTA) and 1-alkyl-3-
methylimidazolium thenoyltrifluoroacetonate (amimTTA), with methyl, butyl, hexyl, hep-
tyl, and octyl moieties, have been designed [155]. Further, the distribution ratio of Pu
(IV) in a solution of tri-n-octylmethylammonium thenoyltrifluoroacetonate (TOMATTA)
present in tri-n-octylmethylammonium bis(trifluoromethylsulfonyl)imide (TOMA[Tf2N−])
and amimTTA in amim[Tf2N−] was investigated as a function of the various experimental
parameters applied. The unique property of these newly synthesized β-diketonate ILs,
namely, the miscibility in molecular diluents, was exploited in order to elucidate the reaction
mechanism during Pu (IV) extraction. Furthermore, a series of ammonium-bifunctionalized
ionic liquid extractants combined with a number of anions, including carboxylic acids and
1,3-diketonates, have been prepared and studied toward rare-earth ions [186]. The results
demonstrate that these compounds have a synergistic effect between the cation [A336+] and
1,3-diketonate anions in the separation of Res (III) ions, the so-called inner-synergistic ef-
fects. By comparison, the so-synthesized ammonium-ILs containing 1,3-diketonates (HTTA,
1,1,1-trifluoro-2,4-pentanedione (HTFA) and benzoyltrifluoroacetone (HBTA)) have obvi-
ously more potential applications concerning La (III)/RE(III) selectivity than compounds
with carboxylic acids (sec-octylphenoxyacetic acid and sec-nonylphenoxyacetic acid).

6. Conclusions and Remarks on Metal Solvent Extraction: Yesterday–Today–Tomorrow

In the same manner, apropos of the formation of synergism in solvent extraction
chemistry, water-like molecules would once again have a preponderant influence; how-
ever, this influence will be on the establishment of the antagonistic phenomenon this time.
The important role that water plays in the heterogeneous equilibria of synergistic metal
extraction was recognized as early as was the synergistic phenomenon itself [187]. In the
years after its discovery, the topic was interpreted by several authors, emphasizing the
phenomenon that the formation of synergistic adducts is characterized by a substantial
decrease in the water content in the organic phase. The consensus of opinion is that the
competition between water and the neutral synergistic component is responsible for the
formation of an anhydrous, or almost anhydrous, synergistic mixed adduct in the organic
solution. Even the effect of a diluent on the stability of the synergistic adduct formed
is explained through the activity of water in the diluent itself. Therefore, the principle
action of typical organic, molecular diluents on setting up the antagonistic effect during a
solvent extraction process is related historically to their ability to dissolve water in their
volume [137]. This would explain the greater synergistic effect observed frequently with
more hydrophobic molecular diluents. Healy showed that the very large effects produced
on Am(TTA)3(TBP)2 adduct extraction by so-called inert diluents were in the reverse order
of increasing water solubility in these diluents [58]. In general, the extraction of a particular
metal ion in different diluents follow the order cyclohexane > hexane > CCl4 > C6H6 >
CHCl3, which is the reverse of the order of the solubility of water [188]. As a rule, lower
extraction is achieved in diluents capable of hydrogen bonding, either by their donor or
acceptor properties. For an example, UV work indicates that, on changing the diluent
from cyclohexane to benzene, the HTTA compound tends to produce more ketohydrate
forms and less enol forms. In fact, the kinetics of the keto
 enol reaction are not fast,
although they seem to be catalyzed by the presence of an adduct such as TBP or TOPO
ligands. They react with the enol form in drier molecular diluents, but cannot compete
with water in wetter ones [189]. For example, a water-saturated hexane solution consisting
of 0.1 mol dm−3 HTTA and 0.05 mol dm−3 TOPO contained 0.035 mol dm−3 water, but
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the addition of 0.05 mol dm−3 uranyl ion caused the water content to decrease by a factor
of nearly 10 to 0.004 mol dm−3, approximately the figure of water-saturated hexane alone
(7 × 10−2 g·dm3). It is interesting to see that the order of bringing about synergism in
the molecular diluents used is also the same order as the solubility of water in these dilu-
ents [190]. As an illustration, cyclohexane, which has the poorest antisynergistic effect and
lowest water solubility, is followed by hexane (7 × 10−2 g·dm−3) and TBP (60 g·dm−3).
In this way, one can assess the amount of enolate and ketohydrate forms that are formed
from the initial 90–100 percent enol form of HTTA normally found in organic diluents.
This almost-complete water removal, concomitant with a metal ion solution, has been
established for uranium, thorium, and neodymium ions during solvent extraction [57].
Thus, one is led to the assumption that the presence of water in the organic phase has,
somehow, an appreciable effect on the breakdown of the formed anhydrous synergistic
complex M(TTA)xSy to the creation of M(TTA)x chelate, again presumably hydrated. In
other words, the positive entropy change observed usually in many complexation reac-
tions has been more related to the release of a large number of water molecules already
coordinated than to the number of new bound ligands. As a result, the total degrees of
freedom of the system are increased by complexation and results in a positive value of
the entropy change [85]. Since the bonds between the metal and water are generally quite
strong, a considerable amount of energy must be expended in the process of removing the
two water molecules from the LnL3·2H2O chelates [134]. The release of water molecules
plays an important role in the entropy change of reaction in spite of the fact that no charged
species are involved. Therefore, the phenomenon of antisynergism observed in molecular
solvent systems is shown to be connected with the water content of the organic phase, and
further, to the destruction of the anhydrous synergistic species M(TTA)xSy [72]. In fact,
in aqueous equilibrated hexane solutions of the HTTA−TOPO system, the formation of
ketohydrate and TOPO hydrate would be greater than the case of TBP, due to the strong
electron-donor properties of the TOPO ligand. In fact, the competition of TBP with water
was also shown for the solvent system UO2(TTA)2 by applying hexane as a diluent, which
produces the UO2(TTA)2·TBP complex as well as for thorium, Th(TTA)4·TBP. Further, Karl
Fischer water content measurements have shown that, as one adds UO2, Th, or Nd ions
to HTTA−TBP mixtures in hexane, the water content of the phase gradually decreases
until reaching the stoichiometric quantity of metal to HTTA and TBP, and the hexane
solution is practically free of water. Nevertheless, the addition of excess TBP molecules
causes the water content of the hexane phase to somehow rise again [72]. However, the
further addition of some excess TBP compounds causes this complex to be broken down
automatically to UO2(TTA)2, i.e., synergism was followed likely by antisynergism. The
addition of a greater amount of a donor solvent will simply cause an increase in the activity
of [S], and so the only way to cause antisynergism must be decreasing the enol [TTA]
activity. Unfortunately, the reduction in [TTA] enol activity is obviously bound up with the
organic water content—and do not forget that water is necessary for the formation of the
ketohydrate species. This new structure probably contains attached water molecules, but
in any case, it is very much influenced by the presence of water; it may or may not contain
an additional ligand, S [72].

In practice, in the solvent extraction process, the molecular organic phase is always
saturated with water. The effect of the diluent may be a reflection of the effective con-
centrations of the extractant and of the adduct due to interaction between them and the
diluent [72]. Accordingly, all species in the organic phase can be hydrated. In fact, the
extraction of chelate Eu (TTA)3 generally decreases as the solubility of water in the organic
molecular phase increases; see Table 9. This is understandable if the water solubility is a
measure of the ability of the diluent to interact also with the extractant solute, in this case
the HTTA molecule. Further, the adduct-formation reaction of Eu (TTA)3 with a synergistic
agent would be in competition with the H2O molecules.
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Table 9. Values of water solubility and the extraction constant for Eu3+−TTA in different diluents
[72]. ©1983 Taylor&Francis.

Diluent C6H12 CCl4 CHCl2CCl3 C6H6 CHCl3 CHCl2CHCl2

log[H2O]o,
mol·dm−3 −2.8 −2.1 −1.55 −1.46 −1.14 −1.02

logK ≤ 10% −7.6 −8.2 −8.5 −7.4 −8.6 −8.3

A final point of interest is that there is an inverse relationship between the amount of
water extracted in the organic phase and the basicity of the used donor [181]. The influence
of water appears to be largely unresolved because it was noted also that the water content
of an organic phase may drastically vary as well, as with the nature of the metal involved.
A direct comparison of the relative effects of cyclohexane and benzene on the extraction of
metals as synergistic adducts shows the effect to be very great for the tetra and trivalent,
and much less for the di- and monovalent, metals [58].

Regardless, the ionic compound [C1C4im+][Tf2N−] does tolerate large amounts of
water in its bulk, and highly or fully hydrated lanthanoid ions could easily be dissolved as
a consequence in this IL [165]. In an IL solution, the possible completion of the coordination
sphere of extracted species can be achieved either through binding with the [Tf2N–] anions
or by water molecules that are known to transfer to the IL phase: ca. 12,000 ppm under
such chemical conditions. Consequently, the presence of a co-extractant, i.e., a synergistic
agent, does not appear to be as mandatory as it is in molecular diluents in order to improve
extraction efficiency significantly. Thus, there is, in fact, no absolute need for a water-
free coordination sphere to obtain high-extraction D values when using an IL medium.
Nevertheless, this obligation of the synergistic agent seems to fall away because almost-
completely dehydrated chelate complexes exist likely in an IL environment, as already
mentioned [156,175]. Generally, a synergistic effect less than one order of magnitude
occurs in the solvent extraction of Ln (III) ions with mixtures of chelating ligand (HTTA)
in combination with various synergistic agents in an IL medium. In other words, one
can say that the limited synergistic effect observed in an IL medium is in line with the
observation made in several molecular diluents—that an increase in water solubility leads
to a decrease in a synergism [57,60,137]. As a result, the whole story of the “destruction
of synergism” (the observed slight increase) in an IL medium is not yet finalized; today,
even more, it could produce much more complicated extraction mechanisms in comparison
to molecular diluents that are likely to vary from solvent system to solvent system in use.
Turning to the synergistic couples employed, from the obtained results within mainly the
IL phase [C1C4im+][Tf2N−], again, lanthanoid extraction is always more efficient than
in typical organic diluents. Further, the implementation of an acidic−neutral mixture
of extracting molecules leads to more effective processes for the extraction of various
metal by, applying VOCs, and owing to recently published studies, this tendency was
confirmed to be true in ILs at present as well. Nevertheless, the investigations of synergistic
enhancement with mixtures of two neutral ligands in nature that usually exhibit only
donor properties [191] or two chelating ligands [102] in ILs have clearly shown a slight
synergistic effect, but little information is available on such solvent systems in the open
literature, and implementing both type of diluents and the mechanism of the synergistic
enhancement is only somewhat understood. Actually, the continued development and
adaptation of synergistic solvent extraction processes indicate the general utility of this
concept [192]. In spite of the recent, very numerous innovative advances and advantages
in the field of solvent extraction chemistry that have been achieved, there are plentiful
constant drawbacks and shortcomings to be overcome in the near future.
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