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Abstract: In the present review, works on the classes of chelating extractants for metals, compounds
with several amide and carboxyl groups, azomethines, oximes, macrocyclic compounds (crown ethers
and calixarenes), phenanthroline derivatives, and others are systematized. This review focuses on
the efficiency and selectivity of the extractants in the recovery of metals from industrial wastewater,
soil, spent raw materials, and the separation of metal mixtures. As a result of this study, it was
found that over the past seven years, the largest number of works has been devoted to the extraction
of heavy metals with amino acids (16 articles), azomethines and oximes (12 articles), lanthanids
with amide compounds (15 articles), lanthanides and actinides with phenanthroline derivatives
(7 articles), and noble metals with calixarenes (4 articles). Analysis of the literature showed that
amino acids are especially effective for extracting heavy metals from the soil; thiodiglycolamides and
aminocalixarenes for extracting noble metals from industrial waste; amide compounds, azomethines,
oximes, and phenanthroline derivatives for extracting actinides; amide compounds for extracting
lanthanides; crown ethers for extracting radioactive strontium, rhenium and technetium. The most
studied parameters of extraction processes in the reviewed articles were the distribution ratios and
separation factors. Based on the reviewed articles, it follows that chelate polydentate compounds
are more efficient compounds for the extraction of metals from secondary resources compared to
monodentate compounds.

Keywords: extraction; diamides; amino acids; Schiff bases; oximes; crown ethers; calixarenes;
phenanthroline

1. Introduction

Metals, such as lead (Pb), chromium (Cr), zinc (Zn), cadmium (Cd), copper (Cu),
mercury (Hg), and nickel (Ni), and metalloids (arsenic As) entering various ecosystems
as a result of anthropogenic influences can accumulate in living organisms [1], with a
detrimental effect on the physiological processes of living organisms. Therefore, the
removal of heavy metals and their salts from the environment is an urgent task today.
To remove toxic metal ions from wastewater of industrial enterprises, extraction is used.
Extraction is the most economical, technologically simple and productive process compared
to other processes, e.g., electrodialysis, electrocoagulation, flotation, and ion exchange [2].
In addition, unlike membrane filtration and chemical precipitation, extraction is effective
at low concentrations of metal ions, which allows it to be used for preliminary analytical
concentrations of trace elements contained in water and soil samples [3].

Extraction is widely used in hydrometallurgical processes for selective extraction of
the target metal from ores or wastes of enterprises—for example, for treatment of zinc oxide
ores [4] and extraction of cerium (Ce) from spent catalytic converters of cars [5].

Among the most effective and selective metal extractants are chelates, i.e., compounds
containing at least two donor atoms. Chelates form stable complexes with metal cations,
which are poorly soluble in water and well soluble in low-polar organic solvents. This
feature of chelating compounds makes them suitable for liquid and supercritical fluid
extraction. Chelating extractants are, for the most part, low in toxicity, which makes them
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safe to work with. In addition, for a number of their mixtures, there is a cooperative effect,
in which the distribution ratios of metals increase many times compared to monodentate
analogues [6,7].

A number of review articles on chelate extractants are available in the literature. For
example, the 2011 review considers extraction systems based on crown ethers, quinolines,
fluorine-containing (3-diketones, and ionic liquids used as diluents [8]. In [9], studies
on the solid-phase extraction of heavy metals by polymers, chitin, chitosan, and calcium
alginate are presented, and their chelating and adsorption properties are described. In [10],
the synthesis methods, chelating properties and applications in analytical chemistry of
azomethines are reviewed, and in [11], the application of 1-(2-pyridylazo)-2-naphthol in
solid-phase extraction, microextraction and cloud point extraction is addressed. In 2017, a
review on supercritical fluid extraction of heavy metals, lanthanides and actinides by some
chelating extractants was published [12]. However, the presented reviews are narrowly
focused, and the reference to the most recent article is dated 2015, while most of the cited
literature was published in the 1980s to 1990s.

This review presents current research over the past 5 years, systematized by classes of
chelating extractants that can be used to isolate and/or separate specific metals or groups
of metals. The characteristics of the extractants and an evaluation of the prospects for their
use are also given.

2. Extractants Containing Amide Groups

Amide extractants form chelate complexes due to the coordination of the metal ion
by the oxygen atoms of the amide groups, and, additionally, by oxygen, nitrogen or
sulfur atoms contained in the compound in the form of ether, amino or thioether groups,
respectively. The advantages of these extractants are high affinity to a number of metal ions
and good solubility in non-polar solvents.

2.1. Actinides

Dialkylamides are often used to separate actinides contained in nuclear fuel-reprocessing
waste—a highly active liquid waste. For example, N,N-dihexyloctanamide 1 in n-dodecane
selectively separates the pairs of neptunium Np (IV) and plutonium Pu (III), uranium U
(VI) and plutonium Pu (III) with separation factors equal to 285 and 1080, respectively [13].
However, it remains unclear why these pairs of elements were chosen for separation by the
authors, and how the extractant separates the overall mixture of elements. Additionally,
the work did not consider the effect on the extraction and separation of the above metals
of attendant impurities that are always present in nuclear fuel waste, such as Cs* and
Sr?* ions

(0]
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1

Using N,N’-dimethyl-N,N’-dioctyl-4-oxaheptanediamide 2 in the ionic liquid 1-butyl-
3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide 3, the separation of thorium ions
from uranyl ions from the HNOj3 solution was studied [14].
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It was found that extractant 2 has a better affinity for thorium ions than for uranyl
ions. The maximum Th (IV)/U (VI) separation factor is 21.9 at pH 2.24. The mechanism
of extraction of Th (IV) and U (VI) ions with the indicated extractant is cation exchange,
whereby three molecules of compound 2 can be bound to one thorium ion (1) and two
molecules of the extractant (2) can be bound to the uranyl ion:

Th** (aq) + 3 extractant 2 (org) +4 Cqmim™ (ore ) = Th(extractant 2)%, (org) + 4 C4mim”™ (o)) 1)

U022+( + 2 extractant 2 (ore ) + 2 Cymim” (g y = UOs(extractant 2)%, (org) + 2 Cymim™ (5q)) (2)

aq.)
where C4ymim*—ionic liquid cation 3.

In the solid-phase extraction of both plutonium Pu (IV) and americium Am (III) simul-
taneously using N,N,N’,N'-tetra(2-ethylhexyl) diglycolamide 4, encapsulated in polyether-
sulfonic polymer granules, the authors of work [15] managed to selectively separate the
above actinide mixture. Since a high extraction of both metals was observed, the strategy
for their separation was to carry out two stages. First, Pu (IV) was reduced to Pu (III) and
removed using ascorbic acid, leaving up to 90% of Am (III) unchanged. Then, oxalic acid
was used to separate the americium.
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It should be noted that in [14,15], experimental data on the separation of the target
metals from the accompanying impurities that are always present in the products of nuclear
fusion are also lacking.

In [16], the liquid extraction of not only Am (III), Np (IV), Pu (IV), and U (VI), but
also impurities Sr (II) and Cs (I) by tripodal diglycolamides 5, 6, 7 from nitric acid media
was studied.
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The following ligand extraction efficiency series was established: using 6, the pattern
of Cs(I) < Sr (1) < NpO,2* ~ UO,%* < Am (III) < Np (IV) < Pu (IV) was observed, which
changes to Cs (I) < Sr (II) < NpO,2* < UO,** < Np (IV) < Am (III) < Pu (IV) for 5 and
for 7 is as follows: Cs (I) < Sr (I) < UO,%* < NpO,?* < Np (IV) < Pu (IV) < Am (III). The
authors attribute the higher degree of extraction of plutonium compared to neptunium to
the higher complexing ability of plutonium.

The compounds are arranged in a series of extraction capacities as follows: 7 > 5 > 6.
The higher extraction ability of extractant 7 is due to its higher lipophilicity (hydrophobicity)
compared with 5. The low extraction ability of extractant 6 was explained by protonation
of the central nitrogen atom, which makes it difficult to extract metal ions.

The authors of [16] managed to achieve quantitative extraction of neptunium Np
(IV) and plutonium Pu (IV) from nitric acid, with a detailed description of the extraction
mechanism. The authors selectively separated Np (IV) and Pu (IV) from UO,%*, Cs (I), and
Sr (I) (the values of the separation factors are given in Table 1) by extractants 5, 6, 7. In
addition, the obtained extractants had radiolytic stability.

Table 1. Separation factor values of Np (IV) and Pu (IV).

Ligand U0,2* Cs () Sr (1)
Compound 5 435 87,000 2200
Compound 6 837 50,000 3100
Compound 7 7300 70,000 10,000

In [17], the extraction of actinides Am (III), Pu (IV), Np (IV) and U (VI) in the presence
of Sr (II) using five tripodal diglycolamide ligands 8-12 with different lengths of spacers
and substituents was studied. Considering the actinide distribution ratios (aqueous phase:
nitric acid; organic phase: ionic liquid 3), the most efficient ligand is compound 8 (Table 2).

Table 2. Distribution ratios and separation factor data 3 o /Me (given in brackets).

Extractant Am (I1I) U (VD Np (IV) Pu (IV) Sr (ID)
8 59.9 0.04 (1500) 3.11(19.2) 3.86 (15.5) 0.06 (1000)
9 9.51 0.01 (951) 1.47 (6.47) 1.73 (5.50) 0.04 (238)
10 0.96 0.02 (48) 1.01 (0.95) 1.04 (0.92) 0.02 (48)
11 0.13 0.01 (13) 0.66 (0.20) 0.71 (0.18) 0.01 (13)
12 0.31 0.01 31) 0.79 (0.39) 0.84 (0.37) 0.02 (16)
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The following series of actinide extraction efficiency was observed: compound 8 >>
compound 9 >>> compound 10 ~ compound 11 ~ compound 12. According to the authors,
this is due to factors such as spacer length, hydrophobicity and the branched alkyl groups
at the amide nitrogen atom.

To summarize, diglycolamide compounds are excellent extractants of actinides from
highly reactive wastes as well as for their separation. Therefore, the implementation of the
developed formulations in various technological processes seems rather promising.

2.2. Lanthanides

The worldwide demand for rare earth elements (REEs) in 2020 was approximately
185 thousand tons, while it reached 80 thousand tons in 2000. The rapid demand for
REEs used in electronics, instrumentation, aerospace, defense and engineering industries
makes solving the problem of extraction and concentration of lanthanides an urgent task.
Diamides containing a simple ether group are widely used for extraction of lanthanides.

A mixture of trivalent lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) can be separated into individual elements contained in nitric acid so-
lution by using a solution of extractants-tri-(n-butyl) phosphate (TBP) and N,N,N’,N’-
tetraoctyldiglycolamide (compound 13) in ionic liquid 3, which is more environmentally
friendly than conventional molecular solvents [18]. It was found that Ho, Er, Tm, Yb, and
Lu are most effectively extracted using the above system.

CgHy; CgHy;

N CH, CH, N
~
Cyit. \C/ ~o \|C/ \Can

} )
13

It is important that a synergistic effect providing excellent separation of lanthanide
ions was observed when using the mentioned extraction mixture, which is explained by the
formation of complex forms of lanthanides with both TBP and 13. However, further studies
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are needed to establish the composition of internal and external coordination spheres of
the forms formed.

It was also noted that hydrophobic anionic fragments of the ionic liquid contribute to
the extraction process through the formation of lipophilic metal-ligand complexes.

Unfortunately, the authors present separation factors only for the Lu (III)/La (III), Lu
(IIT)/Sm (III) and Lu (III)/Tb (III) pairs, equal to 1622, 45 and 4.8, respectively; for other
lanthanide pairs, these factors are not presented.

Liquid high-level radioactive waste can be a source of neodymium (III), a valuable
REE used in telephones and computers, and zirconium (IV), used to manufacture nuclear
reactor parts.

In [19], comparative extraction of neodymium Nd (III) and zirconium Zr (IV) using
compound 13 and N,N-dioctylhydroxyacetamide 14 from nitric acid medium was carried
out. It was found that compound 14 forms large aggregates with neodymium ions, and
13 forms large aggregates with zirconium. The authors did not find an explanation for
this fact.

I
Caltiy L O
2
|
CsHy;
14

The extraction percentages using compound 14 were 98.8% for neodymium and 99.9%
for zirconium. Extractant 14, according to the authors, can be used to extract neodymium
(III) and zirconium (IV) from high-level waste generated during reprocessing of spent fuel
for fast-neutron reactors (uranium-zirconium and uranium-plutonium-zirconium metal
alloys). However, the separation factors of these metals and other uranium fission products
are not presented in this work.

The extraction properties, extraction mechanism and third phase formation were stud-
ied [20] during extraction of neodymium (III) from nitric acid medium using asymmetric
(having different substituents at the nitrogen atom) diglycolamide-N,N’-dimethyl-N,N’-
dioctyl-3-oxadiglycolamide 15 in mixture of n-octanol and paraffin. A special feature of the
work is that the influence of the acidity of the medium, diglycolamide concentration and
temperature on the Nd (III) distribution ratio was investigated.

(|38H17 T8H17
N N
o \C/\O/\ﬁ/ “cn,
) )

15

The authors, based on earlier work [21,22], conclude that compared to symmetrical
diglycolamides, asymmetrical diglycolamides may be more promising candidates for
neodymium extraction from high-activity liquid radioactive waste. This is due to the
absence of third phase formation during the extraction process.

When extracting [23] neodymium (III) from nitric acid using extractant 4 in n-dodecane,
the formation of aggregates 4/Nd(NOj3)3 and 4/HNOj of large size, 30—40 nm, was ob-
served in the organic phase, which is due to reverse micellar aggregation because the
extractant molecule is amphiphilic. Under the influence of ®*Co (500 kGy), the formation of
the third phase was minimized due to radiolytic degradation of the extractant, with the
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average size of the aggregates decreasing to 9 nm. The authors only studied the extraction
behavior of Nd (III) under these conditions. Whether the method is applicable for other
lanthanides has not yet been investigated.

To control the formation of an undesirable third phase in the extraction of neodymium
from a solution of Nd(NOs3);3 in nitric acid, the authors of [24] added 5 to 15 vol. % aliphatic
alcohols, n-decanol, n-octanol and isodecanol to the organic phase (extractant 4 in n-
dodecane). The principle is based on the fact that when alcohols with long aliphatic chains
are added, they interact with polar acid solvates and metal solvates and prevent their
aggregation in the organic phase. This reduced the size of the aggregates from 20 to 4 nm.
The best results were achieved using n-decanol.

Extraction system 0.2 mol L™! extractant 4 + 1 mol L~! n-decanol/n-dodecane is
proposed for the separation of trivalent lanthanides from highly reactive liquid wastes
formed during the processing of uranium-plutonium carbide fuel. At the same time, the
authors of works [23,24] did not study the behavior of the extractant in the presence of
other elements, including radioactive ones, which can radiolytically destroy it.

When extracting Eu (III) with 4-oxaheptanediamides 16, 17 and 18, the best results
were obtained using the extractant with the longest radicals (18) [25]. There is some con-
tradiction with earlier works—for example, [26], in which the study of actinide extraction
with diglycolamides with different alkyl substituents showed that the increase in the length
of alkyl chain of the substituent decreases the extraction ability of the extractant due to the
appearance of steric hindrance.

T "
N (§) N
R \C/\/ \/\C/ R
| I
(0]
16 R = CsHo
17 R = CéH13
18 R = CsH17

It is proposed to use unsymmetrical heptanediamides to further investigate the possi-
bility of extracting other lanthanides.

The authors of [27] used compound 14 as an additive to extractant 13 to prevent
stratification of organic phase due to micellar aggregation during extraction of trivalent
metals from nitric acid medium. The antagonistic effect of aggregation in the organic
phase (n-dodecane as the diluent) when adding the above extractant was found to be
advantageous in the extraction of trivalent lanthanides from high-level nuclear waste. The
authors of the work explain the reduction in aggregation by the structure of extractant 14,
which is part of molecule 13. It was found that the addition of compound 14 minimizes the
average size of aggregates and increases the limit of third phase formation. However, the
authors of the work, having studied the effect of extractant 14 on the recovery of Eu (III) and
Nd (III), did not consider their separation from other REEs using the proposed synergistic
mixture of extractants. Unfortunately, no data are presented on the effect of impurities of
other REEs. The authors have not shown information regarding the separation factors of
impurities of other REEs.

The authors of [28] extracted trivalent lanthanides (Ce, Eu and La) using 13 and
octyl(phenyl)-N,N-diisobutylcarbonylmethylphosphinoxide 19 diluted in ionic liquid-
containing imidazolium cations. A high extraction efficiency of lanthanides from dilute
hydrochloric acid is noted when these extractants are used. In addition, compound 13 is
more efficient and less toxic (due to its lack of phosphorous) than compound 19.
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The authors were critical about the separation of the Eu (III)/Ce (III) pair. For the
separation of this pair, both own results as well as data from scientific literature are given.
A very high selectivity of extraction was achieved when 1-(2-pyridylazo)-2-naphthol was
used as a synergistic agent. A marked decrease in selectivity towards 4f-ions was observed
when the combination of 13 + 19 was used. The authors also point out that the choice of
diluent is very important not only for extraction or synergistic enhancement but also for
efficient metal separation.

Using diamides, an attempt was made to separate europium(Ill) and americium(III)
from concentrated nitric acid solutions. This was performed using N,N ! -diethyl-N,N ' bis(6-
methylpyridin-2-y1)-2,2-bipyridine-6,6’-dicarboxamide 20 dissolved in nitrobenzene [29].
However, the separation factor proved to be lower than 1. The authors attributed this result
to the electron-withdrawing properties of the pyridine rings, which decrease the activity of
amine groups. However, they neglected the positive mesomeric effect of these rings caused
by the nitrogen atoms. In addition, the paper presents no data on the extraction of these
lanthanides: the distribution ratios and effect of nitric acid and extractant concentrations
on the extraction efficiency.

=
|
N

NN

20

However, negative synergism was obtained when attempting trivalent lanthanide ex-
traction using mixed-compound systems “13/19/ionic liquid”. The challenge for successful
applications of ionic liquid in synergistic extraction is to find or develop a suitable system
for that particular application. Continued research to elucidate the driving force responsi-
ble for the successful application of ionic liquid in the field of liquid metal extraction will
contribute to optimizing the process and introducing more efficient and environmentally
friendly technologies.

Extractant 13 diluted in aviation paraffin is proposed for the extraction of 14 REEs
(lanthanum La, cerium Ce, praseodymium Pr, neodymium Nd, europium Eu, gadolinium
Gd, terbium Tb, dysprosium Dy, holmium Ho, erbium Er, thulium Tm, ytterbium Yb,
lutetium Lu and yttrium Y) from sulfuric acid solution [30]. With 13 the authors were
able to achieve a high extraction rate of 91.4-99.8%. The recovery rate of REEs increased
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with increasing sulfuric acid concentration from 1 to 6 mol L~! and decreased with further
increase. According to the authors, this is due to a decrease in activity of water molecules
at high concentrations of sulfuric acid, due to which the extractant molecules 13 form
complexes at high concentrations of sulfuric acid. From the description, the chemistry of
the process is not very clear—the phenomenon should have been presented in more detail.

According to the authors, this extractant is more environmentally friendly than the
phosphorous-containing extractants P507 (mono-2-ethylhexyl ester of 2-ethylhexyl phos-
phonic acid) and P204 (di(2-ethylhexyl) phosphate), which are used in industry to ex-
tract REEs.

The extraction of REEs and their complexation with tetraalkyldiglycolamides (4, 13,
N,N,N’,N’-tetrabutyldiglycolamide 21 and N,N,N’,N’-tetrahexyldiglycolamide 22) was
studied [31]. Extraction ability was evaluated against light (La, Pr, Nd), middle (Eu, Gd)
and heavy (Y, Er, Yb) REEs in HNOj3 solution. The extraction capacities of the ligands were
distributed in this order: 4 <22 <13 < 21.

| |
N N
A
(0] (0]
21 R = CsHpy
22 R = CeHas

During extraction of REEs from a hydrochloric acid medium by [32] unsymmetri-
cal diglycolamide-N,N’-dibutyl-N,N’-di(1-methylheptyl) diglycolamide (compound 23)
diluted with kerosene/n-octanol mixture the following order of metal extraction ability
was established: Nd (III) < Gd (III) < Er (III) < Dy (III) < Sm (III) < Yb (III), indicating
that compound 23 has a better affinity for heavier lanthanides. It was noted that the
distribution ratio increased with increasing concentration of the extractant. According
to IR study, it was found that the extractant coordinates with ions of REEs through the
oxygen of carbonyl group. The mechanism of REE extraction was established, namely,
it was shown that Nd (IIT) can bind with two molecules 23 and other REEs with three.
Consequently, the composition of the extracted REE (III) complex can be expressed as
NdCl3-2(23), MCl3-3(23).

/\/\/LNLOJLNJ\/\/\

23

In a study [33] of liquid extraction of REEs using compound 21 in 1-octanol from
hydrochloric acid medium, it was found that the use of polar 1-octanol contributed to high
extraction efficiency, especially for the separation of heavy lanthanides in solutions with
high chloride concentration. Experimental results showed that the distribution ratio of
trivalent REE ions increased with increasing HCI concentration, metal atomic number and
extractant concentration. However, the light lanthanides La and Ce were poorly extracted
with 21.

Thus, the works [32,33] failed to achieve high extraction efficiency of light lanthanides.
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The polyvinylidene fluoride-based membrane containing extractant 13 enables extract-
ing the REEs lanthanum (III), cerium (III), praseodymium (III), and neodymium (III) with
purity over 95% from phosphate ore leaching solutions [34]. REE extraction was influenced
by concentration 13. The efficiency of membrane transfer increased with the increase in
concentration 13; however, when the optimum viscosity limit was reached, the transfer
rate decreased. This is probably due to the fact that due to viscosity, diffusion across the
membrane is impaired and becomes a limiting factor in the mass transfer process.

Nevertheless, this membrane technology makes it possible to separate more than 95%
of the rare earth ions from the leaching solutions using 0.10 mol L~! compound 13. More
importantly, impurity ions do not pass through the membrane, allowing high-purity REEs
to be obtained. Additionally, the use of liquid membranes contributes to an environmentally
friendly, highly efficient and economical method for the recovery of REEs.

Despite the available experimental studies, confirming a high degree of extraction
of only La, Ce, Pr, Nd, the authors of [34] make the assumption of high selectivity of the
proposed membrane in relation to all lanthanides.

It should be noted that in the above-mentioned works [18-34], separation of REEs
from impurities of heavy and alkaline earth metals Fe (III), Pb (II), Ti (IV), Cu (II), Mg (II)
and others as well as thorium Th (IV) contained in rare earth ores was not investigated.

For the separation of trivalent REEs (Y, La, Eu, Gd, Dy, Er, Yb, and Lu) in the presence
of aluminum Al (IIl) and iron Fe (III), a new extraction system 24 based on N,N-di-(2-
ethylhexyl)-diglycolamide-grafted polystyrene resin Amberlite IRA-910 was proposed to
prevent formation of the third phase, especially at high acidity of water phase [35].

[VaVAVAVAVAVAVAVAVAV AW

\\CH
b/

=
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The authors established the complex-forming mechanism of REE extraction based on
their interaction with carbonyl and ether groups of ligands, which was confirmed by X-ray
photoelectron spectroscopy.

It is interesting to note that the data on the adsorption of metal ions show the following
trend: heavy REEs (Yb, Er, and Lu) > light REEs >> Fe > Al. In addition, the adsorption
of all REEs was approximately 60%, while it was less than 1% at pH 1.8 for Al and Fe.
However, increasing the pH contributes to increasing the adsorption of iron and aluminum,
so at pH = 3.5, the adsorption of Fe was almost 18%. In addition, at pH = 3.5, an inhibitory
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effect on the adsorption of REE starts to act; therefore, a pH of 3.0 is recommended for their
effective purification from Al and Fe.

The method is effective in separating REEs from impurity aluminum and iron ions,
which can be very high in the ore. It also involves the highly efficient extraction of heavy
REEs from low-concentration leaching solutions in a single stage, providing a simpler
and more environmentally friendly alternative to extraction with organic solvents. The
advantage of the proposed method is durability of polymer resin and possibility of its reuse
within 3—4 cycles. However, there are no data on element separation factors in the work.

The influence of phosphate ions, iron (III) and copper (II) ions on extraction of trivalent
REEs (Ce, Nd, La, and Dy) from leach products of New Kankberg (Sweden) and Covas
(Portugal) deposits was studied [36]. The extraction was carried out with solvate (13) and
acidic extractant (di-(2-ethylhexyl) phosphoric acid 25) in different media in the presence
of the mentioned impurities. As a result, the advantage of the acid extractant over the
solvate extractant was shown. The selectivity with acid was significantly higher, allowing
easier extraction of individual REEs. Additionally, compound 13 showed satisfactory
results in nitric acid medium, while it was much worse in other acids. Di-(2-ethylhexyl)
phosphoric acid is able to extract REEs from all acids, which is a positive economic and
technological factor.

C,H,
o
HZC/ ~CHs
\O
\P/O
1, C/O/ Non
CH—C,H;s
C,H,
25

The separation of rare earth metals from recycled raw materials is a very topical
issue. For example, some REEs, such as Nd (III), Pr (III), and Dy (III), can be extracted
from neodymium magnets that are present in various process wastes, such as hard drives,
electrical generators for wind turbines, and electric motors. Separation of REEs from
other magnet components, such as iron, which is the main part of the alloy, and further
processing of REEs was the main task of the authors of the paper [37]. The magnetic
powder was leached using harmless and cheap organic substances: maleic, glycolic and
ascorbic acids, with the most efficient extraction of REEs from the maleic filtrate. When
comparing the extraction ability of compound 13 with the organophosphorous extractants
TBP, compound 25, Cyanex 272 and Cyanex 923 compared to REEs, compound 13 showed
the best REE extraction and selectivity between elements in the maleic leachate. As a result,
Nd (distribution ratio Dng ~ 200), Pr (Dp; ~ 90) and Dy (Dpy ~ 250) were efficiently
extracted from it. It can be concluded that compound 13 could potentially be used in the
future on a large scale for the selective separation of REEs from impurities of other metals.

In [38], the process of leaching and solvent extraction for REE extraction from magne-
tocaloric materials including Ce, Fe, La, Mn, and Si was described. Leaching was carried
out using solutions of nitric, hydrochloric and sulfuric acids with the selection of optimum
temperature, acid concentrations and solid-liquid ratios. Extraction of REEs from leach
products of nitric, hydrochloric and sulfuric acids was carried out using 13 in paraffin. High
distribution ratios of REEs, expressed in terms of concentrations of REEs in the aqueous
phase before and after extraction, and good selectivity for Fe and Mn were achieved. The
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selectivity was better in nitric acid media. Extractant 13 showed very good selectivity
between REEs compared to impurities.

Imidophosphoric acid esters, which are polydentate ligands that form strong com-
plexes with these elements and can be used for recovery of REEs from ores can be used
for recovery of REEs. In [39], 2-ethylhexyl derivatives of imidophosphoric acid (26 and 27)
were described and showed high efficiency for collective extraction of trivalent REEs Y, Pr,
La, Ce, Nd, Sm, Gd, Dy, Yb and Ho from nitric acid water solutions. A mixture of Co—Cj3
hydrocarbons was used as a diluent.

OR OR
O=—P—N—P=—0

OR'R' OR'

= _CHZ_CH_C4H9
C,Hs
R'=H or R

26

OR' P—N P=—0

R= _CHZ_CH_C4H9

R'=H or R

27

The results obtained by the authors were compared with the data for commercial extrac-
tant polyalkylphosphonitrile acid, whose structure is not fully established. Higher extraction
capacity of synthesized compounds but lower selectivity compared to polyalkylphosphonitrile
acid were noted.

The authors proposed a cation-exchange extraction mechanism (3):

Ln®" + 3HA = [Ln(A);] + 3H* (3)

The authors explain the low selectivity of the extractants by the fact that the properties
of the resulting complex [Ln(A)3] depend to a greater extent on the -P(O)(OR)-NR’- frag-
ments in the outer sphere of the complex and depend less on the nature of the lanthanide.

Itis also reported that increasing the chain length of the ester leads to a better extraction
capacity towards the lighter lanthanides. However, the authors of the present work do not
explain this fact. The obtained extractants are proposed to be used for the extraction of
REEs from ores.

It should be noted that unlike industrial phosphorous-containing extractants having
low separation factors of REEs and requiring a large number of stages to obtain one REE of
high purity, amide compounds enable separation of REEs in one stage.
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2.3. Heavy and Noble Metals

Thioglycolamides are widely used as extractants for noble metals.

For example, in a study [40] of palladium Pd (II), platinum Pt (IV), and rhodium
Rh (III) extraction from chloride solutions, N,N’-dimethyl-N,N’-dibutylthiodiglycolamide
28 dissolved in toluene was used.

(0] (0]
/\/\N)K/SQKT/\/\

28

It was reported that this compound efficiently extracts palladium, but poorly extracts
platinum and rhodium. The palladium/platinum and palladium/rhodium separation fac-
tors (at 100 mg L~! concentration of each metal in solution) were 356 and 2880, respectively.
It was also shown that at high concentrations of hydrochloric acid (more than 5.5 mol L™1),
palladium extraction was accompanied by the loss of extractant to the aqueous phase.
However, no interpretation for this fact was given by the authors. Thus, compound 28 is
promising for the selective extraction of palladium from low-concentration chloride solutions.

A tridentate ligand, N,N,N’,N'-tetraoctylthiodiglycolamide (compound 29), is able to
selectively extract silver Ag (I), palladium Pd (II), gold Au (III) and mercury Hg (II) from
nitric, sulfuric, hydrochloric and chloric acid solutions [41]. Table 3 gives data on extraction
of 29 different metals. They can be divided into three groups: hardly extracted metals
(D < 0.1), extractable metals (D = 0.1-10) and well-extractable metals (D >10).

CgHy7 CsHys

N CH, CH, N
~
sl \|C/ \S/ \C/ N

! )
29

CsgHy7

Table 3. Distribution ratio values obtained by extraction with compound 29 in n-dodecane (condition:
3 mol L~! HNOj3 and 0.2 mol L~! compound 29).

Hardly Extracted Metals Extractable Metals Well-Extractable Metals
Metal D Metal D Metal D
w 0.080 Pu 8.260 Pd 470
Ca 0.045 Re 1.990 Ag 240
Co 0.035 Bi 1.870 Hg 110
Ni 0.027 U 1.610 Au 65
Cu 0.026 Zr 1.430
Fe 0.016 Sb 0.810
Zn 0.024 Tc 0.761
Cd 0.017 Ta 0.740
Nd 0.015 Ir 0.710
Mg 0.010 Ru 0.500
Pt 0.005 Mo 0.270

v 0.003 Pb 0.120
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As can be seen from Table 3, compound 29 extracts platinum (IV) and iron (III) poorly
and excels in extracting palladium (II), silver (I), mercury (II) and gold (III).

The authors of [41] suggested that Pd, Ag, Hg and Au are well extracted by com-
pound 29 because they have different stable oxidation degrees: Ag (I), Au (III), Pd (II) and
Hg (II); and ionic radii: Ag 67 pm [coordination number (CN) = 2], Au 85 pm [CN = 6],
Pd 64 pm [CN = 4], Hg 96 pm [CN = 6]. It can be concluded that compound 29, extracts
predominantly soft acid metals, i.e., the interaction is based on the hard and soft acids and
bases principle (HSAB). Sulfur as a donor gives preference to soft acid metals that promotes
high values of the distribution ratios of compound 29 for Pd (II), Hg (II), Au (III) and Ag (I).
However, the mechanism of extraction of these metals by compound 29 is not described
in the work, which is a significant drawback. In addition, the authors of [41] did not give
values for the separation factors of soft and hard metals.

A comparison of extraction of metals by compound 29 with extractants containing
other donor atoms (compound 13 and methylimino-bis-N,N’-dioctylacetamide 30) estab-
lished that compound 13 shows high extraction ability in relation to hard acid metals U
(VI), Pu (IV), Nd (III), and Zr (IV) due to the central oxygen donor atom [41].

CsHy7 CsHy7
N CH CH N
N R T TN
C.H C N C CgH,
T | I
0 CH, O
30

Compound 30 has a high extraction capacity for soft acid metals Pd (II), Au (III), Hg
(II), and Ag (I) and oxonium anions Tc (VII), Re (VII), Mo (VI), and W (VI) due to the central
donor nitrogen atom.

The authors of [42] successfully extracted silver (I), palladium (II) and platinum (II)
from aqueous solutions using 2,6-bis(4-methoxybenzoyl)-diaminopyridine 31 in chloroform
with a more than 99% efficiency. In addition, polymer membranes based on poly(vinyl
chloride) impregnated with compound 31 were used for extraction. The percentage of gold
and silver extraction with the membranes was more than 96% after 48 h. However, the
percentage of desorption of platinum and palladium was low (less than 70%).

0 = 0

H,C CH;

31

Copper (II) was extracted from nitric acid solutions using compound 31 dissolved in
chloroform [43]. This provided extraction of 99.13% of copper at a ligand concentration of
0.001 mol dm~3 and a copper (II) concentration of 0.001 mol dm 3. In the opinion of the
authors, extraction occurred owing to the copper coordination to the nitrogen atom of the
pyridinium ring and to the oxygen atom of the amide group in the ionized enol form, thus
giving complex 32.
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We can conclude that during the extraction of heavy metals by diamides, the deter-
mining factor is the nature of the central donor atom in the molecule, which, according
to the HSAB principle, allows the extractant to form strong complexes with some metals
and not to form them with others. Due to this fundamental approach, diglycolamides hold
great promise for the isolation and separation of toxic, heavy and precious metals in the

presence of various impurities.

3. Amino Acids

Amino acids, such as ethylenediaminetetraacetic acid (EDTA, compound 33), di-
ethylenetriaminepentaacetic acid (compound 34), nitrilotriacetic acid (compound 35), and
(S,5)-ethylenediamine-N,N’-disuccinic acid (compound 36), are widely used for the extrac-
tion of heavy metals from soil, since they cause less destruction of the mineral base of the

soil compared to inorganic acids.

0
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It was shown in [44] that an equal volume of 0.05 mol L~! EDTA and 0.2 mol L~!
organic acids (citric acid, oxalic acid, and tartaric acid) makes it possible to extract more
than 80% of heavy metals (copper, nickel, zinc) from the soil, which is higher compared
to pure EDTA. However, the authors do not explain this fact. In addition, the use of
mixed extractants reduces cost and secondary environmental pollution (pressure on the
environment). The above is supposed to be used for the remediation of contaminated
industrial soils. However, the presented technology is quite time consuming. The heavy
metals extraction process takes 6 h.

EDTA can be used to extract cadmium, copper, nickel, zinc, lead and calcium from
soil. The authors of [45] compared the efficiency of extraction of these metals by EDTA
and proteinogenic natural amino acids, and tried to identify the factors that determine the
efficiency of metal extraction. The research results show that hydrophobic, nucleophilic
and steric properties do not impact the process. However, the functional groups of the side
chains play an important role in the extraction of heavy metals. In particular, the effect
of hydroxy groups on the side chain was clearly manifested. The advantage of tridentate
amino acids over similar bidentate ones has also been shown.

The selection of the optimal conditions for the extraction of lead Pb (II) from the soil
was carried out by washing the surface soil of the laterite soil with EDTA [46]. A high
extraction efficiency was achieved—89.6%, which is lower than the theoretically calculated
90.8% due to the presence of iron, which also forms complexes with the extractant 33.
Nevertheless, the authors of the work [46] were unable to establish whether the extraction
of lead is selective compared to other heavy metals present in the soil—zinc, cadmium,
and copper, which are also capable of complexation with EDTA. The proposed extraction
process is laborious and involves multiple stages.

When using EDTA to separate cadmium, lead, zinc, copper and nickel contained
in soil [47], the following sequence of selectivity was established: Cd (II) > Pb (I) > Zn
(II) > Cu (II) > Ni (II). The authors propose to isolate heavy metals from lake sediments.
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Sludge treatment is a rather long process and the average degree of heavy metals extraction
reached only 46.4-78.8% after 21 days.

It was found in [48] that EDTA is more effective in removing lead and copper from the
soil than cadmium and zinc, which the authors explain by the higher complexing ability of
the extractant compared to lead and copper (higher stability constants of complexes with
lead and copper). Using 0.07 mol L' EDTA, it was possible to remove 94.8% Cu (II), 99.4%
Pb (II), and 77.8% Zn (II) from the soil. At the same time, the work did not consider the
effect on the extraction compounds Ca (II), Mg (II), Al (III), and Fe (Il and III), in the soil
which contains much more than heavy metals, on the removal efficiency of target metals.

EDTA can be used to extract molybdenum, nickel, and cobalt from spent hydrodesulfu-
rization catalyst of the oil refining industry [49]. Having established the optimal extraction
conditions, the authors of this work extracted 90.22% Mo (IV), 96.71% Co (II), 95.31% Ni (III),
and 19.98% Al (III). The extraction of metals was carried out in two stages: the chelation
reaction and chemical precipitation.

EDTA was used to extract copper from a spent low-temperature shift catalyst (CuO,
Zn0O, and Al,O3) [50]. Under optimal process conditions (EDTA concentration 0.5 mol L1,
temperature 100 °C, solid-to-liquid ratio 1:25 (g mL '), particle size 120 um and reaction
time 4 h), 95% of copper was extracted.

This study demonstrates the possibility to isolate copper by EDTA from a spent catalyst
for its recovery and reuse. It remains unclear whether the zinc and aluminum contained
in this catalyst can be extracted in this way. In addition, the structure of the copper EDTA
complex is presented incorrectly.

The ability of compounds 33, 34 and ethylenediamine-N,N’-bis(2-hydroxyphenylacetic
acid) 37 was studied as a solution of iron (III) and aluminum (III) contained in the soil [51].
It is known that copper (II), manganese (II), and aluminum (III) compete with iron (III). It
was found that extractants 33 and 34 form low-stability complexes with iron, and 37 forms
more stable complexes with it due to the binding of the metal through the phenolate.
Compound 37 was most efficiently extracted for iron and aluminum, and compound 33 for
copper, manganese and zinc. It was also found that pH has a stronger effect on the
extraction of compounds 33 and 34, compared with compound 37. Selectivity for iron
for 37 is higher than for 33 and 34, as evidenced by the highest value of the ratio of iron
concentration to the sum of the concentration of all metals in the soil.
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Currently, there is considerable interest in the use of magnetic nanoparticles func-
tionalized with chelating agents for the extraction of metals from solutions. Thus, the
possibility of functionalization of nanoparticles of magnetite coated with silicon dioxide
with compound 34 was investigated [52] to remove potentially hazardous (cadmium, cobalt,
and copper) and “non-toxic” (calcium Ca and manganese Mn) metals from solutions. It
was found that extractant 33 is capable of extracting metal ions with a fairly high efficiency
(more than 70%).
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Superparamagnetic nanoparticles based on a magnetite core and a silica shell with an
immobilized EDTA derivative [53] were used to quantitatively remove heavy metals Cd
(II), Cu (1II), Cr (III), and Pb (II) from contaminated media for 15 min, as well as analytical
determination of metal ions in wastewater samples. The presented method is accurate and
reliable and can be recommended for use in industry.

The work [53] is also interesting because the authors take into account both organic
compounds and inorganic ions, which are present in the form of macrocomponents in
wastewater and are of decisive importance in the evaluation of adsorbents. Organic sub-
stances can form complexes with metals in solution, which reduces the adsorption capacity.
Adsorption can be influenced by humic acid containing phenolic (-OH) and carboxyl
(-COOH) groups, which can bind heavy metals by complexation or chelation. Nevertheless,
it was found that the adsorption of humic acid by nanoparticles was insignificant and did
not affect the adsorption of heavy metal ions.

The effect of Ca (II), Mg (II), Fe (III), Na (I), Co (II) and a number of anions on the
adsorption and determination of target heavy metal ions in multicomponent solutions has
been studied. The results are shown in Table 4.

Table 4. The effect of coexisting ions on recoveries of determined metal ions (pH = 5.5).

Recovery (%)

Ions Concentration (mg L—1) Cu?* cazr Pb2* i+
Ca2* 5000 95 92 96 99
Na* 1000 95 98 99 98
Fe3* 500 89 87 95 91
Mg+ 500 84 90 94 87
Co?* 300 82 89 93 85
NOs;~ 5000 95 98 99 98
S04~ 5000 95 92 98 99
PO~ 5000 99 98 99 97
F~ 1000 96 96 97 99

It follows from Table 4 that the cations Na*, Ca2*, Fe3*, and Mg2+ do not have a signif-
icant effect on the adsorption of target ions, even though iron and magnesium are capable
of forming highly stable complexes with EDTA. The authors explain this phenomenon by
the co-deposition of small amounts of Fe** and Mg?* ions with ions of extracted heavy
metals. However, the explanation given is not convincing.

To isolate cadmium (II) and lead (II) from agricultural soils using extractants 33 and
34 in 30 min, at pH = 5, the ratio of soil mass/volume of extractant 1:10, 59% Cd and 63%
Pb (compound 35), 52% Cd, and 51% Pb (compound 36) were extracted [54]. The authors of
the work do not provide explanations of what caused the low efficiency of metal extraction.

In addition, compounds 33 and 34 are ineffective for the simultaneous extraction of
heavy metal cations and arsenic metalloid anions present in the soil. This was shown by
Swedish scientists [55], who extracted Pb (II), Cd (II), As (V), and Zn (II) using 33, 34 and
35 from a mixture of soil and waste glass taken from a landfilling of the wastes from the
glass daily production process. Unfortunately, the extraction efficiency of these metals
turned out to be low (no more than 41%). At the same time, the authors of this work do not
explain the mechanism of the effect of arsenic on the extraction efficiency.

The problem associated with the presence of arsenic was solved by E.J. Kim et al. [56].
They showed that the addition of reducing agents such as sodium oxalate, ascorbic acid,
and sodium dithionite significantly enhances the extraction of both heavy metals Cu (II), Pb
(I), Zn (II) and As (V) itself when using the same extractant 33. The efficiency of extraction
of As, Cu, Zn and Pb when using a combination of sodium dithionite and compound 33 was
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approximately 90% in a wide pH range, which is quite satisfactory. The authors of [56]
explain the improvement of extraction in the presence of reducing agents by the weakening
of the bond strength of metals with soil minerals due to the reduction of metals to lower
oxidation states.

Compound 33 can be used for the extraction of heavy metals from green liquor dregs
generated during the production of kraft pulp. For example, in [57], using 33, it was
possible to achieve 59 wt% Cd (II), 13 wt% Co (II), 62 wt% Cu (II), 3 wt% Mn (II), 12 wt%
Ni (II), 43 wt% Pb (II), 16 wt% Zn (II) and less than 1 wt% Ca (II) at ratios of 0.035 g EDTA
per 1 g liquor, liquid phase to solid phase 6.25 mL g~!. Unfortunately, the authors of this
work do not explain why compound 33 fails to quantitatively extract heavy metals from
green liquor dregs.

With all the advantages of compounds 33 and 34, they have a significant drawback—
low biodegradability in soil, which is due to the high stability of metal complexes. Therefore,
amino acids are often used for the extraction of heavy metals. For example, to remove
copper (II), zinc (II) and lead (II) from soil, an equimolar mixture of chelating extractants
33 and 36 can be used [58]. It was found that extractant 36 reduces the stability of metal
complexes based on 33 (for example, for complex 33 and Pb (II) logK is 17.9, and for 36 and
Pb (II) logK is 12.7) and increases its biodegradability.

In [59], the extraction of chromium (VI) from soil was accomplished using biodegrad-
able and environmentally safe amino acid, N-acetyl-L-cysteine 38, containing thiol chelat-
ing groups.

38

In comparison with EDTA, a lower concentration of extractant 38 in water is required
for chromium (VI) extraction. In particular, 4128 mg kg_1 of EDTA extract and 14.3% of
chromium, while in the case of 300 mg kg ! of compound 38, this value is 65.7% for soil
with a pH of 5.5. However, compound 38 is 4-fold more expensive than EDTA.

4. Shiff Bases (Azomethines) and Oximes

In contrast to amino acid-based extractants, Schiff bases and oximes are easily biodegrad-
able, can form stable complexes with almost all metal ions due to the m-acceptor properties
of the azomethine nitrogen atom, and have high values of the distribution ratios, which
makes this class of compounds promising for creating highly effective chelates [60].

4.1. Actinides and Lanthanides

The introduction of water-soluble Schiff bases into the aqueous phase increases the
selectivity of separation of actinides and lanthanides contained in spent nuclear fuel and
high-level radioactive waste by di-(2-ethylhexyl) phosphoric acid. During the extraction
process, the Schiff base predominantly forms a complex with actinides, and di-(2-ethylhexy]l)
phosphoric acid with lanthanides. For example, the authors of [61] compared the extraction
of U (VI), Eu (IlI), and Np (IV) with a solution of di-(2-ethylhexyl) phosphoric acid in
toluene with and without the addition of N,N’-bis (5-sulfonatosalicylidene) ethylenedi-
amine (compound 39) in the aqueous phase.
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In the absence of the Schiff base, the lowest values of separation factors Eu (III) and U
(VI) (0.2 after 30 min of extraction), Eu (III) and Np (IV) (4 after 30 min of extraction) are
observed. Upon the addition of 0.01 mol L~! of compound 39 to the aqueous phase after
30 min of extraction, the separation factor for Eu/U and Eu/Np was increased to 30 and
230, and after 1.5 h it reaches 210 and 1800, respectively.

Uranium extraction from alkaline leachate of uranium ores is a promising area of
research, as uranium is the main raw material of the nuclear industry. The authors of [62]
investigated the process of uranium (VI) sorption from aqueous solutions of uranyl sulfate
using amidoxime-grafted chitosan magnetic microparticles 40.

microparticles
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The obtained sorbent makes it possible to separate uranium and Eu (III), which is also
contained in uranium ores. The selectivity coefficient for uranium (VI) in relation to Eu (III)
was high and equal to 14 at pH = 4.9. The sorption and desorption efficiencies of europium
with 0.5 mol L~! HCl were 76% and 100% in one cycle, and for uranium in both cases were
close to 99%.

The authors of works [61,62] consider the compounds obtained by them as extractants
for the isolation of separate metals from multimetal raw materials. However, the studies
carried out are limited to only a few elements; under real conditions, impurities of other
ions can significantly affect the extraction results.

Thorium is an indispensable element for various technologies, especially for the
peaceful uses of atomic energy. However, thorium occurs in nature in low concentrations,
so it is necessary to extract it from nuclear waste.

The authors of [63] studied the extraction of thorium (IV) from Th(NOs); aque-
ous solution using Amberlite XAD-4 resin loaded with a tetradentate Schiff base—bis
(2-hydroxybenzaldehyde)-1,2-ethylenediimine diaminoethane 41.
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It was possible to achieve a quantitative release of thorium at an initial concentration
of 20 mg L1, under optimal conditions, pH = 5, amount of adsorbent 0.1 g, contact
time 45 min, and temperature 25 °C. In addition, it was found in the work that the REEs
lanthanum (III), cerium (III), samarium (III), europium (III), dysprosium (III), holmium
(II) and erbium (I1I), which are contained in radioactive waste, have no significant effect
on thorium adsorption. However, the authors of the work do not give an explanation for
this fact.

4.2. Heavy Metals

As mentioned above, the recovery of heavy metals from wastewater is an urgent task.
A number of studies were devoted to its solution with the help of chelating azomethines
and oximes.

In [64], by condensation of azoaldehyde compounds with hydroxylamine in new
ethanol diazo-containing phenolic oximes 42—45, which are capable of extracting copper
(II) from sulfate medium at low pH values, were obtained.

1

N\

42 R1=C:Hs, R2=H
43 R = C2Hs, R2 = C(CH3)s
44 R'=Cl, R2= OCH:s
45 R = C(CHs)s, R2 = CH3s

A higher extraction efficiency of Cu (II) compared to Ni (II) and Zn (II) was noted. It
was found that the efficiency of copper extraction with compound 42 at pH =1 is approx-
imately 55% and only 30% for compounds 43, 45. Copper extraction efficiency reached
75% only at pH = 3 with compound 45. However, the authors of [64] did not answer the
question, whether the mentioned extractants have high selectivity of copper (II) extraction
in the presence of zinc (II), cadmium (II), nickel (II), iron (III), cobalt (II), manganese (II),
arsenic (V), mercury (II), lead (II) and chromium (III), which, along with copper, can be
contained in industrial waste, as well as in ash from municipal solid waste incineration.
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During extraction of cobalt (II) from chloride/sulfate solutions by oxime 1-(2-pyridyl)
tridecan-1-one (compound 46) in toluene-decanol-1 mixture (9:1 vol./vol.), it was found that
the amount of extracted cobalt decreases with increasing acidity of water phase, increases
with increasing concentration of extractant 46 and cobalt (II) ions, but does not depend
on concentration of chloride ions [65]. At the same time, the explanation of the obtained
dependences is not given in the work. The cobalt extraction rate was 90-92% at a chloride
ion concentration of more than 1 mol L~!. The paper describes the possibility of selective
separation of Co (II) from Ni (II), Zn (II) and Cu (II). However, there are no data on the
extraction of Co (II) in the presence of Fe (III) and Mn (II), also contained in laterite ores.

= ‘
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The extraction of nickel (II), zinc (II) and copper (II) from nitric acid solutions with
N,N'-bis(salicylidene)ethylenediamine (salen) 47 in chloroform was studied [66].

OH
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The efficiency of copper extraction was 99.79%, while the zinc and nickel extraction
efficiencies were 87.68 and 60.98%, respectively. The authors did not give an explanation
for lower extraction efficiency of zinc and nickel compared with copper.

The adsorption capacity of a membrane based on poly(vinyl chloride) containing
20 and 40 wt% compound 47 with respect to these metals was also studied. The adsorption
capacity was shown to rapidly increase during the first hour of extraction. In the authors’
opinion, this was due to the large number of accessible active sites for adsorption. It was
also noted that an increase in the content of salen by 20% leads to a 10-fold increase in the
percentage of sorption. However, the percentage of sorption by a membrane containing
47 was below 50%.

During the extraction of trace amounts of copper, chromium and mercury from the
aqueous phase (0.1 mol L~! KCl), using compound 48 in chloroform as an extractant, it
was found that the extraction efficiency of Cr (II) is higher than Cu (II). The extraction of
chromium was achieved—more than 90% at pH = 6-7—but Hg (II) could not be isolated
under experimental conditions (extraction efficiency less than 1%) [67].

OH OH
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48



Metals 2022, 12, 1275

24 of 60

The use of extractant 48 is expected to extract low concentrations (1.5-103 mol L™ 1)
of toxic chromium (Cr) and copper (Cu) from industrial wastewater. However, the au-
thors of this work did not consider the effect of trace amounts of arsenic that interfere
with extraction.

In [68], 2-pyridylketoximes 46, 49 and 50 were used for cadmium (II) extraction, and
the chelate complexes of extractants 46 and 49 with cadmium salts were characterized. In
addition, a negative effect of increasing chloride concentration in the aqueous phase on
metal extraction was reported.

A
N
HO™
49 R = C1aH2
50 R = CsH5

The authors established the structural formula of the complex between the cadmium
ion and the extractant, without aiming at the selection of suitable extraction and separation
conditions for the different metals. That said, the optimization of the extraction process is
the basis of applied research, so it can be concluded that the work is purely fundamental.

Synergistic extraction can be used to extract cobalt (II) from wastewater using Schiff
bases. For example, using a mixture of N-(2-hydroxybenzylidene)-aniline 51 with 1-octanol
dissolved in chloroform increases from 15% to 55% extraction efficiency of Co (II) from
sulfate medium, while the process occurs without emulsification and third phase formation,
compared to pure compound 51 [69].

The authors of this work explain the synergistic effect by the solvation of the central
Co (II) ion in the extracted complex by 1-octanol, and the low degree of extraction by the
strong interaction of 1-octanol with compound 51.

CH—/N

OH
51

A synergistic effect was also observed for mixtures of extractants based on oximes
and organophosphoric acids. When copper (II), zinc (II), nickel (II) and cadmium (II) were
extracted and separated from calcium (II) and magnesium (II) by a Mextral 84H extrac-
tant (2-hydroxy-5-nonylacetophenone oxime, compound 52) solution with the addition of
Cyanex 272 (di-(2,4,4-trimethylpentyl) phosphinic acid, compound 53) in the aliphatic dilu-
ent Mextral DT-100, it was found that the addition of Cyanex 272 extractant to Mextral 84H
causes synergistic effects for zinc and cadmium and an antagonistic effect for nickel [70].
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The extraction mechanism, which is a cationic exchange, is expressed by the authors
of this paper with the following Equation (4):

Maq~2+ + nHyRy org + mHy Ly org = MRnmeyH(my-%nfo) org: T 2I_Iaq.+ 4)

where Maq.2+—metal cation; HyRy and HyL,—Mextral 84H and Cyanex 272, respectively;
MRnxLmyH(my+ny—2)—the molecular formula of the extractable complex. However, this
mechanism does not explain why there is an antagonistic effect for nickel.

Quantitative metal re-extraction was achieved with dilute sulfuric acid at a ratio of
organic/water phase = 1:1 and a temperature of 40 °C in 1 min. The extraction of copper
and nickel reached 100%, zinc 99.5% and cadmium 98.6%, while extraction of calcium
and magnesium was only 17.2% and 1.7%, respectively. This process, in which all heavy
metals were extracted simultaneously and selectively separated under optimal conditions,
is fully applicable to the separation of copper, zinc, nickel and cadmium from calcium and
magnesium in concentrated wastewater [70].

A significant synergistic effect was observed in the extraction of nickel (II) with
compound 52 mixed with di-(2-ethylhexyl) phosphoric acid [71]. The synergistic coefficient
reached 3.4, which is explained by the interaction of the phosphorous-containing extractant
with nickel and oxime to form the octahedral Ni(H,A;L;) complex 54.
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54

The mechanism of nickel extraction with a mixture of extractants is described by the
following Equation (5):

Niag. 2" +y/2 HaAg org + 2 HLorg. = Ni(Hys,—2A,Lz)org, + 2Hag.* (5)

where Hy Ay—di-(2-ethylhexyl) phosphoric acid and HL—oxime 52.

The authors explain the synergistic effect by the formation of a more stable and
hydrophobic complex compared to compound 52.

Pyridine oxime-ethers can be used for the separation of heavy metals. It is known, that
to extract zinc (II) from spent pickling liquor, which is formed at a steel pickling line in steel
rolling mills, it is necessary to separate zinc and iron. For example, N-decoxy-1-(pyridin-
3-yl)ethaneimine 55 can selectively separate Zn (II) and Fe (III) in chloride media. The
authors of [72] found that the separation factor 7, /e for extractant 55 is 90-fold higher
than that of TBP.

To evaluate the selectivity, the authors performed Zn (II) extraction in the presence
of Fe (III). The separation factor under different conditions was between 58 and 80. Thus,
the authors describe extractant 55 as satisfactory for the separation of zinc and iron. One
can agree with this conclusion, because TBP, used in the metallurgical industry for the
separation of zinc and iron, has a much lower separation factor.

(§)
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Oximes are also suitable for microfluidic extraction. For example, oxime LIX 984N,
a mixture of 5-nonylsalicylaldoxime 56 and compound 52, was used for the separation of
Cu?* and Co®* ions. It was found that at optimum operating parameters (initial pH 2.5,
volume flow rate 0.035 mL min~—! and extractant concentration 17.36%), the copper extrac-
tion rate could reach 96.73% with the low cobalt extraction rate (2.41%) [73]. The result
shows that the microfluidic method can provide a higher copper extraction rate, a shorter
equilibrium setting time, fewer extraction stages and higher copper and cobalt separa-
tion factors compared to other methods such as conventional extraction and emulsion
liquid membranes.

OH N

O—

CoHy9

56

Microfluidic extraction of copper from sulfate solution containing Cu (II), Fe (III)
and Zn (II) was also carried out using DZ988N extractant, which is a mixture of 56 and
5-dodecylsalicylaldoxime 57 (volume ratio of 1:1). The copper extraction efficiency was
99% in one step. The separation factors, B¢y /re and Bcy/zn, reached maximum values of
644 and 7417 at pH 1.96, extractant concentration 15 vol.% in aliphatic diluent Mextral
DT-100, at flow rate 15 mL min 1! [74].

_OH

OH 1T|
C
~H

Ci2H;s

57

A drawback of the works [73,74] is the lack of explanation for the high selectivity of
copper extraction.

The oxime Mextral 984H, which is a mixture of compounds 56 and 52, selectively
extracts vanadium (V) from vanadium-bearing shale leachate in the presence of iron Fe
(III), aluminum Al (III), magnesium Mg (II), potassium K (I) and calcium Ca (II) impurities.
In [75], the efficiency of vanadium (V) extraction by Mextral 984H dissolved in sulfonated
kerosene was 90%, while the extraction efficiency for impurities was less than 4% at a
temperature of 25 °C, extraction time of 12 min, filtrate pH of 0.53, extractant concentration
of 20 vol. % and A /O ratio of 2:1. The authors also studied the extraction mechanism
and found that vanadium is coordinated to the hydroxyl oxygen atom and oxime nitrogen
atom [75].
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4.3. Noble Metals

Compound 47 dissolved in chloroform was used to extract noble metals such as
palladium (II), silver (I), platinum (II) and gold (III) from aqueous solutions [76]. Com-
pound 47 was shown to be a promising extractant for platinum (extraction efficiency above
94%), palladium, silver (extraction efficiency above 96%) and gold (above 99%) from poly-
metallic solutions. However, when polymer membranes containing compound 46 were
used, the percentage of sorption of noble metals decreased after 24 h (down to 93% for
palladium, 84% for gold, 81% for silver and 48% for platinum). The authors gave no
explanation for this fact.

Commercial-grade extractants LIX 84 (compound 52) and LIX 860-I (compound 57),
dissolved in toluene, can extract up to 99% Pd (II) from nitric acid media in the presence
of Cu (II), which is due to the stability of PdL, complexes in the organic phase [77].
The quantitative extraction of palladium requires a higher concentration of extractant
57 (3.4 mmol L~!) compared to 52 (1.4 mmol L~!). Additionally, the extraction constants
for oxime 52 are higher than for 57; therefore, LIX 84 (52) represents a significant prospect
for the extraction of palladium from spent automotive catalysts.

It can be concluded that Schiff bases and oximes are promising compounds for the
extraction of thorium from nuclear waste and uranium from uranium ores in the presence
of lanthanide impurities, as well as low concentrations of heavy metals and noble metals
from industrial wastewater. The separation of heavy metals can also be achieved.

The disadvantage of this class of extractants is the difficulty of quantitative extraction
of heavy metals from industrial wastewater. Mixtures of oximes with organophosphorous
compounds can be used for this purpose.

5. Crown Ethers

Macrocyclic polyethers, crown ethers, due to their defined ring size and ion—dipole
interactions, are able to efficiently extract specific metals, such as lithium, strontium,
palladium, as well as seventh group elements present in high-level waste, such as rhenium
and technetium.

5.1. Lithium

A team of researchers from South Korea has developed a simple and environmentally
friendly scheme for the liquid extraction of lithium cations (Li") from seawater in the presence
of sodium, potassium and magnesium ions [78]. The extractant used was a dibenzo-14-crown-
4 ether with a long lipophilic Cyg-alkyl chain and a side carboxylic group (compound 58),
diluted with ionic liquid CYPHOSIL 109 [(C¢H13)3(C14H9)P]*[(CF350;),N] . The quanti-
tative separation of lithium was found to be quite fast, within 10 min, and the extractant
could be easily regenerated with dilute hydrochloric acid. Therefore, compound 58 has
great potential for the extraction of lithium ions from brine or seawater. However, the need
to use expensive ionic liquids as diluents is likely to limit the industrial application of the
proposed method.
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Benzo-15-crown-5 ether 59 in dichloromethane (concentration 0.05 mol L~1) can be
used for the selective extraction of Li* from spent lithium-ion batteries. At pH = 6.0,
a temperature of 30 °C and an extraction time of 2 h, the extraction degree of Li* was 37%,
which is significantly higher than for impurity ions Ni (II) (extraction degree 5.18%), Co (II)
and Mn (II) (extraction degree close to zero) [79]. Unfortunately, high-purity lithium could
not be obtained by this method.

o
o
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5.2. Heavy Metals and Strontium

The extraction of lead (II) and cadmium (IT) from nitric acid solutions with benzo-
18-crown-6 ether 60 in benzene was studied [80]. The extraction properties of compound
60 were evaluated by determining the extraction constants of these metals. The logKex
values were more than 7 for various Cd/Pb ratios. When the Cd/Pb ratio increased, logKex
decreased. In particular, when Cd/Pb was 1.06, logKex was 7.143, while an increase in the
Cd/Pb ratio to 178 resulted in a logKex of 7.06.

[
Lo

However, the authors of [80] did not present distribution ratios or separation factors,
which are the key characteristics of extraction processes.
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The isotope *°Sr is among the most dangerous radionuclides, as it can accumulate
in bone tissue on a par with calcium and lead to radiation damage of surrounding tis-
sues. Therefore, an important goal is to develop an effective method for the extraction of
strontium from high-level waste.

In [81], 44’ (5')-di-tret-butylcyclohexano-18-crown-6 ether (compound 61) was used
for Sr (II) extraction from nitric acid solution. The authors proposed a method consisting
in passing the nitric acid solution through a chromatographic column (compound 61 in
1-octanol on an inert polymeric carrier) is simple, economical and allows the analysis
of a large volume of samples, but slower compared to extraction with di-(2-ethylhexyl)
phosphoric acid in toluene in a liquid-liquid system. The extraction rate of strontium by
the developed method was more than 60%.

This method can be used for the extraction of the long-lived radioactive strontium
isotope “’Sr from high-level waste, as well as for the separation of parent *’Sr and its
daughter isotope *°Y (used in radiation therapy).

e
T o
QQ

The extraction of Sr (II) from nitric acid media using dicyclohexano-18-crown-6 ether
62 dissolved both in common organic solvents and in ionic liquids 3, 63, 64 was studied [82].
The dependence of Sr (II) extraction degree on concentrations of nitric acid, crown ether
and initial concentration of strontium was determined. It was found that a shorter carbon
chain in the cations of ionic liquids contributed to an increase in the efficiency of metal
extraction (the distribution ratio increased from 0.3 for ionic liquid 63 to 2.5 for ionic liquid
64 at a concentration of nitric acid 1 mol L™!). The highest distribution ratio of 3.9 was
achieved using a diluent mixture of n-octanol and acetylene tetrachloride (50:50 vol.%) at a
nitric acid concentration of 1 mol L~!. However, the authors of the present work provide
no explanation for this fact.
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The use of 62 in a mixture of acetylene tetrachloride with n-octanol has great potential
for industrial applications for the recovery of radioactive strontium from spent nuclear fuel,
in contrast to the much more expensive ionic liquids.

A new bis (crown ether) 65 was synthesized from carboxyl-containing crown ethers
and 4,4’-dihydroxy azobenzene by the authors of [83]. Its ability to extract alkali, alkaline
earth and transition metal ions was considered. Interestingly, the rate of extraction of metal
ions by compound 65 after light irradiation was slightly higher than under natural light.
The authors attribute this to the formation of a more compact complex due to the transition
from the trans-configuration to the cis-configuration.

For example, when exposed to UV light, the extractant is highly selective for Sr (II)
as a result of the formation of a sandwich complex with metal ions, which indicates its
promising potential application for the selective extraction of strontium ions.

0
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However, a common disadvantage of the works [80-82] is the lack of data on the
influence of other radionuclide impurities on *°Sr extraction.

5.3. Elements of 7th Group of the Periodic Table of Elements

Significant amounts of rhenium (Re) are present in waste materials from the petrochem-
ical, aerospace and nuclear fuel industries, so the extraction of rhenium from secondary
raw materials is promising for technologies to produce this rare element.

Using dicyclohexano-18-crown-6 ether 62 in chloroform in the presence of high con-
centrations of uranium (VI), rhenium (VII) was extracted from nitric acid solution in the
form of perrhenate ions ReO, ™ [84].

The highest extraction efficiency of ReO4~ (58%) was observed at a nitric acid concen-
tration of 3 mol L~! and then decreased. This is explained by the extraction mechanism,
which is an anion exchange involving the protonated form of the crown ether (6):

ReOy4 aq. + [N037(HSO+'62)]org. =[ReO4™ (H3O+'62)]org. +NO3 " aq. (6)
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However, the extraction efficiency of the perrenate ions was practically indepen-
dent of the uranium concentration when the nitric acid concentration was approximately
3mol L~! [84]. The authors of the present work provide no explanation for this fact.
Separation of rhenium (VII) from impurities of other radionuclides was also not considered.

The treatment of high-level waste produces low-level waste that is treated with alkali
for storage in tanks. Extraction of TcO4~ from alkaline waste is difficult due to the presence
of competing NO;~ and OH™ ions [85]. Therefore, it is necessary to develop an effective
method of extraction of long-lived radionuclide *Tc from alkaline waste. This is due to the
fact that ®Tc has a high mobility in soil and is easily transferred from it to living organisms.

At a high-level waste recycling plant, di-tret-butyl-dibenzo-18-crown-6 ether 66 dis-
solved in a mixture of isodecyl alcohol and n-dodecane was used to selectively isolate
technetium in the form of pertechnetate ions TcO4~ from wastewater [86]. Extractant 66 is
capable of forming Na*-crown-ether-TcO4~, which was established experimentally by the
increase in distribution ratio D, with increasing concentration of sodium ion. Therefore,
according to the authors, there is a preferential extraction by crown ether TcO4~ in the
presence of competing anions.

. ‘“QX

bOQ

The separation factor for the mentioned extraction system was more than 22 for
technetium with respect to Cs?* (22.5), Sr¥* (112.5), RuO4~ (450). The distribution ratio
for TcO,~ (4.5) is much higher than the distribution ratios for Cs?* (0.2), Sr?* (0.04) and
RuO4~ (0.01).

Thus, crown ether 66 is a suitable compound for the recovery of technetium from
alkaline low-level waste.

5.4. Noble Metals

It was found in [87] that the logarithms of silver Ag (I) extraction constants from
nitric acid, perchlorate and picrate solutions with benzo-18-crown-6 ether 60 dissolved
in 1,2-dichloroethane were 1.04, 2.99 and 5.31, respectively. Hence, it is appropriate to
extract silver with crown ether 60 from picrate media. However, the authors did not report
data on the selectivity of the extraction of silver, i.e., separation factors of silver from other
noble metals.

To extract palladium (II) and platinum (II) from spent automobile catalyst leachate
and separate these metals, dioxa-dithiacrown ether derivatives 67-69 in toluene were
tested [88].

High separation factors of palladium and platinum were observed (on the order of
10*-10°), with the highest separation ratio observed for compound 67. High Pd (II) purity
and 99.5% extraction efficiency were achieved using crown ether 67 in toluene.
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At the same time, competing metal ions (cerium (III), aluminum (III), iron (III), nickel
(I), manganese (II), and chromium (III)) did not impede palladium extraction, as predomi-
nantly palladium binds to “soft” ligands containing the S-heteroatom.

Crown ethers are therefore of interest for the extraction and separation of radionuclides
from spent nuclear fuel. Crown ethers make it possible to separate similar elements, such
as noble metals. However, crown ethers also have a number of drawbacks. These include
difficult synthesis, very high cost, difficulty in regenerating the extractant, and low solubility
in organic solvents.

6. Calixarenes

Along with crown ethers, another group of macrocyclic compounds, calixarenes,
obtained by condensation of p-alkylphenol and formaldehyde, have recently attracted con-
siderable research attention. This class of compounds is known for its excellent performance
properties, such as low toxicity, resistance to heating and various types of radiation.

6.1. Lanthanides and Actinides

The process of europium (III) and neodymium (III) extraction by carboxyl-containing
calix[6] arene 70 was studied by a group of Chinese scientists led by X. Lu [89].

N
N
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N

) OH
70

Carboxyl groups, due to cation exchange, increased the extraction efficiency of metal
ions from aqueous solutions. The maximum extraction of europium (III) and neodymium
(IlT) was 95% and 70%, respectively, at an extractant concentration of 0.1-10~2 mol L.
A higher extraction of europium and neodymium could not be achieved. Unfortunately,
the authors do not provide data regarding the study of the influence of Y (III), Dy (III), Tb
(IIT) and other REEs on europium and neodymium extraction. In addition, the authors
do not give an explanation for the lower degree of extraction of neodymium compared
to europium.

In [90], the extraction ability of functionalized calix[4] arenes 71-75 and their non-
macrocyclic analogues was compared on the example of Eu (III) and Am (III), which are
part of highly active liquid wastes. Extraction was carried out both from alkaline and nitric
acid solutions using extractants dissolved in 1-nitro-3-(trifluoromethyl)benzene. As a result,
it was concluded that calixarenes extract americium and europium more efficiently than
their non-macrocyclic counterparts. For example, distribution ratio Dap,, max for extractant
74 is 2 and for extractant 76 is 0.067. Distribution ratio Dgy, max for extractant 74 is 1.7 and
for extractant 76 is 0.0335.
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It is also reported that the functionalization of p-tret-butylcalix[4]arene by phosphonate
groups increases the distribution ratios of the Am and Eu (extraction efficiency), but has
little effect on the separation factors 3 o /gy (extraction selectivity). The extraction efficiency
for phosphorylated calixarenes 72 and 73 was higher from nitric acid solutions, while the
selectivity was higher in alkaline solutions. Calix[4]arenes with pyridine ring 71 showed
the highest selectivity with a separation factor o /gy exceeding 3 at pH = 12-13.

At the same time, it should be noted that the presented calixarenes are inferior in
efficiency and selectivity to the extraction of americium from alkaline solutions with the
known extractant—2-hydroxy-5-alkylbenzyldiethanolamine 77.

OH J/OH
N
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R=C8-C9
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The extraction behavior of lanthanides, except for promethium Pm (III), from nitric acid
medium with calix[4]arene tetraphosphonic acid 78 in chloroform has been considered [91].
It has been observed that the extraction of REEs decreases with increasing nitric acid
concentration. For example, the extraction rate of dysprosium (III) decreased from 99.9% at
0.5 mol L~! HNOj; to 17.5% at 1.1 mol L~! HNOs. It was also found that heavy rare earth
ions are better extracted than light rare earth ions and are arranged in the following order:
Lu®* > Yb** > Tm3 > Er®* > Ho®* > Dy** > Tb** > Gd** > Eu®* > Sm3* > Nd3* > Pr’* >
Ce’* > La’".

0
I

C2H50_P_OH
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78

The authors explain this extraction sequence by HSAB theory, namely, the stronger
bond between the extractant and heavy REEs compared to light REEs.

However, the authors of [91] did not explain why they extracted all lanthanides except
Pm (III).

6.2. Noble Metals

Calixarenes can be used for fast and selective extraction of noble and heavy metal ions
from ore leaching products and industrial wastewater by microfluidic and liquid extraction.

The extraction of silver (I) from aqueous solutions by thiacalix[4]Jmonocrown ethers
79-87 was reported [92].
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The best efficiency of silver extraction (61%) was found for thiacalix[4]Jmonocrown
ether 81. For other compounds, the efficiency of metal extraction was less than 40%. Thus,
thiacalix[4]monocrown ethers 79-87 are poor extractants for silver (I).

Nevertheless, the authors of [92] studied the extraction mechanism and found that the
silver coordination to thiacalix[4]monocrown ethers 79-81 involves the sulfur atom, the
phenolic oxygen atom and two crown ether oxygen atoms.

The authors of [93] reviewed extraction of silver Ag (I) from nitric acid with the help
of a number of p-tret-octylcalix[4]arenes 88-91 diluted with chloroform. The difference
of extraction ability of keto-containing and amide-containing p-tret-octylcalix[4]arenes
was revealed to be due to the difference in interfacial activity at the chloroform-nitric
acid interface. In particular, the interfacial surface tension of amide derivatives 90 and
91 sharply decreased with increasing extractant concentration and the extraction efficiency
of Ag (I) was extremely high compared to that of other extractants. This fact is explained by
the ability of the extractant to adsorb at the liquid-liquid interface due to the high polarity
of the amide group. Unfortunately, the authors do not provide data on the separation of
silver (I), gold (III), palladium (II), and platinum (IV) contained in secondary waste from
the production of electronic devices, catalysts and jewelry.

It is not clear from the work why chloroform was used as the solvent. From a techno-
logical point of view, it is not very convenient as it is very volatile, toxic and can react with
silver salts.
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High extraction ability with respect to Pd (II) and Pt (IV) ions was found during
the extraction of metals from leaching solutions of car catalysts in dialkylaminomethyl-
calix[4]arenes 92, 93 and 94 dissolved in saturated hydrocarbons [94,95].

92 R = CéH13
93 R = C7Hi1s
94 R = CsH1z

The extraction efficiencies for these compounds were 94.2%, 93.0%, and 97.7% in the
case of palladium and 91.7%, 94.0%, and 92.5% for platinum [94]. As a result, palladium and
platinum were extracted with 93.4% and 97.3% efficiency, respectively, in five extraction/re-
extraction cycles using p-di-n-octylaminomethylcalix[4]arene 94 in kerosene/1-decanol
diluent mixture [95].

The mechanism of metal extraction using compounds 92-94 was described in [94]. The
mechanism involves partial extraction of HCl molecules by amino fragments of calixarenes
(7) followed by exchange of Cl~ ions for [PdCl4]*~ (8) or [PtClg]>~ (9).

Extractant + 2 HCI = (Extractant -2H)>* + 2Cl1~ @)
(Extractant -2H)?*-2C1~ + [PACL4]*~ = [(Extractant -2H)**-PdCl,>"] + 2C1~ 8)
(Extractant -2H)?*-2C1~ + [PtClg]*~ = [(Extractant -2H)**-PtClg> "] + 2C1~ 9)

The impurities in the leaching solution were Rh (III), Zr (IV), Ce (III), Ba (II), Al (III),
La (II), and Y (III). The efficiency of impurity extraction was less than 0.01%. Consequently,
amino calixarenes with long hydrocarbon chains at the nitrogen atom are promising com-
pounds for the extraction of platinum group metals from secondary raw materials.

6.3. Heavy Metals

The extraction of lead (II) with 25,26,27,28-tetrakis(N,N-diethylamino- carbonylmethoxy)-
5,11,17,23-tetrakis(1,1,3,3-tetramethylbutyl)calix[4]arene (compound 95) in chloroform from
nitric acid media in a microfluidic reactor was studied [96]. The extractant showed very
high selectivity for Pb (II) in the presence of Fe (III), Zn (II), Cu (II), Ni (II) and Co (II) with
concentrations hundreds of times higher than lead. The authors suggest that this fact is due
to the formation of complex 82 in the organic phase, but do not explain why the complex
does not form with other metals. At the same time, complex 96 itself has not been isolated
and studied.

The use of a microfluidic system reduced the extraction and re-extraction times to 2 s,
which were initially 1.5 and 24 h, respectively. It is intended to use this development for
the rapid removal of lead from industrial wastewater by constructing a large-scale reactor.
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The use of calix[n]arenes with chitosan fragments 97-99 (R = -CS or -OH) dissolved in
chloroform allows the extraction of Hg (II) from industrial wastewater with efficiencies of
89.46% (extractant 97), 98.96% (extractant 98) u 97.85% (extractant 99) [97].
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However, in comparison with Hg (II), the extraction efficiency of these rings for other
metals was low: 51% for Fe (III), 83% for Cd (II), 56% for Pb (II), 49% for La (III), 54% for Ce
(IIT), and 52% for Eu (III). However, the authors do not explain why this is the case.

6.4. Strontium

Of particular interest are calix[4]arenes containing crown ethers in their structure,
which allows for the efficient isolation of certain metals. For example, by using calix[4]arene-
crown-6 ether 100, it was possible to isolate strontium (Sr) from nitrate medium with high
efficiency (the value of the distribution ratio Dg, reached 120).

When the process was carried out using ionic liquid 101 and in n-dodecane, it was
found that the “anion exchange” mechanism prevails in the ionic liquid and the “solvation”
mechanism prevails in n-dodecane [98].

100
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This is due to the formation of a neutral metal-extractant complex in n-dodecane (10)
and an ionic—cationic (11) or anionic (12) complex in the ionic liquid due to its ionic nature:

Sr2+aq. + 2NO3_aq. +m100 n_dodecane = Sr(NO?:)Z'mIOOorg. (10)

Sr?*aq. + NNO3 ™ aq. = m100y, + (2-n)Py* 1, = [St(NO3)n-m1001* ™y, + (2-1)Py*aq, a1
(n=2)

Sr2+aq, + TlNOgiaq_ =m100y. + (Tl-Z)NTf oL = [Sr(N03)n-m100]n721L + (n-2)NTf 72aq (12)

(n=2)

In addition, it was found that the maximum value of the distribution ratio of Sr (II)
in the ionic liquid is 5-fold higher than in n-dodecane. This is explained by the polar
nature of the ionic liquid. It was noted that with changing the concentration of 1-ethyl-
2-methylpyridinium cation the values of the strontium distribution ratio did not change,
which evidences that the cation was not involved in the complex formation. Consequently,
the cation exchange mechanism is not predominant. A decrease in the distribution ra-
tio with increasing concentration of NTf, ™ anion was observed; therefore, the anion is
transferred to the aqueous phase during the extraction process and the anion exchange
mechanism prevails. The authors propose to use the 100 + 101 extraction system for the
extraction of long-lived radionuclides, which are products of 235, nuclear fission, from
high-level nuclear waste. However, the authors of the work studied the extraction of the
radionuclide “°Sr in the absence of impurities.

The disadvantages of calixarenes are their limited solubility in organic solvents, which
does not allow achieving a high concentration of extractant and high extraction efficiency.
Although it is possible to increase the solubility with various additives, this leads to
additional material costs.

7. Phenanthroline Derivatives

Phenanthroline is a fused heterocyclic compound capable of coordinating metals ow-
ing to the lone pairs of electrons at nitrogen atoms. However, the coordinating action of
nitrogen atoms is insufficient for metal extraction. In addition, the selectivity of phenan-
throline to various ions is moderate. Therefore, additional functional groups are introduced
into the phenanthroline molecule, thus providing for efficient extraction and separation of
lanthanides, actinides, and some precious metals.

7.1. Actinides and Lanthanides

The extraction behaviors of phenanthroline (102), bipyridine (103), and pyridine (104)
derivatives towards Am (III) and Eu (III) dissolved in highly concentrated nitric acid
solutions were compared [99]. 3-Nitrobenzotrifluoride was used as the diluent.



Metals 2022, 12, 1275 44 of 60

102

103
O D
N X N
e N c”
l l
o 0
104

Among the tested ligands, compound 102 showed the highest selectivity to americium,
with the Am (III) and Eu (III) separation factors being 12, while for compounds 103 and
104, these factors were 1.1 and 0.5, respectively. This result was attributed to the higher
affinity of trivalent actinides for the rigid 1,10-phenanthroline core.

The other two phenanthroline derivatives, tetrabutyl (1,10-phenanthroline-2,9-diyl)
phosphonate 105 and tetraethyl (1,10-phenanthroline-2,9-diyl)phosphonate 106, selectively
extract Am (II) from a highly acidic 3 mol L~! HNO; solution [100,101]. The distribution
ratio of Am (III) was an order of magnitude higher than that of Eu (III): more than 100 for
extractant 104 and less than 20 for extractant 106, respectively.
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105 R = CsHpy
106 R = C2Hs

The higher distribution ratio obtained for extractant 105 was attributed to the fact that
compound 105 contains stronger electron-donating groups than 106.

Additionally, using the dependence Damqm) = f(log[extractant]), the authors estab-
lished that for extractant 105 in the loaded organic phase, the 2:1 metal-ligand complex
predominates, while in the case of extractant 106, the predominant species is the 1:1 metal—-
ligand complex. Hence, the mechanisms of americium(IIl) extraction with structurally
related compounds 105 and 106 are different.

In [102], a number of tetradentate ligands, 4,7-dichloro-1,10-phenanthroline-2,9-di-
carboxylic acid diamides (compounds 107-114), were prepared. It was found that these
compounds as solutions in 3-nitrobenzotrifluoride show high selectivity in the separation
of americium (III) and lanthanum (III), or americium (III) and europium (III). According to
HSAB, these ligands contain two types of coordination sites, hard carbonyl oxygen atoms
and soft phenanthroline nitrogen atoms. Being moderately strong Brensted bases and
strong Lewis bases, compounds 107-114 can efficiently bind to metal cations in highly
acidic media and form stable metal complexes soluble in polar organic solvents.

Cl Cl

107: R= pyrrolidine

108: R= piperidine
109: R= azepane
110: R= morpholine
111: R= N-methyl-piperazine
112: R=indoline
113: R=1,2,3 4-tetra-hydroquinoline
114: R= 9H-carbazole
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The extraction capacity and selectivity of ligands towards americium (III) were found
to decrease on going from 107 to 114. The decrease in the extraction efficiency for compound
112 in comparison with 107 or 108 was attributed to the fact that the amide groups in the
crystals of 112 are located in the anti-periplanar position, while in the crystals of 107 and
108, they are in the periplanar position. Additionally, in the authors’ opinion, high barriers
for the rotation around the phenanthroline-CO bonds in 112 and 113 contributed to the
decrease in the extraction capacity of diamides 112 and 113 in comparison with diamides
107 and 108.

The separation of americium Am (III) and curium Cm (III) from europium Eu (III) can
be accomplished using 2,9-bis(1-(2-ethylhexyl)-1H-1,2,3-triazol-4-yl)-1,10-phenanthroline
115 diluted with n-octanol or with the [A336][NOs] ionic liquid [103].

115

It was found that in n-octanol, selective extraction with 115 is possible only in the
presence of 2-bromohexanoic acid as a synergistic agent; the separation factor of Am (III)
and Eu (III) is thus more than 200. For extraction in the [A336][NO3] ionic liquid, there is
no need to use a synergistic agent, but the americium/europium and americium/curium
separation factors are markedly lower, 70 and 1.9-2.2, respectively.

Drawbacks of extractant 115 are the slow extraction rate and formation of a precipitate
upon contact between the organic phase and the highly acidic aqueous phase; therefore,
extraction can be carried out only from aqueous phases with low acidity (pH = 2-3). In the
authors’ opinion, this is due to protonation of the triazole ring nitrogen atoms followed
by formation of intermolecular hydrogen bonds. Thus, compound 115 cannot be used in
continuous extraction processes.

Three tetradentate extractants 116-118 showed high efficiency in the extraction of
uranium (VI) (as uranyl ions UO,%*) from nitric acid solutions; the compounds were
found to be applicable for the recovery of actinides from nuclear waste [104]. The UO,%*
distribution ratios for compounds 116, 117, and 118 were 118, 92, and 90, respectively.
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116 R = CsH»y
117 R = CeéH13
118 R = CsHx

However, compound 119 with an ethyl group at the amide nitrogen showed a poor
extraction capacity. This result was attributed [104] to the fact that the short alkyl chain
hampers the ligand dissolution in the organic solvent (1-(trifluoromethyl)-3-nitrobenzene).
It was also noted that compound 116 is the most promising extractant for uranium (VI).
The authors attributed this result to the steric effect of long alkyl chains, which weaken the
coordination of the uranyl ion and decrease the stability constant of the uranyl ion complex.

119

Further, the authors indicated that one ligand binds one uranyl ion via two amide
oxygen atoms and two phenanthroline nitrogen atoms. Subsequently, the authors plan to
study the radiation stability of ligands 116-118.

N,N’-Diethyl-N,N’-ditolyl-2,9-diamide-1,10-phenanthroline 120 dissolved in 1-(trifluo-
romethyl)-3-nitrobenzene was used to separate actinides and lanthanides in a nitric acid
solution [105]. It was found that compound 120 selectively extracts UO,%* over a broad
range of aqueous-phase acidities.

120
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The distribution ratio for UO,** was more than 300, and the recovery amounted to
99.4%. Meanwhile, trivalent lanthanides (La, Pr, Yb, Nd, Sm, Ce, Gd, Dy, Eu, and Tb)
were not extracted from nitric acid solutions. In the opinion of the authors, the nitrogen
atoms of the phenanthroline moiety provide for fast and thermodynamically favorable
complex formation with the uranyl ion UO,2*, which is due to the higher effective charge
and ionic potential of the uranyl ion in comparison with the lanthanide ions. Quantitative
(100%) back extraction of UO,* was performed in one stage with a 5% aqueous solution
of Na,COs.

7.2. Palladium

Phenanthroline-based compounds form stable complexes with palladium ions and
can selectively extract palladium from aqueous solutions. The extraction of palladium from
nitric acid solutions with compound 120 dissolved in 3-nitrobenzotrifluoride was studied
in [106]. In the opinion of the authors, compound 120 would be suitable for the extraction
of Pd (II) from high-level liquid waste.

The extraction equilibrium was attained in 30 min, being indicative of the fast extrac-
tion rate. The highest distribution ratio was approximately 10°.

Additionally, the extractant was found to be reusable for 10 extraction-back extraction
cycles, which is a substantial advantage over the other extractants.

Furthermore, unlike dialkylamides, extractants based on phenanthroline have a higher
affinity for actinides owing to the presence of additional coordination sites (nitrogen atoms).

However, the need to often use specific expensive solvents, laborious synthesis, and
high cost of the phenanthroline derivatives prevent their use on an industrial scale.

8. Other Chelating Extractants
8.1. Lanthanides and Actinides

Polydentate neutral and acidic phosphorus-containing compounds are promising
reagents for the extraction of neodymium (III) from nitric acid solutions and for separation
of neodymium from light and heavy lanthanides.

The authors of [107] described extraction of neodymium (III) from a nitric acid solution
using a polymeric sorbent based on styrene-divinylbenzene copolymer impregnated with
bidentate phosphine oxide 121 and ionic liquid 122.

ﬁ
0 P
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Ph |
Ph



Metals 2022, 12, 1275

49 of 60

/CH3 _|_ N

B T
) F;C—S—N—S—CF;
N
0

CH,

122

The sorbent containing 40% of a 121 + 122 mixture at a 121:122 molar ratio of 2:1
(nitric acid concentration not higher than 0.01 mol L~!) was found to be most efficient.
The extraction efficiency with this sorbent was higher than that attained with the sorbent
impregnated with only compound 121 or only ionic liquid 122. The synergistic action of
ionic liquid 122 was attributed to the replacement of nitrate anion by more hydrophobic
Tf,N~ anion in the extracted neodymium complex.

It was also noted that neodymium is more easily separated from heavy than from light
lanthanides. In particular, the 3(La/Nd), 3(Dy/Nd) and 3(Tm/Nd) separation factors
were 1.03, 1.15 and 1.30, respectively. The authors explained this fact by higher stability of
complexes with heavy lanthanides than with light ones.

In the opinion of the authors, the mechanism of lanthanide extraction with a 121 + 122
mixture can be described by the Equation (13):

L1’13+(a) + 5121(0) + [Cnmim][Tf+2N]_(0) = LnIZIS(TfZN)3(0) + 3[Cnmim]+(a) (13)

where s is the solvate number, Ln is lanthanide, and (a) and (o) are the aqueous and organic
phases, respectively.

Polyamines are promising extractants for lanthanides from scraps of electrical and
electronic equipment. For example, lanthanum (III) and neodymium (III) extraction with a
sorbent based on montmorillonite clay impregnated with pentaethylenehexamine 123 has
been studied [108].

NHZ/\/ NH\/\ NH/\/ NH\/\ NH/\/ NH;

123

The authors proposed three sorption mechanisms: ion exchange, surface adsorption
and coordination to the amino groups of compound 123. It was also noted that the amount
of captured ions was higher for lanthanum than for neodymium, with the starting ion
content being 0.5-2.0 mmol g~ 1. When the content of ions was 0.5 mmol g~ !, no statistically
significant difference between the uptakes of these metals was observed. However, no
explanation for this fact is given in the publication [108].

Spent nuclear fuel contains radioactive actinides, in particular radioactive plutonium;
therefore, it is necessary to develop efficient extractants and fluorescent sensors for Pu
extraction and detection in spent fuel.

In [109], the ability to bind Pu (IV) and PuO, (VI) in water was investigated for six
tridentate N-donor ligands 124-129.
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124 R* and R?=
125 R! and R? = CH:NH:

126 R'= CH:NH, R?=

128
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129

It was ascertained that the nitrogen-PuO; (VI) bonds are longer than the nitrogen-Pu
(IV) bonds. The authors attributed this to weaker interaction between plutonium and
nitrogen caused by the slight positive charge on the central ion of PuO,%*.

It was noted that among ligands 124-129, the most stable complex with Pu (IV)
and PuO; (VI) is formed with 129; this complex is characterized by the highest bond
energy, indicating that coordination to the pyridine nitrogen atom ensures high stability of
complexes. Thus, ligand 129 is a promising compound for plutonium (IV) extraction from
aqueous solutions.

Unfortunately, the authors of [109] give no explanation for the lower stability of Pu
(IV) and PuO; (VI) complexes with ligands 127 and 128, which are structurally similar to
compound 129.

8.2. Heavy Metals

Direct extraction of heavy metals (mercury, lead, cadmium, nickel, etc.) from water
samples is a challenging task, which is due to low concentration of the metals in water;
therefore, instrumental determination of heavy metals should be preceded by extraction
and preconcentration.

Extraction of trace amounts of mercury (II) from wastewater with a hybrid organic-
inorganic material, polyaniline-modified molybdenum disulfide (MoS,) nanosheets, was
investigated [110]. The adsorbent (0.25 g) provided extraction of 100% of mercury (at a
mercury concentration of 100 mg L~1). The adsorption capacity of the adsorbent was
240 mg g~ !, which is comparable with the previously studied adsorbents, for example,
Fe304@SiOZSH.

The mechanism of adsorption at pH = 6.0, associated with chelation of mercury with
sulfur ions on the surface of the hybrid material, was described.

Thus, the developed material can be used to monitor the content of mercury in
water samples.

The extraction of heavy metals, that is, lead (II), copper (II) and cadmium (II), was
performed using cellulose nanofibers covalently functionalized with diethylenetriamine
penta(methylene phosphonic acid) 130 [111]. The highest adsorption capacity (180.3 mg g~ !
for lead, 76.2 mg g~ for copper and 103.4 mg g~ ! for cadmium) were observed at pH = 6;
this was attributed to favorable interaction between the indicated metal ions (soft acids)
and groups of phosphonic acids (soft bases). The lower adsorption capacities observed for
low pH were attributed to protonation of functional groups and positive surface charges.
This material showed low limits of detection of copper, lead and cadmium in trace amounts
(0.03-0.05 pg L1) and can be used to determine these metals in environmental water samples.



Metals 2022, 12, 1275

52 of 60

(l)H
HO—P=—0
OH
A~/
N P
OH / 0
HO
HO—P—O0
N
N/\/
HO
\ HO—P=—0
P
o~ \ OH
0
130

Cadmium magnetic ion-imprinted polymer MIIP was developed for the extraction
of cadmium from water samples [112]. The polymer was synthesized by non-covalent
imprinting using two functional monomers: methacrylic acid and acrylamide. CdCl,-5/2
H,0 was used as the template and a mixture of acetonitrile and water served as the solvent.
The synthesis of MIIP is shown in the scheme below, where EGDMA is ethylene glycol
dimethacrylate (cross-linking monomer), AIBN is azobisisobutyronitrile (initiator) and
TEOS is tetraethyl orthosilicate:

Fe?* Fe,0,@Si0; vinyl modified Fe;0.@SiO,
Fe* Fes04

r a8 /§
’ -'.* TEOS TEOS EGDMA and AIBN |
% — > I
..- o vinyltrimethoxysilane MAA, AM and Cd?**
®

|
(]

® (

mip

PO puIgey
PO eAowaY

e e

The adsorption capacity of the obtained polymer increased as the content of cadmium
in the sample increased from 30 to 80 ug mL~!. The highest adsorption capacity was
46.8 mg g~ ! (pH = 6). The adsorption capacity remained invariable for six adsorption-
desorption cycles. The selectivity factors for lead, copper and nickel were greater than 1.

Thus, the proposed polymer is a promising material for selective extraction of traces
of cadmium from water samples in the presence of copper and nickel.

Thenoyltrifluoroacetone 131 was used to extract nickel Ni (II) from nitric acid solutions
and to detect traces of nickel (II) in seawater (collected from the Toyama Bay, Toyama,
Japan) [113].
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Acetone was used as the solvent, because among polar solvents such as methanol,
ethanol, and 2-methoxyethanol, quantitative extraction of nickel was attained only in acetone.

The authors proposed the following equations to describe the extraction of nickel at
pH = 8 with the enol form of 131 (TTA™):

Ni?* + 2 TTA™ = Ni(TTA), (14)

Ni** + 3 TTA™ = [Ni(TTA);]~ (15)
It was found that nickel can be extracted from sea water samples when the initial
nickel concentration is 0.125 and 0.25 pg L~! with efficiency of 99 and 95%, respectively.
8.3. Platinum-Group Metals

Rhodium is widely used in the production of catalysts; therefore, low concentrations
of rhodium salts get into the environment. Hence, it is necessary to develop an efficient
method for detection of rhodium in water samples.

In [114], 2-(5-iodo-2-pyridylazo)-5-dimethylaminoaniline 132 was used as the chelating
extractant for the recovery of rhodium (III) from water samples.

I
N CH,
N=N N/
/ pr—
N \
CH,
NH,

132

The authors assumed that compound 132 coordinates rhodium (III) to give complex 133.
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The authors established that compound 132 extracts rhodium from tap, well, spring
and river water samples with an efficiency of more than 98%. However, no comparative
data for extraction with nitrogen-containing agents studied previously or experimental
evidence for the mechanism of formation of this complex are given in the paper.

1-Alkyltriazoles are promising compounds—soft ligands (in terms of the HSAB theory)
for the separation of soft platinum group metal cations (Pt, Pd, etc.) from hard heavy metal
cations (Co, Zn, N, etc.).

For example, 1-alkyltriazole 134 (alkyl = pentyl, hexyl, heptyl, octyl, nonyl, decyl, do-
decyl, tetradecyl or hexadecyl) dissolved in dichloromethane was used to extract palladium
(II) and to separate palladium (II) from zinc (II) and nickel (II) [115].

134

The highest percentage of palladium extraction was attained for 1-hexadecyltriazole.
This fact is attributable to the increase in the stability constants of complexes with increasing
alkyl chain length. However, quantitative extraction of palladium could not be attained.

Conversely, the highest selectivity was observed for a compound with fewer carbon
atoms, 1-pentyltriazole. The authors gave no interpretation for this fact.

A similar trend was observed for polymer membranes based on cellulose triacetate
impregnated with 1-alkyltriazole 133. These membranes can be used at low pH (below 2).

9. Conclusions

Dialkylamide compounds are non-toxic, easy to synthesize and dispose after ex-
traction, cheap and practical. According to the literature, dialkylamide compounds are
promising compounds to separate actinides contained in high-level waste, to separate them
from impurities in uranium fission products and to extract REEs from natural ores and
secondary raw materials. Thereby, dialkylamide compounds are a suitable alternative to
toxic phosphorous-containing extractants.

However, the extraction capacity of this class of extractants is strictly dependent on
the oxidation state of the element to be extracted. In addition, dialkylamide extractants
have a low capacity and a tendency to form a third phase.

In turn, amino acids are cheap, form stable complexes with heavy metal ions, but
take a long time to establish extraction equilibrium. In addition, amino acids are toxic,
accumulate in the environment and are poorly biodegradable. In most of the studied works,
the authors do not give an explanation for the low (less than 70%) extraction rate of heavy
metals from soil.

Oximes and azomethines form stable chelate complexes with heavy metals and can
be used for their extraction (e.g., cobalt, copper, nickel, and chromium) from primary
(ores) and secondary (industrial waste) sources. Oximes and azomethines are promising
compounds to separate actinides from lanthanide impurities found in radioactive ores.
The main disadvantage of this class of extractants is the problem of achieving a complete
extraction of the heavy metals, especially those contained in multi-metal solutions.

Crown ethers are promising compounds for reprocessing spent nuclear fuel because
they are resistant to radiolysis and hydrolysis. They can also be used for the separation of
platinum group metals. The disadvantage of crown ethers is their high cost compared to
phosphorous-containing extractants.

Calixarenes are effective for separation of silver, palladium, platinum, lead, mercury,
heavy REEs and also products of uranium fission. However, calixarenes are mostly soluble
in halogenated or aromatic hydrocarbons, which creates potential problems for the envi-
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ronment and human health. This necessitates the use of expensive green solvents such as
ionic liquids.

Compounds containing phenanthroline moieties are promising extractants for the
selective separation of actinides and lanthanides during the reprocessing of spent nuclear
fuel, as well as for the extraction of palladium from high-level liquid waste. Phenanthro-
line derivatives have a high extraction rate, high extraction capacity, excellent selectivity
towards actinides in a wide range of acidities of the aqueous phase, and high resistance to
chemical and radiation corrosion.

According to the literature, it can be concluded that chelating compounds, for the most
part, are much more efficient and selective metal extractants compared to monodentate
ligands. They are also safer to use than common industrial organophosphorous extractants.
However, the high cost, complexity of synthesis and regeneration of most chelating extrac-
tants limits their wide practical application. Therefore, the current line of research on this
topic is to optimize a number of characteristics such as cost, efficiency, safety, processability
and the available raw material base.

For example, it is possible to reduce the cost of extraction processes in general through
automation, the use of cheaper natural raw materials, and the development of technologies
for the regeneration of components used in extraction. To increase the safety of the process,
extraction is carried out in the absence of toxic and flammable solvents, for example, using
environmentally friendly and non-flammable ionic liquids. The use of natural amino
acids such as glycine and sarcosine for the synthesis of extractants makes the extraction
process environmentally friendly. To optimize the extraction efficiency, it is necessary to
select the optimal values of pH of the medium, extractant concentration, contact time and
temperature, which can be achieved through computer simulation.
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