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Abbreviations, 

used in the text of the abstract 

  

D: distribution ratio, the ratio of the total analytical concentration of a solute in the extract (regardless of its chemical 

form) to its total analytical concentration in the other phase. 

K: Extraction equilibrium constant.  : The equilibrium constant for the organic phase synergistic reaction. 

pH0.5 or pH1/2: That value of pH in an aqueous phase at which the distribution ratio (D) is unity at equilibrium. 

Note: 50% of the solute is extracted (E = 0.5) only when the phase ratio is unity.  

SC: synergistic coefficient showing the increase in extraction of a metal when using a mixture of extractants 

SF: separation factor, the ratio of the respective distribution ratios of two extractable solutes measured under the 

same conditions. 

REs: rare earth elements  Ln(s): lanthanoid(s)  IL: ionic liquid   

[C1Cnim+]: 1-methyl-3-n-alkyl imidazolium;   [Tf2N]: (CF3SO2)2N. 

Table I. Several ligands considered in this work. 
IUPAC ligand name Acronym Other names 

2,4-pentanedione HA acetylacetone 

1-phenyl-1,3-butanedione HBA benzoylacetone 

4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione HTTA 2-thenoyltrifluoroacetone 

4,4,4-trifluoro-1-phenyl-1,3-butanedione HBFA benzoyltrifluoroacetone 

1,1,1-trifluoro-2,4-pentanedione HTAA trifluoroacetylacetone 

4-benzoyl-3-methyl-1-phenyl-pyrazolin-5-one HPMBP, HP 1-phenyl-3-methyl-4-benzoyl-

pyrazol-5 

3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-one HPMTFBP  

3-methyl-1-phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one HPPMBP  

3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one HPMMBP  

4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one HPMFBP  

4-benzoyl-3-phenyl-5-isoxazolone HPBI  

tri-n-butyl phosphate TBP tributyl phosphate 

tri-n-butylphosphine oxide TBPO tributylphosphine oxide 

tri-n-octylphosphine oxide TOPO  

 TPPO triphenylphosphine oxide 

N,N-diisobutyl-2-[octyl(phenyl)phosphoryl]acetamide CMPO octyl(phenyl)-N,N-

diisobutylcarbaoylmethyl 

phosphine oxide 

2-[2-(dioctylamino)-2-oxoethoxy]-N,N-dioctylacetamide TODGA N,N,N’,N’-

tetraoctyldiglycilamide 

5,11,17,23-tert-butyl-25,26,27,28-

tetrakis(dimethylphosphinoylmethoxy)calix[4]arene   

S1, C4  

5,11,17,23-tetra(para-tert-octyl)-25,26,27,28-

tetrakis(dimethylphosphinoylmethoxy)calix[4]arene 

S2  

5,11,17,23,29,35-hexa(1,1,3,3-tetramethyl-butyl)- 

37,38,39,40,41,42-hexakis 

(dimethylphosphinoylmethyleneoxy)-calix[6]arene  

S3  

5,11,17,23,29,35,41,47-octa (1,1,3,3-tetramethylbutyl)-

49,50,51,52,53,54,55,56-

octakis(dimethylphosphinoylmethyleneoxy)calix[8]arene 

S4  

5,11,17,23-tetra-tert-butyl-25,26,27-

tris(dimethylphosphinoylpropoxy)-28-hydroxy-calix[4]arene 

S5  

5,11,17,23-tetra-tert-butyl-25,27-bis(dimethylphosphinoylpropoxy)-

26,28-dihydroxy-calix[4]arene   

S6  

5,11,17,23-tert-butyl-25,26,27,28-tetrakis(2-dimethylamino-2-

oxoethyl)calix[4]arene 

S7 tert-butylcalix[4]arene 

tetrakis(N,N-

dimethylacetamide) 

5,11,17,23-tert-butyl-25,26,27,28-tetrakis(2-ethoxy-2-

oxoethyl)calix[4]arene 

S8 4-tert-butylcalix[4]arene-

tetraacetic acid tetraethyl ester 

methyltri-n-octylammonium chloride, tricaprylylmethylammonium 

chloride 

QCl, QClO4 Aliquat 336 

aNames in accordance with IUPAC recommendations. 
bIn this report, the names that have been mostly frequently encountered in the literature are used. 
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1. Introduction 

1.1. Solvent extraction chemistry  

Metals like materials have always been crucial resources for Homo sapiens over and above in the 21st 

century in view of the modern technological advances and societal needs, much more than ever, ever. 

Although the techniques for the recovery of metals have advanced steadily since the bronze ages (3300 – 

1200 BC), the development of solvent extraction processes, enlightened over a half-century ago in the 

dawn of nuclear era, has never been preeminent to accomplish to the rapidly expanding requirement for 

metals. This means the ore exploitation and pressures to recycle precious metals found in “urban mine” 

or in spent nuclear fuels, but also in consideration of industrial wastewater streams to prevent 

environmental contingency for biota and earthling. It is indispensable to reincarnate the spent metals now; 

hereinafter one can declare that the ancient “alchemists” have struggled to transform the lead in gold, at 

the same time the contemporary chemists trying to modify the waste in “gold” with focus on innovative 

recycling technologies, bringing metals back to life adopting end-of-life consumer goods.  

Investigations of the solvent extraction processes have been carried out in the Department of 

General and Inorganic Chemistry (founded in 1945) at UCTM–Sofia for more than 46 years with a 

scientific tradition in the rare earth chemistry. Thus, being a main scientific topic with a considerable 

contribution to the knowledge over the years, endorsing aroused interest in many parts of the world.  

 

1. 2. Lanthanoids  

 According to the Nomenclature of Inorganic Chemistry, The Red Book 2005 of IUPAC series, 

the 15 elements in the Periodic Table from La (57) to Lu (71) should be named 4f-elements or 

lanthanoids. In general, lanthanoid is represented by the symbol Ln and an actinoid by An. The 

group name “rare earths” includes Sc, Y and lanthanoids.  

 

  1.2.1. Discovery of lanthanoids  

 The strange name “rare earths” (REs) has a mythical sound and it is currently known to be less 

prevalent or precious, but they have special, unique qualities and properties that other chemical 

elements do not possess. That name, however, is inappropriate because they are not particularly 

rare, except for promethium, which has no stable isotope. All of them except Pm occur naturally, 

Ce is the most abundant in nature (the average amount in the earth crust, 610-3 %), and thulium 

and lutetium at least (4.810-5 %). REs are extremely similar in properties and for a long time 

they are considered as one element. Their discovery provides a long history of almost 150 years 

of scientific research with errors and takes more than a century to complete their isolation.  

 

 1.2.2. The nature of the minerals and the rare earths mode of occurrence   

 1.2.3. Chemical and physical properties of lanthanoids 

 

 Lanthanoids like elements adopt either the configuration [Xe]4fn6s2 or [Xe]4fn−15d16s2, where, 

n represents a number from 1 to 14. With the exception of La, Gd and Lu, the lanthanoids have 

no electrons on the 5d-sublevel. Moreover, one of the important properties of REs, related to their 

ionic size, which is in turn related to lanthanoid contraction, is basicity. For an example, the 

configurations 4f0 (La3+), 4f7 (Gd3+), and 4f14 (Lu3+) are stable. The great similarity of atomic 

radiuses is the reason for the significant similarity in the chemical properties of these elements. 

Therefore, these ions with varying degrees of oxidation such as cerium in (IV) or europium in (II) 

can be more easily separated than others in (III). Most selectivity schemes take advantage of the 

so-called lanthanoid contraction. Because of lanthanoid contraction, the radius of lanthanoid ions 

decreases gradually as the atomic number increases, resulting in regular changes in the properties 

of lanthanoid elements as the atomic number increases. Generally, the equilibrium constants K in 

solvent extraction processes increase with increasing atomic number of the metals as expected 

from their decreasing ionic radii from La to Lu. With increasing atomic number, ionic radii 

decrease at constant charge (3+), and consequently the charge densities increase and formation of 

extractable complex is favored. Hence, an increase of the extraction efficiency is observed going 
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from La to Lu but at the same time, a significant loss of separation selectivity is noted across the 

4f-series due to the cation radii decrease of approximately 20 %.  

 

 1.2.4. Why lanthanoids are classified as strategic critical elements? 

 Coordination chemistry of 4f-ions has been attracted significant attention owing to their 

outstanding properties and considering the growing levels of Lns present in the technosphere. 

Numerous interesting and important properties were found with respect to their magnetic, optical, 

and electronic behavior for an example. For instance, industrial use of REs, however, increased 

about 50 times over the world during the last 40 years. As a result of this global threat to supply 

and the need of clean sustainable technologies, REs have been labelled as “critical” metals. It is 

worthy to note that various compounds of the lanthanoids find a wide range of applications, many 

of which depend on the optical properties associated with their f-f electronic transitions. REs case 

in point, the lifeblood of today’s high-tech industry, are used in a wide range of environmental 

technologies, military industries, energy security and even in medical diagnostic. These 

applications rely on distinct properties that result from their complex electronic structures and so 

substitution and recycling are low, difficult or not yet feasible. The total demand of valuable, so-

called “technology critical metals” or jewels for functional materials of the future, is expected to 

grow steadily (ex. total world consumption of Eu is estimated at 424 tons/year indicating a 

significant deficit). It is one of the very rare RE elements, representing only, in average, 0.3% of 

the RE deposits for which reserves and resources calculations were available to compute. Supply 

of europium is estimated at 350 tonnes per year, around 93% of which originates in China.  

 On the other hand, rare earths are elements of great significance in nuclear technology too. 

Actually, the principal method for used nuclear fuel reprocessing to separate Lns and Ans from 

the waste stream is solvent extraction. For instance, in the nuclear fuel industry, synergistic solvent 

extraction has been recommended for the recovery of the REs. 

1. 3. Synergistic effect in solvent extraction processes 

One important milestone in the understanding of the extraction process undoubtedly was the discovery 

of the synergistic effect.1 The term synergism is used to describe cases where the extractive capability of 

a mixture of extractants is greater than the sum of their individual extractive capabilities. The first careful 

study of this phenomenon naming it “synergism” in 1958 was carried out by Blake et al.2 from Oak Ridge 

National Laboratory (USA), who found that U(VI) is extracted synergistically by a mixture of 

dialkylphosphoric acid, (RO)2PO(OH) and a neutral organophosphorus reagent of the type (RO)3PO, 

which study facilitated chemists interest. In an early publication Irving and Edgington pointed out that 

this statement is too sweeping concerning the analysis of the problem realized of a number of analogous 

systems for U(VI) extraction including thenoyltrifluoroacetone (HTTA) instead of dialkylphosphoric 

acid, and as a consequence indicated the following conditions for synergistic extraction of a metal:3 

o One of the extractants is capable of neutralizing the charge of the metal ion, preferably by 

forming a chelate complex. 

o The second molecule (synergist) is capable of displacing any residual coordinated water 

from this formally neutral complex and rendering it less hydrophilic, Fig. 1. 

o The second agent is not hydrophilic and is coordinated less strongly than the first 

(chelating) extractant. 

o The maximum coordination number of the metal and the geometry of the ligands are favorable. 
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Figure 1 (1.20). Complex of Eu(III) ion with 3-methyl-1-phenyl-4-(4-

phenylbenzoyl)-pyrazol-5-one. 

 

 It can be concluded that in the case of synergistic systems, chelating agent HL, thanks to its 

deprotonation, forms a neutral chelating compound with the metallic ion, while the neutral ligand, 

S, expels the remaining water molecules in order to enhance solubility in the organic phase, and 

is generally interpreted by the formation of mixed complexes in the organic liquid phase: 

Mn+ + nHL + xS ⇌ MLn·Sx + nH+     (1.1) 

 Mn+ being the metal ion and L− is the anion of the chelating ligand.  

 The enhancement of the distribution ratio can be as high as 106 and is attributed to the higher 

solubility of the synergistic adduct in the organic phase.  

1.4. Methods used for the investigation of the synergistic solvent extraction 

 Several methods (slope analysis, continuous variation (Paul Job’s method (1928)), curve fitting, 

spectrophotometry and nuclear magnetic resonance) have been proposed during the years for the 

determination of the stoichiometry of the extracted species and the corresponding equilibrium 

constants.1 The liquid-liquid partition method has been used successfully for the determination of 

the stability constants of metal complexes.4 However, the slope analysis is the most widely used 

method because of its simplicity and effectiveness. The method is based on an examination of the 

variation of the distribution ratio (D) with the relevant experimental variables. A plot of the 

logarithm of the D values vs. the logarithm of one of the variables (the concentration of the two 

extractants and of H+), keeping the other two constant, indicates the stoichiometry of the 

extractable complex, a suitable equilibrium expression can be obtained, and consequently, the 

corresponding equilibrium constant can be computed (Compendium on Analytical Nomenclature, 

IUPAC, Ch. 3.2).  

In other words, synergistic solvent extraction of lanthanoids was studied using a traditional and 

effective means of obtaining both stoichiometric and equilibrium constant information about extraction 

processes, called as mentioned above “slope analysis”. It is based on an examination of the variation of 

DL,S (the distribution ratio due to the synergistic effect) as a function of the relevant experimental 

variables. As the lanthanoids extraction with the synergistic agent S alone is sometimes negligible under 

the experimental conditions of some published studies, the values of D obtained experimentally are the 

sum of DL,S and DL (DL is due to the lanthanoid extraction with HL alone under the same experimental 

conditions). So, the values of DL,S were calculated as D–DL. A log-log plots of DL,S vs. one of the variables 

[H+] (Compendium on Analytical Nomenclature (IUPAC Orange Book), Ch. 3.4: pH and related terms), 

[HL] and [S] keeping the other two constant, indicate the stoichiometry of the extractable complex, and 

thus leads to the derivation of a suitable equilibrium expression and then to the calculation of the 

equilibrium constant. If the concentration of the extractants is constant and the hydrolysis in the aqueous 

phase as well as the polymerization in the organic phase occur to a negligible extent only, then the plots 

will be straight lines and their slopes will give the number of the ligands of the adducts.  
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2. Literature Review  

2.1. Overview of chelating ligands in solvent extraction chemistry and types of complexes 

2.1.1. Introduction 

Nowadays, molecular design has produced likely more multicenter ligands possessing higher 

extraction efficiencies with various structural backbones. Many types of acidic chelating compounds, 

mainly those with fluorinated or O-donor organophosphorus substituents, have been used successfully for 

the solvent extraction of metal ions from aqueous solution, including separation of the 4f- and 5f-ions.  

 As a whole, three main types of lanthanoid complexes in solid state and in solution can be 

considered:5,6 i) Usually, tris-complexes LnL3 containing three chelating ligands (HL) for an ion 

Ln(III) have been formed; ii) Formation of self-adduct species such as LnL3·HL including one 

unprotonated acidic ligand;7 iii)  It is also possible to arrange four bidentate ligands around a single ion 

with a 1:4 stoichiometry. In this way, tetrakis anionic complexes with general formula [LnL4]
− are formed 

and the electroneutrality is achieved by a counter cation.  

 

2.1.2. β-Diketones 

 The β-diketones or 1,3-diketones bear two carbonyl groups that are separated by one carbon 

atom. This carbon atom is the α-carbon. In most β-diketones, the substituents on the α carbon are 

hydrogen atoms. The simplest representative is acetylacetone or pentane-2,4-dione (abbreviated 

to HAA, m.w. 100.1, b.p. 135-137 oC), in which the substituents on both carbonyl groups are CH3 

groups. In aqueous solutions, acetylacetone is a weak acid in equilibrium with hydrogen ions and with 

enolate ions:  

C5H8O2 ⇌ C5H7O2
− + H+.      (2.1) 

 It is also noteworthy that the most efficient separating reagent for lanthanoid analysis is a 

compound identified for the purpose 70+ years ago, thenoyltrifluoroacetone (HTTA).8 It is 

somewhat ironic that exactly this reagent is actually the first examined as a complexant to enable the 

introduction of ionic liquids today. Thenoyltrifluoroacetone (HTTA) was introduced as an analytical 

reagent by Calvin and Reid in 1947 and has been extensively used as an extractant for Lns. Owing 

the presence of trifluoromethyl group, it has high acidity in the enol form (pKa=6.23), which in 

turn is useful in the extraction of many metals at low pH.6, 9 HTTA is less basic than acetylacetone 

(pKa = 8.82) and hence yields more stable chelates. Thus, a wide range of metals may be extracted 

without interference from hydrolysis also. The fact that the fluorinated β-diketonates can be used 

for extraction from acidic solution is of importance for the extraction of metal ions that are easily 

hydrolyzed. A summary of HTTA extraction coefficients has been published by Poskanzer and 

Foreman in the distant 1961, in which a compilation of pH of 50 per cent extraction (pH50 or pH1/2) 

by 0.2 mol∙dm-3 HTTA in benzene was presented for around forty-eight elements.9 As a matter of 

fact, the synergistic effect was observed by Cunningham et al. for the extraction of Pr(III) and Nd(III) by 

mixtures of 2-thenoyltrifluoroacetone (HTTA) and tributylphosphate (TBP) in kerosene but synergism 

acquired its name in 1958.10  
 
2.1.3. 4-Acyl-1-phenyl-3-methyl-5-pyrazolones 
 The next category of excellent chelating ligands, is 4-acyl-1-phenyl-3-methyl-5-pyrazolones, 

α-substituted β-diketones with low pKa (2.5˗4) caused by on the resonance stabilization of its long 

conjugated system, together with the presence of the strong electron-withdrawing phenyl group. 

That is, the charge on the anion is delocalized and stabilized by electron-flow to the conjugated 

groups.11,12 So, these extractants are more acidic than the popular chelating extractant 2-

thenoyltrifluoroacetone. The acylpyrazolones can be considered as α-substituted β-diketones. 1-

Phenyl-3-methyl-4-benzoyl-5-pyrazolone (HPMBP) and other 1-aryl-3-methyl-4-acyl-5-

pyrazolones are versatile extractants for various metal ions. In this respect, acylpyrazolone ligands 

have often been used in the field of solvent extraction and separation science of almost all metal 

ions in the Periodic Table. Because of their good lipophilicity, they have been also used for 

synergistic extraction of divalent transition metal ions, lanthanoids and actinoids as well as some 
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other metal ions. The pKa value of the 4-acyl-5-pyrazolones is between 2.5 and 4.0.13 In other 

words, the complexation of acidic ligands relies on their deprotonated form. Therefore, the pH 

window, in which the ligands display the desired extraction behavior, can theoretically, be 

modulated by functionalization with electron-withdrawing groups of different strengths. Since, 

the first advantageous synthesis proposed by Jensen in 1959, acylpyrazolones are one of the most 

widely used O-donors in coordination chemistry.14 The solvent extraction of 14 lanthanoid ions with 

HPMBP used alone in C6H6 have been studied by Dukov et al.15 It has been established the formation of 

self-adducts Ln(PMBP)3·HPMBP. The structure of such self-adducts could be compared with those of 

the synergistic complexes because the three pyrazolone ligands neutralize the charge of Ln(III) cation and 

the fourth neutral molecule of HPMBP displaces water molecules from the inner coordination sphere of 

the chelate complex. Similar process is assumed in the formation of mixed complexes in the synergistic 

extraction. Then, the synergistic agent displaces water molecules from the metal chelate complex 

rendering the synergistic complex more hydrophobic.  

Eleven 1-aryl-3-methyl-4-aroyl-5-pyrazolone derivatives were synthesized and their acid 

dissociation constants were determined spectrophotometricaly by Umetani et al.16 It would be expected 

that the introduction of electron-withdrawing substituents and bulky groups into the 4-aroyl group of the 

pyrazolone would enhance the acidity of the compounds and increase their solubility in an organic diluent, 

and that metal ions might still be extracted at a low pH, with a larger distribution ratio (D). A linear 

relationship between logK and pKa was found for Eu3+ and Ba2+ ions, readily extracted into benzene and 

n-octyl alcohol. Further, it was reported, the value of pH1/2 decreases as that of pKa decreases as well.   

 

2.1.4. 4-Acyl-isoxazolones  

 Another type of chelating compounds not so exploited, 3-methyl-4-acyl-5-isoxazolones, has 

stronger acidities (lower pKa values: 1.23) and very high enhancing extraction power.6, 17 Actually, 

low pKa value of 4-benzoyl-3-phenyl-5-isoxazolone (HPBI) is due to the presence of heterocyclic 

(isoxazolone) group, which enhances the dissociation of the β-diketone anions. In the last years, 

the chelating extractant HPBI has been a subject of interest for the solvent extraction of metals 

alone18 or in combination with other extractants like tri-n-butylphosphate,19 ethylhexylacetamide, 

di-2-ethylhexylpropanamide, di-2-ethylhexylisobutylamide, di-2-ethylhexylpivylamide,20 tri-n-

octylphosphine oxide,21 or 2,4,6-tri-(2-pyridyl)-1,3,5-triazine.22 Additionally, Reddy et al. have 

studied the synergistic solvent extraction of trivalent lanthanoids such as Nd, Eu and Tm using 

mixtures of HPBI compound in combination with 18-crown-6, 15-crown-5, benzo-15-crown-5, or 

dibenzo-18-crown-6 ligands.23  

2.2. Calixarenes as glamorous ligands in coordination chemistry  

 Calixarenes, the third generation of supramolecules (after cyclodextrins and crown ethers), 

have first seen the light of day in the nineteenth century in the laboratory of Adolf von Baeyer in 

Berlin (Nobel prize in chemistry in 1905) like “ill-defined” chemical products because of lacked 

sufficiently powerful, analytical tools for adequate characterization in the year 1872 or also a half 

a century later. However, their oligomeric chemical nature was delineated in the 1970’s by 

Gutshe24 who gave the compounds their presently accepted name (calyx meaning vase or chalice 

in Greek language and arene indicating the presence of aryl residues in the macrocyclic array)25. 

The similarity with chalice pointing out the presence of a cup-like structure, when the macrocycles 

assume the conformation cone, in which all aryl groups are oriented in the same direction (because 

rotation around the methylene bridge is possible). In calix[4]arene (the internal volume being 

around 10 nm3), four conformations, which are in dynamic equilibrium, are possible (cone, partial 

cone, 1,2-alternate, and 1,3-alternate). Actually, the unique molecular architecture of 

calix[n]arenes (n=4-20, macrocycles made up of n phenolic units) makes them a suitable platform 

for construction of host neutral molecules especially with an even number of added cycles (n = 4, 

6, 8), cyclic that can selectively bind a variety of guest substrates through introduction of suitable 

fragments on the upper or lower rim, Fig. 2. The system consisting of lanthanoid complexation 

with p-tert-butylcalix[4]arene fitted with phosphinoyl pendant arms is considered to illustrate the 

use of many modern techniques in the elucidation of the composition and structural features of 

the complexes in the book entitled “Modern aspects of rare earths and their complexes”.26 The 
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main ligand studied as a synergistic agent herein, which serves as a reference compound either is 

a substituted calix[4]arene, L = 5,11,17,23-tetra-tert-butyl-25,26,27,28-

tetrakis(dimethylphosphinoylmethoxy) calix[4]arene. During the last fifteen years, a great deal of 

effort have been devoted to the synthesis of suitable calix[n]arene receptors especially for 

lanthanoid ions, mainly with one purpose of developing highly efficient extraction and separation 

processes, particularly within the problematic of nuclear waste management, as well as some 

important luminescent stains. In particular, the hard acid character of the lower rim substituted 

calixarenes has been exploited to design polytopic receptors for the complexation of trivalent 

lanthanoid ions, either for extraction purposes and nuclear waste management or for the design of 

efficient lanthanoid based luminescent devices and probes as well as for biochemical recognition 

and separation. The various structural modifications, which are possible with these unique 

molecules, especially having mixed ligating functions, could be successfully used to fine tuning 

their properties a propos interaction between different cations and ligands.  
 

 
 
 
 
 
 
 
 
 
Figure 2 (2.29). 

Molecular structure of 

calix[4]arenes. 

 

The chemical structures of several calixarene ligands object of the present deeper work are 

presented in Fig. 3. 
 

 
 
 
 
 
 
 
 
 
 
Figure 3 (2.30). Chemical 

structures of selected 

calixarenes. 

 
 Further, their ability 

to recognize and 

discriminate metal ions is 

one of the remarkable 

features that makes them 

suitable as specific 

receptors for authenticated 

solid-state metal 

complexes or formation of 

complexes in solution.  
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2.3. Calixarenes in the role of synergistic agent during solvent extraction of 4f-elements 

 The research investigations devoted to the synergistic solvent extraction including these 

macromolecules with the aim to create a synergistic effect, enhancing the efficiency and 

selectivity are not so numerous, only sporadic examples appear in the literature, but very divergent 

to say. Obviously, a strategy termed as “preorganization,” where multiple ligating groups are 

integrated into a relatively rigid platform, can improve the separation performance of metal ions.27, 

28 This preorganization involves constructing a multidentate ligand that offers attractive multiple 

donors with proper orientation for metal coordination, if possible of course. In recent years, 

increasing efforts have been directed toward the design of preorganized ligands like tripods, 

calixarenes, resorcinarenes, and pillararenes based on 3D scaffolds because they can fulfill likely 

the 3D coordination preference of f-elements. 

 Although a great deal of work has examined the binding of metal ions by calix[n]arenes in 

solutions and taking into account all the developments in the research area, synergism as a 

phenomenon has received beyond question a scant attention. Thus, a systematic attempt has been 

made by Atanassova and co-researchers to investigate the synergistic solvent extraction of 

lanthanoids with chelating molecule and calixarene combinations identifying the topic as a serious 

gap in knowledge that need to be addressed.  

 

2.4. Topic trends identified in the literature  

Most research investigations likely focuses on either using old, well known from the past years 

extractants dissolved in a new ionic liquid media now, or newly synthesized, smart ligands to be used 

during the extraction process in typical molecular diluents. Obviously, solvent extraction with a β-

diketone, HTTA as extracting reagent is the most popular separation process to remove almost all 

chemical elements from different leach aqueous solutions. This conclusion is based on the extensive 

amount of scientific research accumulated in the past, accompanied with favourable results that are 

broadly available, as well as for the fact that it is currently being applied in an IL media specifically for 

selective extraction of various metal ions. By searching in various literature sources, one essential goal 

appears, i.e. optimization of chelator molecular design together with understanding of how to control the 

relevant complexation of lanthanoids, actinoids and other valuable metal cations. Undoubtedly, the 

scientific knowledge on coordination properties of calixarene molecules has been accumulated also during 

years and synthesis of new, and increasingly sophisticated molecular structures progresses rapidly, that 

not only improved selectivity for extremely difficult separation problems seen in 4f-series. However, a 

limited amount of scientific investigations is available regarding the use of calixarenes as a synergistic 

agents in solvent extraction and separation of various metals not only lanthanoids.  

Therefore, various types of compounds, which belong to the two cyclic chemical families, 

have been studied in order to examine the role of the chemical structure on the 4f-complexation. 

Among the latter, investigations on f-element extraction focused on the influence of the cavity 

size (n=4, 6 and 8), of the macrocyclic effect, on the hydrophobicity of the ligand, on cooperative 

binding by different ligating groups for 4f-group separation. The main aim is to study how the 

balance between molecular flexibility and preorganization influences the synergistic extraction 

process and how the 4f-ion extraction varies for a series of calix[n]arenes in the role of synergists, 

e.g. steadily or erratically with increasing cavity and number of ligating groups and their chemical 

nature. For optimum extraction properties towards f-ions, the size of a macrocyclic backbone and 

the number and kind of monodentate ligating groups tethered to it must be balanced with the 

molecular flexibility and hydrophobicity. A second purpose was to learn much more about the 

factors, which govern the stoichiometry of the extracted metal complexes in the organic phase 

incorporating one or two molecule of the synergistic agent. Finally, the diluent influences on the 

extraction process have to be studied also, regarding the problem statements in the literature 

background. Thus, the above-mentioned gives the opportunity to determine the tasks of the dissertation. 
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2.5. Scientific aims and research goals 

Scientific aims     

 The research aim is to examine whether a mixed or the so-called synergistic solvent system 

incorporating chelating ligand would be beneficial for lanthanoids extraction and separation in 

organic molecular or ionic liquid media, with a focus on phosphorus containing synergistic agents, 

predominantly calixarenes. Specific questions addressed include: 

 Whether the two extractants, chelating and synergistic agents interact in the organic phase? 

 Which ligand combinations have been tested and do any show promise compared with the 

baseline process using one extractant alone? 

 Are extractants designed for accomplished C, H, N, O concept are ideally suited for the 

typical organic or ionic liquid extraction media, in comparison with more acknowledged 

organophosphorus O-donor or fluorinated compounds? Is there any difference in the 

behavior between acidic, neutral or basic ligands in this respect? 

 Are fancy acidic or neutral ligands really needed for synergism in an IL media? In a liquid-

liquid interfacial practice, is there always a trade-off among selectivity, kinetics and 

efficiency in keeping with cost constraints?   

 What exactly governs the efficiency of biphasic liquid systems: the nature of aqueous or 

predominantly organic (molecular or ionic) phase is crucial? 

 Comparing extraction, separation, synergism in molecular and ionic liquid environment: 

is the latter always “better”? No subsequently ifs ands or buts. 

 What are the rules governing synergism in solvent extraction processes in the newly design 

systems with ILs? Can this phenomenon be mastered under the frame of the general model 

developed already for molecular media? 

 Why the presence of ILs moieties seeing as a reservoir for ion exchange is essential for 

complexation of metallic cations in solution? Is the mutual solubility among water and ILs 

in the time of liquid-liquid extraction of metallic species so essential and crucial? 

 How effective will be the studied combinations at conditions representative of a chemical 

technological process? 

 Are the methods of simple interpolation in predicting trends based on chemical properties 

and similarities of chemical elements could be accepted at first glance? This raises a 

foreseen number of questions as well as a number of criteria to authentic criterion and a 

new proof-of-principle within rows and columns of the Periodic Table. 

 What is the underlying coordination chemistry associated with lanthanoid extraction in the 

synergistic solvent mixtures, and how would this impact upon a process? 

 Understand how 4f ions differ in their complexation properties from the s-, p- and 

d-block metals. The apparent diversity of elements is even more pronounced and 

sometimes the properties a group shares are not immediately obvious. 

 Understand how the size of the lanthanoids ions affects certain properties and how 

this can be used in the extraction and separation of this class of elements; 

 Understand the effect of the lanthanoid contraction upon extraction properties of 

the 4f-ions; 

 Recall that lanthanoids behave similarly when there is no change in the 4f electron 

population, but that they differ when the change involves a change in the number 

of 4f-electrons: tetrad effect, gadolinium break, inclined W, etc.;  

 Recall and explain the most common coordination numbers in lanthanoid 

complexes; 

 Recall which donor atoms and types of ligand form most stable complexes; 

 Explain why polydentate ligands form more stable complexes. 
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Research scopes    

The following scopes were defined for the research scheme: 

o The work was limited to the solvent extraction and separation of 4f-ions from each other. The 

separation of the rare earths from other chemical elements in the Periodic Table was generally 

not excluded. 

o In all test work, chloride media will be employed for lanthanoid extraction. Of course, perchlorate 

and nitrate media were also used in some research studies. 

o The temperature was fixed at the ambient laboratory temperature in all tests (22 °C ± 2 oC). 

o The maintenance of constant ionic strength during experimental work-up, I=0.1. 

o The scope was restricted to equilibrium studies (i.e. extraction kinetics and thermodynamics were 

not considered). Initially the extraction kinetics was investigated to determine the minimum 

agitation time for all succeeding solvent extraction experiments. 

o Systematic study of the synergistic solvent extraction of metals from the group of lanthanoids 

with mixtures of various chelating ligands (β-diketone, 4-acylpyrazolones, 4-acylisoxazolone) 

and various organophosphorus compounds, predominantly calixarenes using organic diluents.  

o Systematic study of the synergistic solvent extraction of metals from the group of lanthanoids 

with mixtures of various chelating ligands and organophosphorus compounds using ionic liquids 

as an organic media.  

o Clarification of the chemical reaction mechanism of the extraction process:  

 Determination of the composition of the extracted 4f-complexes in the organic phase. 

 Investigation of the chemical nature of both chelating ligand and synergistic agent on the 

extraction efficiency and selectivity. 

o Calculation of the equilibrium extraction constants and analysis of the factors influencing the 

equilibrium (ionic radius of the metals, chelating extractant, second extractant, diluent, etc.). 

o Calculation of the synergistic coefficients and the separation factors of the studied lanthanoids on 

the basis of the obtained experimental results and analysis of the factors influencing these 

parameters. 

o Investigation of the influence of  organic diluents (CHCl3, CCl4, C6H6, C6H12) on the process of 

synergistic solvent extraction of lanthanoids with mixtures of chelating extractant in combination 

with an organophosphorus ligand. 

o A detailed comparison between organic diluents and ionic liquids at the time of synergistic solvent 

extraction of lanthanoids. 

To that end objectives of the thesis are:  

1. To assess the effect of molecular architecture of the extractants on the complexation with 4f-ions in 

solution.  

2. To evaluate the influence of the synergistic agent, uncertainly necessary to accomplish an extraction 

enhancement in a typical organic media.  

3. To optimize the process of synergistic solvent extraction with a simple swing of the organic diluent and 

to evaluate the opportunities for process improvement.  

4. To estimate the possibilities to achieve an excellent selectivity in 4f-series during synergistic extraction. 

To optimize both the process of liquid extraction and selectivity only with ligand’s chemical adjustment.  

 5. To develop a scheme for design of solvent extraction systems with target 4f-ions by optimizing the 

organic phase including ionic liquids.  

6. To establish the properties of a synergistic agent in an ionic environment and to explore the possibility 

to use it as a supplement for reaching a synergism. 
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3. Methods and Materials 

3.1. Materials 

3.1.1. Rare earth elements 

Stock solutions of the lanthanoid ions were prepared by dissolving appropriate amounts of their oxides  

in concentrated hydrochloric acid or perchloric acid and diluting with distilled water to the required 

volume. The stock solution of Ce(III) was prepared from CeCl3·7H2O. Stock solution of silver ions 

(110-3 mol∙dm-3) was prepared from AgNO3. 

3.1.2. Diluents 

3.1.3. Synthesis of ligands  

3.1.3.1. Synthesis of chelating agents 

3.1.3.2. Synthesis of synergistic agents 

3.2. Investigation of interactions between extractants 

3.3. Liquid-liquid extraction experimental methodology 

The experiments in cases when molecular diluent was applied, were carried out using 10 cm3 

volumes of aqueous and organic phases. The samples were shaken mechanically for 45 minutes at room 

temperature which was sufficient to reach equilibrium. After the separation of the phases, the metal 

concentration in the aqueous phase was determined spectrophotometrically using Arsenazo III.29 The 

concentration of the metal ion in the organic phase was obtained by material balance. The acidity of the 

aqueous phase was measured by a pH-meter with an accuracy of 0.01 pH unit. The ionic strength was 

maintained at 0.1 mol∙dm-3 with (Na, H)Cl or with (Na, H)ClO4. The initial concentration of the metal 

ions was 2.510-4 mol∙dm-3 in all experiments. The distribution ratios (D) of the lanthanoid ions during 

synergistic solvent extraction were determined in three series of experiments according to slope analysis 

method,17 viz.: 

 with fixed HL and S concentration, and varied pH 

 with fixed pH and S concentration, and varied HL concentration 

 with fixed pH and HL, and varied S concentration 

 

3.4. Synthesis of metal solid complexes  

4. Experimental Study: Investigation of interactions between acidic (chelating) agents and 

phosphorus-containing neutral ligandsA15  

4.1. Introduction 

The main problem for the systems containing mixtures of extractants used for the solvent 

extraction of metals is their possible interaction. Firstly to mention, that Marcus and Kertes30 have noted 

that a direct interaction between the extractants has an appreciable effect on the breakdown of the 

synergism, but later studies have shown that both phenomena (synergism and antagonism) are much more 

complex.1, 31, 32 Relatively few works were devoted in the past to the destruction of synergism and even 

less papers have been published on the subject in recent years. By considering the interaction reaction 

between the chelating reagent HTTA and the neutral ligand TOPO in cyclohexane diluent, Favaro and 

Atalla  have identified the following two species Ln(TTA)3·TOPO and Ln(TTA)3·2TOPO in the organic 

phase for La and Yb extraction.33 It was noted that the behavior of the system changes when TOPO 

concentration is higher than 0.15 mol∙dm-3, as a result of a gradual transformation of the enolic form of 

the β-diketone HTTA into the keto-hydrated, and its consecutive interaction with TOPO molecule. The 

distribution of the two lanthanoids, i. e. La and Yb as a function of the HTTA concentration induces the 

slopes of the straight lines lower than the expected value of 3 (2.1 for La and 2.7 for Yb). This 

disagreement was assumed as resulting from HTTA−TOPO interaction. On the other hand, according to 

Sekine and Dyrssen the diluent interaction with MAn chelate complexes of 2-thenoyltrifluoroacetone 

(HTTA) and β-isopropyltropolone (IPT) together with the interaction between the synergistic agent TBP 
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and diluent must be taken into account when comparing the relative tendencies of adduct formation of 

Eu(III) and Th(IV)  in CHCl3 and CCl4.
34  

Further, the potential interactions between the β-diketone, benzoylacetone (HBA) and another IL 

compound, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide ([C1C4pyr+][Tf2N
−]) were 

studied also by NMR spectra in CDCl3 solutions.35 These data published by Atanassova and Kurteva give 

an indication that no substantial interactions occurred between both analyzed compounds. 

 

4.2. Results & Discussion 

This chapter will summarize the research related to the analysis of possible interactions between 

ligands presented in the organic phase during liquid-liquid extraction of lanthanoids. It should be noted 

that if they exist, they are influenced by the chemical nature of the extractants, their concentration, the 

diluent used as well as the composition of the aqueous phase, i.e. not only by the applied experimental 

conditions, optimal or not. The potential interactions in ten different combinations of ligands have been 

investigated by analysis of proton, carbon and phosphorus NMR spectra, as well as NOESY and ROESY 

methods. On the other hand, although interactions between extractants and IL are not expected due to the 

lack of functional groups in the ionic compound, such a study was also performed. These research studies 

are important for elucidating the behavior of different combinations of extractants in the organic phase. 

In the literature, the latter is referred to as critical for achieving synergistic effect. Our study is the first 

to conduct a detailed study of potential interactions and assess their impact on the solvent extraction 

process by NMR spectroscopy.A15 

4.2.1. Interaction study between 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one and TBPO, 

TOPO, TPPO and TBPA8 

The possible interactions between 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one 

(HPMFBP) and a series of phosphine oxides (TOPO, tributylphosphine oxide(TBPO), triphenylphosphine 

oxide (TPPO)) and tributylphosphate (TBP) have been studied by proton, carbon and phosphorus NMR 

spectra in benzene-d6 solutions.A8 The investigation of the spectra clearly shows that the examined 

synergists follow two different patterns. Negligible shifting of HPMFBP signals was observed in the 

presence of molecules TPPO and TBP. The second group includes TOPO and TBPO, where noticeable 

shifting of the most part of the HL signals was observed in the studied mixtures. These effects are strong 

indication for slight interaction between both species. The experiments with variable molar ratios of HL 

and S show that the effects are strongly dependent on the extractants’ proportion, and that the values of 

the shifting of HL signals increase with the increase of the S part. At this point, it has been concluded that 

trialkylphosphine oxides (TOPO and TBPO) form strong H-bonds with HL in the organic phase bases on 

two main observations. First, significant shifting of HL signals has been detected and it was found that 

the effect is strongly dependent on the extractants’ ratio; the values of HL proton and carbon and S 

phosphorus signals shifting increase with the decrease of the HL and S part, respectively. Second, slow 

exchange between two sites in HL proton spectra has been detected upon mixing indicating that the strong 

intramolecular OH/C=O H-bonding in HPMFBP is destroyed due to bonding with P=O of the synergist.  

4.2.2. Interaction study between 4-(4-methylbenzoyl)-3-methyl-1-phenyl-pyrazol-5-one and N,N-

diisobutyl-2-(octylphenylphosphoryl)acetamide (CMPO)A14 

The probable interactions between the acidic chelating (HPMMBP) and neutral (CMPO) 

extractants, applied in the solvent extraction study of lanthanoid ions, were investigated at different molar 

ratios in CDCl3 by NMR experiments.A14 In fact, no substantial shifts were detected upon mixing. The 

chemical shift differences were negligible even in phosphorus resonances, which are highly sensitive to 

structural and environmental changes. The latter is an indication that no interactions occur in chloroform 

solutions, independently on HPMMBP/CMPO proportions. The interactions were additionally studied by 

NOESY experiment of the 1:1 mixture.  

4.2.3. Interaction study between 4-aroyl-3-methyl-1-phenyl-pyrazol-5-ones (HL) and phosphorus-

containing calix[4]arene  (S1, S5 or S6)A9, A10, A11 

The obtained spectra show that no substantial interactions between the components of the solvent 

extracting systems occur in the organic phase independently on the extractants’ proportions 
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(HPMFBP/HPMMBP−S1). This observation is confirmed by ROESY experiments, where only weak 

interactions between CH3-3 of HL and t-Bu methyls, and one of the bridged methylene protons of 

calixarene were detected. The same spectra obtained for HL alone and in HL–S mixtures show that the 

presence of calixarene ligand in the organic phase does not cause conformational changes in pyrazolone 

molecules. 

The interactions between another acidic (HPMTFBP) and two neutral (S5 and S6) extractants that 

belong to the calixarene family, were examined by NMR experiments in the same diluent used in the 

solvent extraction process of 4f-ions. Our task was to obtain new data on ligand-ligand interactions, as 

well as to evaluate the influence of the chemical structure of the extractants by introducing different 

functional groups in the compounds. In fact, slight upfielding of the signals for methyl and methylene 

groups of the alkyl substituents of calixarenes with the addition of HL were detected both in proton and 

in carbon spectra (Figs. 10 and 11), while phosphorus signals were downfielded, as shown on Table 1.  

 
Table 1 (4.11). 31P chemical shits of calixarenes (S) and S:HL mixtures. 

31P 
S S:HL 3:1 S:HL 1:1 S:HL 1:3 

δ δ ∆δ δ ∆δ δ ∆δ 

2/3 

S5* 
43.75 43.88 +0.13 44.04 +0.29 44.33 +0.58 

1/3 

S5* 
45.13 45.34 +0.21 45.60 +0.47 45.92 +0.79 

S6 43.56 43.63 +0.07 43.80 +0.34 44.19 +0.63 

* Calixarene S5 shows a single intensity signal for 31P of the substituent at 26 position and a double intensity one for those at 

25 and 27 positions; indicated as 1/3 S5 and 2/3 S5, respectively. 

The values of the shifting of the signals increase with the increase of the HL content, which is an 

indication that the effects somehow are strongly dependent on the extractants’ ratio. Negligible chemical 

shift changes were registered in the spectra of HL upon mixing with S molecule.  

The interactions again between chelating HPPMBP and neutral (S1) extractants were studied by 

NMR spectra in deuterochloroform, the same diluent used further in the solvent extraction of 

lanthanoids.A11 The spectra of pyrazolone, HL, show sharp and well defined signals compatible with pure 

enol form, which were not changed by the addition of calixarene (S1) molecule in the system. All signals 

in proton, carbon and phosphorus spectra of S1, HL and their mixtures possess the same chemical shifts, 

indeed. The latter is an indication that no interactions between the extracting system components occur in 

the organic phase. The same pattern was observed in S1 and 4-methyl and 4-fluorobenzoyl pyrazolone 

systems, which shows that the interactions between calixarene molecule, applied in current study, and 

pyrazolones are not dependent on the pyrazolone aroyl group substituent. 

On the contrary, when calixarenes, possessing two and three dimethylphosphinoylpropoxy groups 

at the narrow rim, and 4-trifluoromethylbenzoyl pyrazolone (HPMTFBP) systems were investigated, 

slight interactions were detected, the methyl group at position 3 and quaternary Cq-3 signals of 

HPMTFBP and calixarene phosphorus being the most shifted.A10 For instance, the chemical shifts of 

these signals, Cq-3 at 148.02 ppm and CH3 at 16.22 ppm of HPPMBP and 31P of S1 at 38.65 ppm, are not 

influenced by the mixing. Therefore, a comparison between these systems permits to suggest that the free 

OH groups of calixarene are involved in the interactions with pyrazolone chelating arm, while 

phosphinoyl units itself do not participate.  

 

4.2.4. Interaction study between the chelating ligand 3-methyl-1-phenyl-4-(4-

trifluoromethylbenzoyl)-pyrazol-5-one and an ionic liquid, 1-butyl-3-methylimidazolium-

bis(trifluoromethanesulfonyl)imideA10 

  

 At last in this section, the interactions between the ionic liquid (IL) and the components of the extracting 

systems will be presented: а pyrazolone derivative, (HPMTFBP). Such interactions are not expected due 

to the absence of functional groups in an IL. Only weak H-bonding of IL nitrogen with HL OH can be 

assumed. The proton and carbon resonances of both IL and HL have the same values in the spectra of the 

individual compounds and in those of their 1:1 mixture. The latter is an indication that no interactions 
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between the IL and acidic extractant occur in the inert diluent benzene-d6.  

 

4.3. General remarks 

The debates about the interaction between the extractants in the mixed systems have been arisen 

almost immediately with the appearance of the first studies devoted to the synergistic solvent extraction 

of metal ions. At this point based on the literature review it may be clear that the possible interaction of 

ligands during extraction of metallic species by mixtures of two or more compounds is not a reaction with 

foremost importance when synergism occurs. It is apparent from the foregoing discussion that the 

statement, inter-ligand reaction always leads to destruction of synergism, if occurs in the organic media, 

and plays a crucial role, should not be accepted without strong reservations according to some authors.A15 

Although, in the daybreak of synergism in the liquid-liquid metal recovery (1959-1962), the researchers 

have stated that this reaction comes along to adverse effects either in the degradation of the extraction 

efficiency, or in the ligand irreversible loss, due to an association products formed among the two 

coordination molecules.1, 36 There is a widespread opinion that in the synergistic region of the reactions, 

the chelating extractant neutralizes the charge of the metal ion, while the second extractant (synergistic 

agent) replaces the residual water from the inner coordination sphere of the central atom rendering the 

complex more hydrophobic. It was found also that at increased concentration of the synergistic agent, the 

interaction between the two molecules is possible and then the reaction goes into the destruction of 

synergism region, i.e. antagonistic effect occurs. This effect has been explained by a decrease of the 

available chelating agents’ concentration. Hence, both synergistic and antagonistic effects depend on the 

experimental conditions of the extraction processes.  

This trend is similar to that described for acidic-neutral ligand couples. Such an interaction, if 

exists, depends on the chemical nature of the extractants, their concentration, diluent in use, and 

composition of the aqueous phase, i.e. not only on the applied experimental conditions, optimal or no. It 

have to be noted also that sometimes the experimental conditions, at which the interaction is studied, and 

the conditions at which the real metal extraction process is carried out differ, and it is necessary to be 

taken into account. Still, some major issues should be taken into account when choosing the better organic 

media, as in dissolution processes all plausible multiple interactions between solutes and, solutes and 

“inert diluent” on the other hand may occur. Even thus, the search for more environmentally benign 

diluents for extraction purposes is still in its infancy as an alternative choice of extremely high 

hydrophobic ILs is the only viable approach for now.37, 38 It is mandatory to have in consideration all 

specific factors beforehand for each individual process, addressing the economic and sustainable footprint 

of the whole performance. 

 

5. Experimental Study: Synergistic extraction mechanism and equilibrium constants  

5.1. Synergistic solvent extraction of lanthanoid ions with 4-acyl-pyrazolones and calixarenes   

The extraction process of lanthanoids with 4-acylpyrazolone compounds used alone can be 

described by the equation:15 

Ln3+
(aq) + 4HL(o) ⇌ LnL3·HL(o) + 3H+

(aq)       (1) 

where Ln3+ denote lanthanoid and the subscripts “aq” and “o” indicate the species in the aqueous and 

organic phase. 

The extraction constant, KL, is defined as 

𝐾L =  
[LnL3.HL](o) [H+](aq)

3

[Ln3+](aq)[HL](o)
4 = 𝐷L

[H+](aq)
3

[HL](o)
4            (2) 

where DL is the lanthanoid distribution ratio. In fact, the plots of logDL vs pH and log[HL] are linear, with 

slopes very close to 3 and 4, in accordance with eq.1. Therefore, the equilibrium constants for the 

extraction of lanthanoids with 4-acyl-pyrazolones were calculated on the basis of eq. 3 and summarized 

in the corresponding tables together with the equilibrium constant due to the synergistic extraction 

process: 
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logKL = logDL − 3pH − 4log[HL]        (3) 

5.1.1. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone 

and 5,11,17,23-tert-butyl-25,26,27,28-tetrakis(dimethylphosphinoylmethoxy)calix[4]areneA1   

The experimental data obtained from slope analysis method for the extraction of the Ln(III) ions, 

i.e. (La3+, Nd3+, Eu3+,  Ho3+ and Lu3+) with mixture of 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone (HP) 

and calix[4]arene (S1) in CHCl3 are given in Figs. 4−6. The plots of logDP,S vs. pH and log[HP] are linear 

with slope close to three and the plots of logDP,S vs. log[S] with slope close to one. Therefore, in the 

presence of HP−S1 mixture the lanthanoids extraction can be expressed by the following equations:  

 

                           (5.1) 

 

 

 

 

 

 

 

 

Figure 4 (5.1). LogDP,S vs. pH for the extraction of lanthanoid 

elements with mixtures of: [HP]=310-2 mol∙dm-3 and 

[S]=110-3 mol∙dm-3. 

 

 

 

 

 

 

 

 

 

Figure 5 (5.2).  LogDP,S vs. [HP] for the extraction of lanthanoid 

elements with mixtures of HPS1 at:  [S]=110-3 mol∙dm-3, La, 

pH=3.05; Nd, pH=2.60; Eu, pH=2.35; Ho, pH=2.20; Lu, pH=2.10. 

 

K
P, S

)o()o(
3

)aq(
SHP3Ln  

)aq()o(3 H3S•LnP
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Figure 6 (5.3). LogDP,S vs. [S] for the extraction of lanthanoid 

elements with mixtures of HPS1 at:  [HP]=310-2 mol∙dm-3, La, 

pH=3.05; Nd, pH=2.60; Eu, pH=2.35; Ho, pH=2.00; Lu, pH=2.15. 

 

 

Taking into account that the partition of the 

chelating HP molecule39 and the synergistic agent, S40 

toward the aqueous phase is very low, the overall 

equilibrium constant values KP,S can be determined by the 

equation:  

 

 

 

 logKP,S = log DP, S  3 log[HP]   log[S]  3pH      (5.2) 

 The formation of mixed complexes in the organic phase can be described by the equations: 

(5.3) 

 

The equilibrium constant P,S for the organic phase synergistic reaction can be determined as:   

 log P,S = log KP,S – log KP         (5.4) 

The values of the equilibrium constants KP,S and P,S calculated from the experimental data are 

given in Table 2. The equilibrium constants are based on the assumption that the activity coefficients of 

the species do not change significantly under the experimental conditions, i.e. they are concentration 

constants.  

Table 2 (5.1). Values of the equilibrium constants KP, KP,S, βP,S and synergistic coefficients([HP]=310-2 mol∙dm-3, [S1]=110-

3 mol∙dm-3, pH=2.50) and separation factors for the Ln3+ extraction with HP−S1 mixtures in CHCl3.A1  

Ln3+ logKP
41 logKP,S logβP,S SC  SF  

      HP HP−S 

La -5.84 -0.88 4.96 3.48 Nd/La 30.9 15.1 

Nd -4.35 0.30 4.65 3.17 Eu/Nd 8.5 3.98 

Eu -3.42 0.90 4.32 2.84 Ho/Eu 1.5 4.57 

Ho -3.24 1.56 4.80 3.32 Lu/Ho 2.57 2.75 

Lu -2.83 2.00 4.83 3.35    
Notes: The values of the equilibrium constants are calculated on the basis of the 35 experimental points, statistical confidence 

95% and standard deviation  0.05. 

 

The data presented in Table 2 show that the introduction of the used calix[4]arene as a synergist 

(S1) into the system Ln3+−HP leads to a significant increase of the values of KP,S in comparison with those 

of KP, as well as that the values of this constant increase from La3+ to Lu3+ as expected from their 

decreasing ionic radii. The variation of the equilibrium constants KP and KP,S versus the atomic number Z 

of the investigated Ln(III) ions is given in Fig. 7. It is seen that the two curves vary practically in the same 

manner. So, the synergistic agent (phosphorus-containing tert-butylcalix[4]arene) causes quantitative, but 

not qualitative changes in the extraction of the lanthanoid(III) ions, because of the formation of the same 

type of complexes (the formation of self-adducts LnP3HP when pyrazolone is used as extractant and the 

formation of mixed adducts LnP3S, using synergistic mixture of extractants) in both cases. 


P, S

)o()o(3 SHP•LnP 
)o()o(3

HPS•LnP 
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Figure 7 (5.4). LogKP(KP,S) vs. atomic number (Z) of La, Nd, Eu, Ho 

and Lu. open circles – logKP, closed circle – logKP,S 

 

Additionally, from a mixture of S1, HP and EuCl3 

(in mol ratio 1:3:1) a crystal compound with m.p. 308-309 
oC has been isolated. Its IR spectrum shows some shift of 

the band for P=O group at 1160 cm-1 in the free S1 to 1142 

cm-1 in the obtained compound. In the IR spectrum of this 

compound a band at 1653 cm-1 for C=O group have been 

observed. The proposed structure of the complex is 

presented in Fig. 8. 

 The 1H NMR spectra of the mixture of HP and S1, 

and of the synthesized complex of Eu(III) with them were measured in MeOH-d6 at 300, 320, 335 and 

338 K. At the highest temperature the signals are sufficiently resolved and on the basis of their integral 

intensity the ratio of the ligands in the synthesized [EuP2S]+ complex was calculated as HP : S = 2 : 1.  

 

 

 

Figure 8 (5.5). Proposed structure of the synthesized solid 

complex. 

 

As a matter of fact, the different composition 

of the mixed complex established in solution 

(LnP3S) and in solid state ([EuP2S]+) could be due 

to the different experimental conditions. 

 

5.1.2. Solvent extraction of trivalent lanthanoids by 5,11,17,23-tetra(para-tert-octyl)-25,26,27,28-

tetrakis(dimethylphosphinoylmethoxy)calix[4]arene in combination with a 4-benzoyl-3-methyl-1-phenyl-

2-pyrazolin-5-oneA12  

The solvent extraction of trivalent lanthanoids (Ln3+) by calix[4]arene (S2), bearing four 

phosphine oxide donor groups at the lower rim as synergistic agent in combination with a 4-benzoyl-3-

methyl-1-phenyl-2-pyrazolin-5-one (HP) in CHCl3 was quantitatively described in the form of LnP3·S 

complexes. The values of the equilibrium constants KP, KP,S and P,S calculated from the experimental 

data are given in Table 3. The observed mechanism in the two investigated systems employing the same 

chelating agent (HP) under the same conditions is identical indicating that the lanthanoid extraction 

behaviour was not influenced qualitatively by the octyl substituents at the upper arms of the synergist, but 

its greater mobility and solubility probably promotes the observed quantitative difference. Therefore, as 

a first step on the way to improve both extractability and solubility is the change of tert-butyl to tert-octyl 

in the calix[4]arene backbone because these highly branched ligands are very soluble in low polar organic 

diluents even without a modifier.  

Table 3 (5.2). Values of the equilibrium constants KP, KP,S and βP,S, synergistic coefficients and separation factors for 

lanthanoids extraction with mixtures HL–S2.A12  

Ln3+ logKP
41 logKP,S logβP,S SC pH50  SF  

     HP HP−S HP HP−S 

La -5.84 -0.73 5.11 3.63 4.37 3.15 30.9 25.1 

Nd -4.35 0.64 5.02 3.54 3.88 2.70 8.5 8.5 

Eu -3.42 1.60 5.02 3.54 3.56 2.39 1.5 3.0 

Ho -3.27 2.08 5.37 3.87 3.52 2.23 2.5 2.5 

Lu -2.83 2.48 5.31 3.83 3.37 2.10   
Notes: The values of the equilibrium constants are calculated on the basis of the 36 experimental points; statistical confidence 

is 95% and standard deviation is less than ±0.05 
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The elemental analysis, IR and NMR studies of the isolated solid complex give a possibility to 

make conclusion about the composition and the structure of the europium mixed complex: EuP3·S2. 

 

5.1.3. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone 

and 5,11,17,23,29,35,41,47-octa (1,1,3,3-tetramethylbutyl)-49,50,51,52,53,54,55,56-

octakis(dimethylphosphinoylmethyleneoxy)calix[8]areneA3 

Synergistic solvent extraction of five selected lanthanoid ions with 4-benzoyl-3-methyl-1-phenyl-5-

pyrazolone (HP) and calix[8]arene (S4) has been studied. The values of the equilibrium constants KP,S 

and P,S calculated from the experimental data are given in Table 4. The data presented in Table 4 show 

that the introduction of the used calix[8]arene into the system Ln3+−HP leads to a significant increase of 

the values of KP,S in comparison with those of KP, as well as that the values of this constant increase from 

La3+ to Lu3+ as expected from their decreasing ionic radii. 

 
Table 4 (5.3). Values of the equilibrium constants KP, KP,S, βP,S and SCs([HP]=2102 mol∙dm3, [S4]=2104 mol∙dm3), pH50 

and SFs for the Ln3+ extraction from 0.1 mol∙dm3 (Na, H)Cl medium with HP−S mixtures in CHCl3.A3 

Ln3+ logKP
41 logKP,S logβP,S SC  SF  pH50  

      HP HP–S HP HP–S 

La -5.84 -0.73 5.11 3.11 Nd/La 30.9 14.2 4.21 3.17 

Nd -4.35 0.42 4.77 2.77 Eu/Nd 8.51 4.46 3.72 2.80 

Eu -3.42 1.07 4.49 2.49 Ho/Eu 1.52 2.57 3.40 2.59 

Ho -3.24 1.48 4.72 2.72 Lu/Ho 2.57 2.88 3.34 2.43 

Lu -2.83 1.94 4.77 2.77    3.20 2.28 

Notes: The values of the equilibrium constants are calculated on the basis of the 36 experimental points, statistical confidence 

95 % and standard deviation   0.07. 

 

5.1.4. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone 

and 5,11,17,23,29,35-hexa(1,1,3,3-tetramethyl-butyl)- 37,38,39,40,41,42-

hexakis(dimethylphosphinoylmethyleneoxy)calix[6]areneA16  

The synergistic solvent extraction of selected lanthanoid ions with 4-benzoyl-3-methyl-1-phenyl-

5-pyrazolone (HP) and calix[6]arene (S3) in chloroform has been studied. The obtained plots of logDP,S 

vs. pH and log[HP] are linear with slope close to three and the plots of logDP,S vs. log[S] with slope close 

to one. The values of the equilibrium constants KP,S and P,S calculated from the experimental data are 

given in Table 5.  

 Table 5 (5.4). Values of the equilibrium constants KP, KP,S, βP,S as well as values of the synergistic coefficients ([HP]=1.510-

2 mol∙dm-3, [S]=410-4 mol∙dm-3, pH=1.85) and  separation factors for the Ln3+ extraction with HP − S mixtures in CHCl3.A16  

Ln3+ logKP
41 logKP,S logβP,S pH50   SF  SC 

    HP HP–S3  HP HP–S3  

La -5.84 2.15 7.99 3.77 2.23 Nd/La 30.9 6.02 6.44 

Nd -4.35 2.93 7.28 3.27 1.94 Eu/Nd 8.5 2.75 5.71 

Eu -3.42 3.37 6.79 2.96 1.82 Ho/Eu 1.52 2.45 5.22 

Ho -3.27 3.76 7.03 2.91 1.70 Lu/Ho 2.57 2.95 5.43 

Lu -2.83 4.23 7.06 2.73 1.53    5.49 

Note: The values of the equilibrium constants are calculated on the basis of the 37 experimental points, statistical confidence 

95% and standard deviation  0.05. 



21 

 

 

The data presented in Table 5 show that the introduction of the second extractant (S3) into the 

system Ln3+–HP leads to a significant increase of the logKP,S values and they are approximately 2.3 times 

higher in comparison with the case when combination of HP and calix[8]arene (S4) was used.  

   Supplementary, the preparation of the mixed solid complex of Eu3+ ion with HP and S3 (1:3:1) was also 

realized in absolute ethanol.  

 

5.1.5. Synergistic solvent extraction of lanthanoids with mixtures of a chelating extractants (HL), either 

4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-

pyrazol-5-one and 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis-

(dimethylphosphinoylmethoxy)calix[4]areneA9  

Synergistic solvent extraction of selected trivalent lanthanoids with mixtures of a chelating 

extractants (HL), either 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one (HPMFBP) or 3-methyl-

4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HPMMBP) and calix[4]arene (S1) in CHCl3 has been 

studied. The experimental data for the synergistic solvent extraction of the lanthanoid(III) ions with 

mixtures of HP and phosphorus-containing calix[4]arene, S1 are given in Fig. 9.  

 

 

 

 

 

Figure  9 (5.13). LogDL,S vs. pH 

for the extraction of 

lanthanoid(III) ions with 

mixtures HL–S1 at 

[HL]=1.5×10-2 mol∙dm-3 and 

[S]= 7×10-4 mol∙dm-3. 

The plots of logDL,S versus 

pH and log[HL] are linear 

with slope close to three and the plots of logDL,S vs. log[S] with slope close to one. Complexes with the 

same composition have been already established for the solvent extraction of lanthanoids with 

combination of 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone (HPMBP) and the same calix[4]arene. The 

values of the equilibrium constants KL,S and βL,S calculated from the experimental data are given in Table 

6. The data presented in Table 6 shows that the addition of the calix[4]arene (S1) to the system Ln(III)–

HL leads to a very large increase of the values of KL,S in comparison with those of KL (3-4 orders of 

magnitude) as well as that the values of this constant increase from La(III) to Lu(III) as expected from 

their decreasing ionic radii. The substitution of a fluorine atom in the four position of the benzoyl moiety 

in the acylpyrazolone molecule improves while the substitution of a methyl group diminishes the 

extraction efficiency as compared with the case when 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone was 

used as a chelating extractant (HP−S1).A1 

 
Table 6 (5.5). Values of the equilibrium constants KL, KL,S and βL,S, synergistic coefficients and separation factors for 

lanthanoids extraction with mixtures HL–S1.A9  

Ln3+ 

logKL Log KL,S log L,S SC SF 

HPMFBP HPMMBP HPMFBP 

S 

HPMMBP 

S 

HPMFBP 

S 

HPMMBP 

S 

HPMFBP 

S 

HPMMBP 

S 

HPMFBP 

S 

HPMMBP 

S 

La -5.16 -6.12 -0.77 -1.78 4.39 4.34 3.06 3.01 16.6 13.5 

Nd -3.91 -4.17 0.45 -0.65 4.36 3.52 3.03 2.19 3.2 3.2 

Eu -3.37 -3.89 0.95 -0.15 4.32 3.74 2.99 2.41 2.0 2.4 

Ho -2.84 -3.37 1.26 0.24 4.10 3.61 2.77 2.28 1.8 1.9 

Lu -2.62 -3.12 1.53 0.53 4.15 3.65 2.82 2.32   

Notes: The values of the equilibrium constants are calculated on the basis of the 38 experimental points; statistical confidence 

is 95% and standard deviation is less than ±0.05. 
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For instance, the observed extraction mechanism in the two used systems is identical indicating 

that the lanthanoid extraction behavior was not influenced qualitatively by the 4-acylpyrazolone 

substituents. The obtained logKL,S with 4-fluorophenyl terminal group are larger. The two factors, the 

steric hindrance and acid dissociation constants of the 4-acylpyrazolones could be evaluated and 

compared in order to revealed the para-substituents effect on the adduct formation reactions. The bulkier 

substituent (–CH3) in para-position probably causes small steric effect. Since the extraction efficiency 

varies with the pKa values of the chelating extractants,42 the observed dependence for the synergistic 

extraction of the studied lanthanoids is in accordance with the decreasing pKa values of the substituted 

pyrazolones.43 The 4-acylpyrazolone (HPMFBP) having a lower pKa value due to an electron withdrawing 

substituent (–F) tends to be a stronger organic acid (3.52)43 than the case when electron donating (–CH3) 

groups (4.02)43 are introduced in the benzoyl moieties. The variation of the equilibrium constant KL,S 

values versus the atomic number Z of the investigated lanthanoid(III) ions is given in Fig. 10. It is seen 

that the two curves vary in the same manner. So, the substituted pyrazolones (HPMFBP or HPMMBP) in 

combination with the studied tert-butylcalix[4]arene cause quantitative but not qualitative changes in the 

synergistic solvent extraction of lanthanoids.  

 

 

 

 

 

 

 

 

 

Figure 10 (5.14). LogKL,S versus atomic number Z of La, Nd, Eu, Ho 

and Lu (open circles: HPMFBPS1, closed circles: HPMMBPS1). 

 

5.1.6. Mixed ligand chelate extractions of trivalent lanthanoids with 3-methyl-1-phenyl-4-(4-

trifluoromethylbenzoyl)-pyrazol-5-one and 5,11,17,23-tetra-tert-butyl-25,26,27-

tris(dimethylphosphinoylpropoxy)-28-hydroxy-calix[4]arene or 5,11,17,23-tetra-tert-butyl-25,27-

bis(dimethylphosphinoylpropoxy)-26,28-dihydroxy-calix[4]areneA10   

Mixed ligand chelate extractions of trivalent lanthanoids with HPMTFBP and S5 or S6 as 

synergistic agents were carried out in CHCl3 as an organic phase. The plots of logDL,S versus pH and 

log[HL] are linear with slopes close to three and the plots of logDL,S vs. log[S] with slopes close to one. 

Therefore, in the presence of phosphorus-containing calix[4]arenes, the lanthanoid extraction can be 

expressed by the equation 5.1 again: 

Ln3+
(aq) + 3HL(o) + S(o) ⇌ LnL3S(o) + 3H+

(aq) 

The observed extraction model in the two used systems is identical. This shows that the lanthanoid 

extraction behavior was not influenced qualitatively by the number of dimethylphosphinoylpropoxy 

groups of calix[4]arene. Similar mixed complexes LnL3·S with involvement of one molecule of 

tetraphosphorylated at the narrow rim calix[4]arene in the extracted species, have been found in previous 

studies reported in this section 5.1. On the other hand, the large coordination numbers of 8, 9 and 10 are 

typical for lanthanoids (L– is a bidentate ligand). The structural study of the Eu(III) solid mixed complexes 

with different β-diketones indicated uniform interaction of all four P=O groups in the calix[4]arene with 

Eu3+. 
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 The values of the equilibrium constants KL,S and βL,S calculated from the experimental data are 

given in Table 7. The obtained logKL,S with S5 are a little bit larger, i.e. this agent exhibits better extraction 

properties and is more efficient than the corresponding S6 homologue compound. So, the number of the 

flexible narrow rim ligating groups, two and three, of the studied p-t-butylcalix[4]arenes causes 

quantitative changes in the synergistic solvent extraction of lanthanoids and the bulkier S5 molecule 

probably causes a small steric hindrance effect.  

Table 7 (5.6). Values of the equilibrium constants KL, KL,S and βL,S, synergistic coefficients and separation factors for 
lanthanoids extraction with mixtures HL–S.A10 

Ln3+ logKL logKL,S  logβL,S  SC   SF   

  HL–S5 HL–

S6 

HL–

S5 

HL–

S6 

HL–

S5 

HL–

S6 

 HL HL–

S5 

HL–

S6 

La -3.24 1.22 1.14 4.46 4.38 3.13 2.99 Nd/La 3.2 8.7 7.6 

Nd -2.74 2.16 2.02 4.9 4.76 3.51 3.37 Eu/Nd 1.8 2.4 2.4 

Eu -2.47 2.54 2.40 5.01 4.87 3.62 3.48 Ho/Eu 3.8 2.0 1.8 

Ho -1.88 2.86 2.67 4.74 4.55 3.35 3.16 Lu/Ho 1.8 1.9 2.0 

Lu -1.62 3.14 2.97 4.76 4.59 3.37 3.20     
Notes: The values of the equilibrium constants are calculated on the basis of the 35 experimental points; statistical 

confidence is 95% and standard deviation is less than ±0.05. SC: pH=2.20, [HL]=1.510-2 mol∙dm-3, [S]=710-4 mol∙dm-3. 

 

5.1.7. Synergistic solvent extraction and separation of Ln3+ ions using one acidic ligand, 3-methyl-1-

phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one, and one neutral, 5,11,17,23-tetra-tert-butyl-25,26,27,28-

tetrakis-(dimethylphosphinoylmethoxy)calix[4]areneA11 

The experimental data for the synergistic solvent extraction of the lanthanoid(III) ions with mixtures of 

HPPMBP and S1 are given in Fig. 11 as well, according to the slope analysis method.  

 

Figure 11 (5.18). LogDL,S vs. pH for the extraction of lanthanoid(III) ions with mixtures HL–S1 at [HL]=1.5×10-2 mol∙dm-3 

and [S]= 6×10-4 mol∙dm-3 in CHCl3. LogDL,S vs. log[HL] for the extraction of lanthanoid(III) ions with mixtures HL–S1 at [S]= 

6×10-4 mol∙dm-3 in CHCl3
 : La, pH=3.20; Nd, pH=2.95; Eu, pH=2.95; Ho, pH=2.75; Lu, pH=2.70. LogDL,S vs. log[S] for the 

extraction of lanthanoid(III) ions with mixtures HL–S1 at [HL]= 1.5×10-2 mol∙dm-3 in CHCl3: La, pH=3.15; Nd, pH=2.95; Eu, 

pH=2.95; Ho, pH=2.80; Lu, pH=2.65.   

The plots of logDL,S versus pH and log[HL] are linear with slope close to three and the plots of 

logDL,S vs. log[S] with slope close to one. The complex LnL3∙S with coordination number probably 10 

(six oxygen atoms from three bidentate L– anions and four dentate S1 ligand) has been extracted. The 

involvement of one molecule of the phosphorus containing calix[4]arene in the synergistic species when 

trivalent lanthanoids are extracted with chelating extractants from 4-aroyl-3-methyl-1-phenyl-pyrazol-5-

one’s family have also been found previously: HPMFBP−S1 and HPMMBP−S1. The stoichiometry 1:3:1 

of isolated similar mixed solid complexes was obtained by HTTA−S1 and HTTA−S7 systems indicating 

uniform interactions of all four calixarene’s ligating groups with Ln(III) ion. The values of the equilibrium 

constants KL,S and βL,S derived from the fit of the experimental data are given in Table 8.  
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Table 8 (5.7). Values of the equilibrium constants KL, KL,S and βL,S, synergistic coefficients and separation factors for 

lanthanoids extraction with mixtures HL–S1 using CHCl3.A11 

 

SC: pH = 3.10, [HL] = 1.510-2 mol∙dm-3, [S] = 610-4 mol∙dm-3. 

 

5.2. Synergistic solvent extraction of lanthanoid ions with typical β-diketones and calixarenes 

5.2.1. Synergistic solvent extraction of lanthanoid ions with a 1-(2-thienyl)-4,4,4-trifluoro-1,3-

butanedione and 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis-

(dimethylphosphinoylmethoxy)calix[4]areneA2  

 

The synergistic solvent extraction of five selected lanthanoid ions  with a 1-(2-thienyl)-4,4,4-

trifluoro-1,3-butanedione (HTTA, HL) and calix[4]arene, (S1) in CHCl3 has been studied. The plots of 

logDL,S vs. pH and log[HL] are linear with slope close to three and the plots of logDL,S vs. log[S] with 

slope close to two. Therefore, in the presence of HTTA−S1 combination the lanthanoid extraction can be 

expressed by the following equation 

   Ln3+
(aq)  +  3HL(o)  +  2S(o)  ⇌  LnL3·2S(o)  +  3H+

(aq)  (5.6) 

Taking into account that the partition of HTTA and S1 toward the aqueous phase is very low, the 

overall equilibrium constant values KL,S can be determined by the equation  

   logKL,S = log DL, S  3 log[HL]  2 log[S]  3 pH   (5.7) 

 The formation of mixed complexes in the organic phase can be described by the following equation 

    LnL3(o)  +  2S(o)   ⇌   LnL3·2S(o)    (5.8) 

 The equilibrium constant L,S for the organic phase synergistic reaction can be determined as  

    log L,S = log KL,S – log KL     (5.9) 

The values of the equilibrium constants KL,S and L,S calculated from the experimental data are 

given in Table 9. Consequently, the stability of 5 (3 diketones and 2 synergists) chelate rings with 1 metal 

ion may explain the unusually large logβ values in the system under consideration. 

 
Table 9 (5.8) Values of the equilibrium constants KL, KL,S, βL,S, synergistic coefficients ([HL] = 6102 mol∙dm-3, [S] = 1103 

mol∙dm-3, pH = 2.50) and separation factors for the extraction of lanthanoid(III) ions with HL−S1 mixtures in CHCl3.A2  

 

Note: The values of the equilibrium constants are calculated on the basis of the 38 experimental points, statistical confidence 

95 %, confidence interval    0.06. 

 

The data presented in Table 9 show that the addition of the calix[4]arene (S1) to the system 

Ln3+−HTTA leads to a very large increase of the values of KL,S in comparison with those of KL (8 orders 

of magnitude approximately) as well as that the values of this constant increase from La3+ to Lu3+ as 

Ln KL 

logKL 

KL,S 

logKL,S 

logβ SC  SF  

      HL HL–

S1 

La (4.9±0.9)10-7 

-6.31 

(5.8±0.6)10-2 

-1.24 

5.07 3.54 Nd/La 2.4 7.9 

Nd (1.5±0.2)10-6 

-5.82 

(0.43±0.06) 

-0.37 

5.45 4.07 Eu/Nd 1.8 2.5 

Eu (1.7±0.3)10-6 

-5.77 

(1.1±0.5) 

0.04 

5.81 4.20 Ho/Eu 3.9 2.2 

Ho (1.3±0.2)10-5 

-4.89 

(2.4±0.5) 

0.38 

5.27 3.94 Lu/Ho 2.4 2.0 

Lu (2.8±0.3)10-5 

-4.55 

(5.1±0.9) 

0.70 

5.25 3.88    

Ln3+ logKL
44 logKL,S logβL,S SC  SF  

      HL HL–S 

La -11.06 -3.22 7.84 1.84 Nd/La 8.70 21.37 

Nd -10.12 -1.89 8.23 2.23 Eu/Nd 27.54 6.60 

Eu -8.68 -1.07 7.61 1.61 Ho/Eu 1.32 3.72 

Ho -8.56 -0.50 8.06 2.06 Lu/Ho 2.57 3.80 

Lu -8.15 0.08 8.23 2.23    
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expected from their decreasing ionic radii. The values of logKL,S are smaller (up to 2 log units) than those 

obtained for the extraction of the same lanthanoids with mixtures 4-benzoyl-3-methyl-1-phenyl-5-

pyrazolone (HP) and the same calix[4]arene. This fact can be explained taking into account that HL is 

more weak acid than HP (pKa = 6.245, and pKa = 3.9544, respectively).  

Consistent with the common practice, the IR, NMR and X-ray investigations of the solid mixed 

complexes showed that their chemical composition is [EuL2]
+Cl and [EuL2S]+Cl. The crystal structure 

of the complex of Eu(III) with HTTA used alone is illustrated in Fig. 12. The complex shows a typical 

for Eu3+ eight coordination sphere incorporating two bidentate 1-(2-thienyl)-4,4,4-trifluoro-1,3-

butanedione ligands while  ethanol molecules completes the distorted square antiprism geometry. So, on 

the basis of the X ray data, the proposed structure of the complex of Eu3+ with HTTA is 

[Eu(L)2(C2H5OH)4]
+Cl. It is suggested that the different complex in solution and in solid state is a result 

of the different experimental conditions. 

 

Figure 12 (5.22). View of the structure and the atom-numbering scheme (I) showing 50 % probability displacement ellipsoids.  

H atoms are omitted for clarity. 

5.2.2. Solvent extraction of lanthanoids with thenoyltrifluoroacetone in combination with 4-tert-

butylcalix[4]arene-tetraacetic acid tetraethyl esterA7 

The solvent extraction of all 14 lanthanoids (Lns) with thenoyltrifluoroacetone (HTTA) in 

combination with 4-tert-butylcalix[4]arene-tetraacetic acid tetraethyl ester (S8) from perchlorate medium 

at constant ionic strength µ=0.1 is investigated in CCl4. Therefore, the complexes Ln(TTA)3·S with 

coordination number probably 10 (TTA– is a bidentate and S is a four dentate ligand) have been extracted. 

It was not surprising because large coordination numbers of 8 and 10 are typically for lanthanoids. The 

values of logKT, logKT,S and logβT,S are given in Table 10.  
Table 10 (5. 9). Values of the equilibrium constants KT, KT,S and βT,S, and SC for the extraction of lanthanoid ions with HTTA–

S8 system and SF with HTTA used alone.A7 

Ln3+ logKT
46 logKT,S logβT,S SC SF / HTTA 

La -10.50 -5.69 4.81 1.51 3.24 

Ce -9.99 -5.41 4.58 1.28 2.89 

Pr -9.53 -5.22 4.31 1.01 1.51 

Nd -9.35 -5.08 4.27 0.97 4.67 

Sm -8.68 -4.84 3.84 0.54 1.0 

Eu -8.55 -4.65 3.90 0.60 1.99 

Gd -8.40 -4.50 3.90 0.60 2.00 

Tb -8.22 -4.34 3.88 0.58 1.74 

Dy -7.98 -4.15 3.83 0.53 1.34 

Ho -7.87 -3.94 3.93 0.63 1.34 

Er -7.76 -3.76 4.00 0.70 2.34 

Tm -7.40 -3.59 3.81 0.51 1.85 

Yb -7.14 -3.38 3.76 0.46 1.42 

Lu -6.99 -3.28 3.71 0.41  
Notes: The values of the equilibrium constants are calculated on the basis of the 36 experimental points; statistical confidence 

is 95% and standard deviation is less than 0.05. 



26 

 

 

Usually plots resembling a four segmented “inclined W” were obtained for the whole series, where 

the data were available. Fig. 13 presents the variation of the equilibrium constants for the extraction of 

Ln(III) ions with HTTA–S8 mixture with the L–values.47 

 

 

 

 

 

 

 

 

 

Figure 13 (5.25). LogKT,S vs. L. 

 

5.2.3. Solvent extraction of lanthanoids with thenoyltrifluoroacetone in the presence of tert-

butylcalix[4]arene tetrakis(N,N-dimethylacetamide)А6  

The solvent extraction of 14 lanthanoids with a thenoyltrifluoroacetone (HTTA) in the presence 

of tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide) (S7) from perchlorate medium at constant 

ionic strength µ = 0.1 and CCl4 as a diluent was investigated. It was found that the plots of logDT,S vs. pH 

and [HTTA] were linear with slopes close to three and the plots of logDT,S vs. log[S] show slopes close 

to two.  

The values of logKT, logKT,S and logβT,S are given in Table 11. The great increase of the 

equilibrium constant value (approximately 11 orders of magnitude) was found by the addition of the 

synergist to the system Ln3+–HTTA.  

 
Table 11 (5.10). Values of the equilibrium constants KT, KT,S, and βT,S and synergistic coefficients for lanthanoids extraction 

with the HTTA–S7 mixture.A6 

Ln3+ logKT
46 logKT,S logβT,S pH50 

(HTTA) 

pH50 

(HTTA–S) 

SC SF 

(HTTA) 

La -10.50 1.29 11.79 4.89 3.16 5.19 3.24 

Ce -9.99 1.74 11.73 4.72 3.02 5.13 2.89 

Pr -9.53 1.90 11.43 4.57 2.97 4.83 1.51 

Nd -9.35 2.10 11.45 4.51 2.89 4.85 4.67 

Sm -8.68 2.38 11.06 4.29 2.80 4.46 1.00 

Eu -8.55 2.61 11.16 4.24 2.73 4.56 1.99 

Gd -8.40 2.78 11.18 4.19 2.66 4.58 2.00 

Tb -8.22 2.92 11.14 4.13 2.62 4.54 1.74 

Dy -7.98 3.03 11.01 4.05 2.59 4.41 1.34 

Ho -7.87 3.11 10.98 4.02 2.56 4.38 1.34 

Er -7.76 3.23 10.99 3.98 2.52 4.39 2.34 

Tm -7.40 3.33 10.73 3.86 2.49 4.13 1.85 

Yb -7.14 3.47 10.61 3.77 2.45 4.01 1.42 

Lu -6.99 3.60 10.59 3.72 2.41 3.99  
Notes: The values of the equilibrium constants are calculated on the basis of the 42 experimental points; statistical confidence 

is 95% and standard deviation is less than 0.05. 
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The microanalyses of europium complex shows that the Eu(III) ion has reacted with HTTA 

molecule in a metal-to-ligand mole ratio 1:3 and one molecule of tert-butylcalix[4]arene tetrakis(N,N-

dimethylacetamide) is involved in the mixed complex as well as one molecule H2O.  

 The suggested structure of the complex Ln(TTA)3·S is presented in Fig. 14 on the basis of 

elemental analysis, IR, 1H and 19F NMR data. Unfortunately, the attempts to grow a single crystal by slow 

vapor diffusion of the complex compound in acetonitrile and DMF to make detailed X-ray investigation 

were unsuccessful. 

 

       Figure 14 (5.27). Proposed structure of the solid complex Eu(TTA)3·S.  

 

5.3. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-phenyl-5-isoxazolone and 

calixarenes 

5.3.1. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-phenyl-5-isoxazolone and 

5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis-(dimethylphosphinoylmethoxy)calix[4]areneA4  

The synergistic solvent extraction of five selected lanthanoid ions with 4-benzoyl-3-phenyl-5-

isoxazolone (HPBI) and calix[4]arene, (S1) in CHCl3 has been studied. The plots of logDI,S vs. pH and 

log[HPBI] are linear with slope close to three and the plots of logDI,S vs. log[S] with slope close to two. 

Similar synergistic complexes, Ln(TTA)3S2 have been found in the previous study for the extraction of 

trivalent lanthanoids from chloride solutions with HTTA in the presence of S1 into CHCl3. The values of 

the equilibrium constants KI,S and I,S calculated from the experimental data are given in Table 12. The 

values of logKI,S are much more higher than those obtained for the extraction of the same lanthanoids with 

mixtures of 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone (HP) or thenoyltrifluoroacetone (HTTA) and the 

same calix[4]arene compound, S1 (up to 7.5 and 9.5 log units, respectively). This fact can be explained 

taking into account that HPBI is more strong acid (pKa=1.23)48 than HP (pKa = 3.95),39 and HTTA  (pKa 

= 6.2)49.  

Table 12 (5.11). Values of logKI,S, logβI,S, pH50 and separation factors.A4 

Ln logKI logKI,S logβI,S pH50 S F  

La -1.33 6.7 8.03 2.36 19.1 

Nd -0.54 7.98 8.52 1.93 4.2 

Eu 0.06 8.60 8.54 1.73 2.3 

Ho 0.36 8.96 8.69 1.61 3.2 

Lu 0.70 9.46 8.76 1.44  
Note: The values of the equilibrium constants are calculated on the basis of the 42 experimental points, statistical confidence 

95 %, confidence interval    0.05. 

 

Another advantage of this extractant mixture including HPBI ligand is that the extraction process 

is carried out at rather lower pH values of the aqueous phase. To compare the extraction ability of the 

mixture HPBI–S1 with those of the chelating extractants HPBI alone, the pH50 values (values of pH where 

logD = 0) are gathered also. A moderate difference between the pH50 values (approximately 0.6 pH unit) 

was observed. The lower pKa value (1.23) due to the electron delocalization induced by the isoxazolone 

moiety makes 4-acyl-5-isoxazolones an interesting class of β-diketones with potential application as 

reagents for the solvent extraction and separation of metal ions from strong acid media.  

The formation of  the ternary complex of Eu(III), HPBI  and the used calix[4]arene (S1) was 

studied at three mole ratios of the reagents viz. 1 : 3 : 1, 1 : 3 : 2 and 1 : 2 : 1, respectively, in order to 



28 

 

determine the influence of the chelating extractant HPBI and calix[4]arene amounts on the composition 

of the solid complex. It was established that the increase of calixarene amount twice does not cause a 

change in the composition of the complex. In both cases (1 : 3 : 1 and 1 : 3 : 2 ratios), a complex Eu(PBI)3S 

with melting point 252 – 254 ºC and coordination number of 10 ( PBI− is a bidentate and S is a four dentate 

ligand) was isolated.   

 

5.3.2. Solvent extraction of lanthanoid(III) ions 4-benzoyl-3-phenyl-5-isoxazolone and tert-

butylcalix[4]arene tetrakis(N,N-dimethylacetamide)A5 

The solvent extraction of 14 lanthanoid(III) ions from chloride medium with acidic chelating 

extractant 4-benzoyl-3-phenyl-5-isoxazolone (HPBI) and tert-butylcalix[4]arene tetrakis(N,N-

dimethylacetamide) (S7) as a synergistic agent in C6H6 has been studied. The plots show straight lines 

with a slope close to three for all Ln(III), which implies that three HPBI participated in the synergistic 

extraction of Ln3+. These results indicate that the complex Ln(PBI)3 forms an adduct with one molecule 

of S7. So, the adducts of the type Ln(PBI)3∙S are extracted. This is in conformity with the previous results 

obtained for lanthanoid extraction with 4-benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one (HP) and 

calix[4]arene (S1) or calix[8]arene (S4) with P=O donor groups. However, the formation of a 1:3:2 adduct 

Ln(TTA)3∙2S was reported during the extraction of  Ln(III) with thenoyltrifluoroacetone (HTTA) and p-

tert-butylcalix[4]arene fitted with phosphinoyl pendant arms as synergistic agent in CHCl3. The values of 

logKI, logKI,S and logβI,S are given in Table 13.  

Based on the accepted conjecture herein, the elemental analysis, IR and NMR studies of the 

isolated solid complexes give a possibility to make conclusions about the composition and the structure 

of the complexes. The interaction of the GdCl3, HPBI and calix[4]arene, S7, at mole ratio 1 : 3 : 1 results 

the formation of solid complex with melting point 286 – 287 ºC and coordination number of 10. 

 
Table 13 (5. 12). Values of the equilibrium constants KI, KI,S, and βI,S, pH50, synergistic coefficients for lanthanoids extraction 

with the HPBI–S7 mixture in C6H6 and separation factors for lanthanoids extraction with HPBI alone.A5  

Ln3+ logKI logKI,S logβI,S SC pH50  SF 

     HPBI  HPBI–S HPBI 

La -1.06 5.32 6.38 2.48 3.25 2.43 2.18 

Ce -0.72 5.56 6.28 2.38 3.14 2.35 1.44 

Pr -0.56 5.74 6.30 2.40 3.08 2.29 2.08 

Nd -0.24 5.85 6.09 2.19 2.98 2.25 2.75 

Sm -0.20 6.04 5.84 1.94 2.83 2.19 2.82 

Eu 0.65 6.16 5.51 1.61 2.68 2.15 2.82 

Gd 1.10 6.26 5.16 1.26 2.53 2.11 1.23 

Tb 1.20 6.36 5.16 1.26 2.50 2.07 1.23 

Dy 1.29 6.53 5.24 1.34 2.47 2.02 1.25 

Ho 1.40 6.65 5.25 1.35 2.43 1.97 1.23 

Er 1.50 6.75 5.25 1.35 2.40 1.94 1.20 

Tm 1.58 6.90 5.32 1.42 2.37 1.90 1.17 

Yb 1.65 7.02 5.37 1.47 2.35 1.86 1.14 

Lu 1.72 7.18 5.46 1.56 2.32 1.81  
Notes: The values of the equilibrium constants are calculated on the basis of the 36 experimental points; statistical confidence 

is 95% and standard deviation is less than 0.05. 

 

5.4. Synergistic effect in the solvent extraction of lanthanoids by 4-acyl-pyrazolones in the presence of 

neutral organophosphorus extractants 

5.4.1. Mixed ligand chelate extraction of trivalent lanthanoids with 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one (HL) in combination with monofunctional neutral organophosphorus extractantsA8  

Mixed ligand chelate extraction of trivalent lanthanoids (La, Nd, Eu, Ho and Lu) into C6H6 with 

4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one (HPMFBP) in combination with one of the three 

phosphine oxide compounds, i.e. monodentate Lewis bases trioctylphosphine oxide (TOPO), 

tributylphosphine oxide (TBPO), triphenylphosphine oxide (TPPO) as well as with tributylphosphate 
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(TBP) was studied. However, the solvent extraction of the investigated lanthanoids was firstly studied 

with the chelating ligand HPMFBP alone in this molecular diluent, C6H6. The plots of logDL vs pH and 

log[HL] are linear, with slopes very close to 3 and 4, in accordance with Eq. 1, section 5.1. The equilibrium 

constants for the extraction of lanthanoids with 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one 

were calculated on the basis of Eq. 3 (section 5.1) and summarized in Table 14. 

Table 14 (5.13). Values of the equilibrium constants KL, KL,S and L,S for the Ln3+ extraction with  HL–S mixtures in C6H6.A8 

Ln3+ logKL  logKL,S    logβL,S   

  HL– 

TOPO  

HL– 

TPPO  

HL– 

TBP 

HL– 

TBPO 

HL– 

TOPO  

HL– 

TPPO  

HL– 

TBP 

HL– 

TBPO 

La -4.74 4.60 3.58 0.33 1.96 9.34 8.32 5.07 6.7 

Nd -2.76 5.68 4.46 1.45 3.23 8.44 7.22 4.21 5.99 

Eu -2.37 6.27 4.97 2.37 3.70 8.64 7.34 4.74 6.07 

Ho -2.06 6.62 5.30 2.83 4.12 8.68 7.36 4.89 6.18 

Lu -1.58 6.90 5.56 3.25 4.38 8.48 7.14 4.83 5.96 
Note: The values of the equilibrium constants are calculated on the basis of the 42 experimental points, statistical confidence 

95 % and standard deviation   0.05. 

 

The values of logKL are 0.6 logarithmic units higher than those obtained with 4-benzoyl-3-methyl-

1-phenyl-2-pyrazolin-5-one (HP).15 This difference is due to the fact that HPMFBP is a slightly more 

stronger acid (pKa=3.52) than HP (pKa=3.92).43  

 As a matter of fact, the experimental data showed that the lanthanoids extraction with TBPO, 

TOPO, TPPO and TBP compound alone is negligible under the experimental conditions of the present 

study. 

The synergistic solvent extraction of Ln(III) ions with mixture of HPMFBP and S can be expressed 

by the equation: 

 Ln3+
(aq) + mHL(o) + nS(o) ⇌ LnLm∙Sn(o) + mH+

(aq)      (5.9) 

It can be shown that 

logDL,S = logKL,S + mlog[HL] + nlog[S] + mpH      (5.10) 

The plots of logDL,S vs log[S] at fixed HPMFBP concentration gave slopes of one for TBPO and 

two for TOPO, TPPO and TBP. These results indicate the attachment of only one TBPO molecule and 

two TOPO, TPPO or TBP in these synergistic systems, and show the extraction of the synergistic species 

LnL3·TBPO, LnL3·2TPPO, LnL3·2TOPO and LnL3·2TBP in the organic phase. The values of logKL,S 

and logβL,S are given in Table 14. The comparison of KL,S values obtained for HL–TPPO, HL–TBPO and 

HL–TOPO combinations shows that the stability of the complexes involving TOPO, whose basicity is 

strong enough to form stable adducts with metal chelates, is higher than those involving TBPO or TPPO. 

The change of the synergist causes a significant increase of the KL,S values in the order TBP < TBPO < 

TPPO < TOPO, which is in accordance with their oxygen basicity values.50, 51 Moreover, the electron 

donor character of the oxygen atom of the phosphoryl group is strengthen by the three long alkyl chains 

in TOPO molecule. 

 

5.4.2. Synergistic solvent extraction of lanthanoid ions with 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HL) in combination with 

CMPO or calix[4]arene, (S1)A14   

 

Solvent extraction of Ln(III) ions with two 4-aroyl-3-methyl-1-phenyl-pyrazol-5-ones in an IL 

media, [C1Cnim+][Tf2N
−] 

Firstly, the solvent extraction of three selected lanthanoid ions (Ce3+, Eu3+ and Lu3+) with the two 

chelating agent, 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one or 3-methyl-4-(4-

methylbenzoyl)-1-phenyl-pyrazol-5-one (HL) used alone in four ionic liquids of the imidazolium family 

[C1Cnim][Tf2N
−], (n = 4, 6, 8 and 10) has been investigated.  

So, the existence of multiple extraction equilibria that vary in importance as the aqueous solution 

conditions change for light/middle/heavy 4f-ion could be evoke as well as for a certain ion. While not 
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quantitative, the slopes demonstrate that anionic 1:4 (Ln3+:HL) complexes are not extracted into 

[C1Cnim+][Tf2N
−] medium under the applied experimental conditions. The dependencies of Ln(III) ion 

distribution ratios on pH of the aqueous phase have shown slopes in the range 0.97÷2.3 (more higher for 

Ce3+, 2÷2.3) for all cases utilizing HPMMBP as a chelating agent, and in the frame of 0.9÷2 (as well more 

higher slope values for Ce3+, 2.3÷3.5), when HPMFBP was implemented. This means that 1 or 2 

molecules (maximum 3 for Ce3+ cases) of the acidic ligand are involved in the extraction process and the 

rest of the charge of Ln(III) could be compensated by [Tf2N
−] anions present in the organic phase.52-54 

Therefore, the plausible mechanism for the extraction of Am(III) by benzoylpyrazolone proposed by 

Rama and co-researchers can be modified and rewritten for 4f-ions under the present study:54  

Ln3+
(aq) + 2HL(o) + x[C1Cnim+][Tf2N

−](o) ⇌ Ln(L)2-x·(HL)x·(Tf2N
−)x(o) + (2-x)H+

(aq) + x[C1Cnim+](aq)  (5.11) 

It can be seen from the obtained results that the logD values decrease as a function of n, i.e. with 

a trend following that of the hydrophobicity of ILs’ cations and with the decrease of IL components 

concentration in the aqueous phase i.e. 

[C1C4im
+][Tf2N

−]>[C1C6im
+][Tf2N

−]>[C1C8im
+][Tf2N

−]>[C1C10im
+][Tf2N

−] for Ln3+/HPMMBP/ILs 

systems. However, when HPMFBP compound is used, the following order n=10>n=4>n=8>n=6 could be 

distinguished.  

It was found, that HPMMBP is a little bit more efficient than HPMFBP or demonstrate somehow 

equal coherence (Ce3+, 510-3 mol∙dm-3 HL). Moreover, the La(III) ion extraction behavior in the IL 

medium is influenced neither qualitatively nor quantitatively by the nature of the 4-acylpyrazolone 

substituents: logKL= -2.33 for 3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-one (−CF3) or 

logKL= -2.16 for 3-methyl-1-phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one (−C6H5), while in molecular 

diluent, CHCl3, the corresponding equilibrium constants are -3.24 and -6.21, respectively. As derived 

from these results, when this family of ligands (4-acylpyrazolones) are dissolved in [C1Cnim+][Tf2N
−] 

they extract 4f-ions more or less similarly, i.e. with comparable efficiency in contrast with the large 

distinction perceived in molecular diluents.  

 

Synergistic solvent extraction and selectivity of Ln(III)ions with mixtures of 4-aroyl-3-methyl-1-

phenyl-pyrazol-5-ones and CMPO  

The synergistic solvent extraction of three selected lanthanoid ions (Ce3+, Eu3+ and Lu3+) with 4-

(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-

5-one (HL) in combination with N,N-diisobutyl-2-(octylphenylphosphoryl)acetamide (CMPO) in four 

ionic liquids of the imidazolium family [C1Cnim][Tf2N
−], (n = 4, 6, 8 and 10) has been investigated. The 

liquid-liquid extraction of Ce3+, Eu3+ and Lu3+ in [C1C4im+][Tf2N
−] were carried out in the presence of 

two extractant molecules acidic/neutral couple.   

The values of D ratios of the mixed systems are greater than those of individual extractants, and 

this clearly reveals the positive synergistic extraction effects under the applied conditions. Evidently, the 

synergistic enhancement in an IL media is realized, but it is difficult to establish the nature of the exact 

extracting Ln3+ complex formed in this oil phase. Therefore, in the presence of the second extractant, 

CMPO molecule, the lanthanoid synergistic extraction can be expressed by the equations: 

(1) Ln3+
(aq) +HLIL +CMPOIL +2[C1Cnim+]IL ⇌ Ln[(L)(CMPO)]IL

2+ + H+
(aq) + 2[C1Cnim+](aq), 

(5.12) 

with participation at least of one chelating ligand and probably one synergistic agent.   

The results show that under the experimental conditions, Ln3+ ions are extracted as cationic 

complexes but the stoichiometry of the extracted species in the organic IL phase depends on pH, Ln3+, 

HL or CMPO concentrations, solubility of ILs’ components in the aqueous phase etc.: 

(2) Ln3+
(aq) +nHLIL + (1+y)CMPOIL +2[C1Cnim+]IL ⇌  

Ln(L)n(CMPO)(1+y)IL
2+ + nH+

(aq) + 2[C1Cnim+](aq),       (5.13) 

where n = 1 or 2; y = 0, 1 or 2.      

The proposed mixed complex is minimum four coordinated, but lanthanoid cations generally 

prefer higher coordination numbers with 8 or 9 rather common. So, [Ln(L)(CMPO)(1+y)]
2+ complex must 
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contain other ligands to form stable coordinately saturated species in [C1Cnim+][Tf2N
−], protonated HL 

viz. [Ln(L)(HL)(CMPO)(1+y)]
2+.  

The europium ion was chosen for investigation of the individual effect of IL cation on the 

extractability. Two synergistic systems (HPMFBP−CMPO and HPMMBP−CMPO) employing various-

chain imidazolium cations (n=4, 6, 8, 10) and aqueous chloride solutions (µ=0.1) were studied. As was 

pointed out in previous section the values of distribution ratios increased in the order 

[C1C4im
+][Tf2N

−]>[C1C6im
+][Tf2N

−]>[C1C8im
+][Tf2N

−]>[C1C10im
+][Tf2N

−], which  can be clearly seen 

for Eu3+/HPMMBP/CMPO/ILs systems. Similar tendency was not found for the other synergistic mixture 

including HPMFBP (n=4>n=10>n=8>n=6).  

 

Synergistic solvent extraction of Eu(III) ion with mixtures of 4-aroyl-3-methyl-1-phenyl-pyrazol-5-ones 

and calix[4]arene (S1) 

In order to meet the further challenge using these fancy ligands as synergistic agents in an IL 

media, tert-butylcalix[4]arene, in which four P=O moieties are anchored on its platform, was included in 

the present two investigated solvent systems due to the rather satisfactory results obtained previously. On 

the other hand, the importance of more ligating groups in the extractant chemical structure, that is expected 

to favor complexation can be assessed by its dissolving in ionic diluent. The effect of ligand concentration 

in the oil phase on the extraction of Eu3+ is shown in Fig. 15.  

 

Figure 15 (5.37). LogD vs. pH for the extraction of Eu(III) ions with HL−S1 mixtures in [C1C4im+][Tf2N−]. 

An increase in HL concentration is accompanied by the growth of D ratios and the curves exhibit 

maxima at pH=1.7 using higher HPMFBP concentrations, and at pH=2.1 using HPMMBP ligand. The 

variations of logD as a function of pH of the aqueous equilibrium phase applying 510-3 + 710-4 

mol∙dm-3 concentrations (HL−S1) are linear with slope ~1.16 and the D values in the extraction system 

with HPMFBP compound are higher in comparison with the other acidic/neutral pair. However, the 

extraction efficiency is almost the same when higher ligands’ concentrations are used (ex. 810-3+110-

3 mol∙dm-3). So, the nature of the 4-acylpyrazolone substituents do not affects Lns extraction efficiency 

in an IL media with higher presence of ligand’s molecules in it. Although, the SCs are positive for the 

two systems, the values are significantly smaller in comparison with those when CHCl3 was employed, 

with notable difference 5-7 orders of magnitude. Therefore, in IL media lanthanoids extraction increases 

but the synergism decreases considerably.  

An important novelty is that in solvent systems in the IL environment, especially when two 
ligands are used, more than one extraction model can be realized in the organic phase: multiple 
mechanism. In other words, in IL-based extraction systems, not only neutral complexes but also 
positively or negatively charged complexes can be formed in the organic phase competitively 

(Ln(L)n(CMPO)(1+y)IL
2+). 
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5.5. Solvent extraction mechanism, equilibrium constants as well as characteristic and efficacy of 

various chelating agents for lanthanoid ions  

The main task was to determine whether the replacement of hydrogen in the molecule of 4-

acylpyrazolone with −CH3, −F, −CF3, −C6H5 groups affects the type of extracted complexes and the 

efficiency of the process. Empirical dependences for the influence of various factors on the extraction 

efficiency have been established. It is interesting to note that the values of logKL calculated when 4-(4-

fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one was used as chelating ligand alone are around 0.6 

logarithmic units higher than those obtained with 4-benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one (HP) 

according to the obtained data.15 This difference is due to the fact that HL with addition of one –F is a 

slightly more stronger organic acid (pKa=3.52) than HP (pKa=3.92).43 In fact, fluorinated substituents have 

often been introduced into molecules in order to obtained more efficient extractants.51, 55-57 The acidity of 

the extracting agent is increased by the electronwithdrawing effect of the fluorinated group, and the 

extracting agent can be used to extract metal ions from more acidic aqueous solutions in such a case, so 

the equilibrium values increase as the pKa value decreases. 

 

 

 

Figure 16 (5.39). LogKL of various 4-acylpyrazolones 

(diluent CHCl3) vs. atomic number Z of La, Nd, Eu, Ho and 

Lu. 

 The calculated values of logKL for 3-methyl-

1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-

5-one are approximately 1.50, 1.20 and 0.9 

logarithmic units higher than those obtained with 

3-methyl-4-(4-methylbenzoyl)-1-phenyl-

pyrazol-5-one (HPMMBP), 3-methyl-4-benzoyl-

1-phenyl-pyrazol-5-one (HP) and 3-methyl-1-

phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-

one (HPMFBP) respectively. This difference is 

due to the fact that this HL reagent is a slightly 

stronger acid (pKa=3.40)58 than HPMMBP (pKa=4.02), HP (pKa=3.92) and HPMFBP (pKa=3.52). 

Therefore, the acidity of the extracting agent is increased by the electron-withdrawing effect of the 

fluorinated group, and the extracting agent can be used to extract metal ion from more acidic aqueous 

solutions, so the equilibrium values increase as the pKa value decreases as it was already mentioned, Fig. 

16. 

 The corresponding equilibrium constants for the extraction of some trivalent lanthanoids and 

actinoids with some chelating extractants calculated on the basis of eqs. 1 and 2 (section 5.1) are 

summarized in Table 15. 

 
Table 15 (5.14). LogK values of f-ions using different chelating agent, µ=0.1/Cl ̶  medium/CHCl3. 

Ln3+  HBA HTTA HPPMBP HPMMBP HP HPMFBP HPMTFBP HPBI 
La -21.81 -11.06 -6.21 -6.12 -5.84 -5.16 -3.24 -1.33 
Nd  -10.12 -5.84 -4.17 -4.35 -3.91 -2.74 -0.54 
Eu  -8.68 -5.57 -3.89 -3.42 -3.37 -2.47 0.06 
Ho  -8.56 -4.97 -3.37 -3.24 -2.84 -1.88 0.36 
Lu  -8.15 -4 .58 -3.12 -2.83 -2.62 -1.62 0.70 
U6+  -2.44   0.63   1.40 
Th4+  2.25   6.96   8.26 
Np4+  5.68      10.11 
Pu4+  7.31   13.75   10.76 
pKa 8.96 6.23 4.23 4.02 3.92 3.52 4.40 1.23 

Notes: HPBI ˗ ClO4
− medium; actinoids59˗ xylene, CHCl3, C6H6, toluene;  Ln(TTA)3, Ln(PBI)3 and LnL3·HL (where HL is 

4-acylpyrazolone). 
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 Moreover, the data show that the values of logK of HPBI are higher (up to 8 times) than those 

obtained for the extraction of metals of the 4f-series with HTTA compound as well as 

approximately 4 times higher as compared with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone (HP) 

as a chelating extractant in chloroform medium, Fig. 17. Further, it may be noted that the data 

approximately fall on two straight lines for the lower and higher members of the series with a 

break at gadolinium.  

 
 
 
 
 
Figure 17 (5.40). LogKL of various chelating ligands (diluent 

CHCl3) vs. atomic number Z of La, Nd, Eu, Ho and Lu. 

 
  It is seen from the data presented in 

Table 15 that the equilibrium constants increase 

with increasing atomic number of the metals as 

expected from their decreasing ionic radii form 

La to Lu due to the lanthanoid contraction. With 

increasing atomic number, ionic radii decrease 

at constant charge, and consequently the charge 

densities increase and formation of extractable 

complex is favoured for heavier lanthanoids. 

 

5.6. Critical evaluation of equilibrium constants of 4f-metal complexes in solution involving 

calixarenesA13 

 Our main tasks were: a) to determine the influence of the chemical structure of the compounds 

and how effective the studied combinations with the participation of macromolecules will be; b) 

to determine which donor atoms and types of ligands form the most stable complexes; (c) to 

determine the effect of lanthanoid contraction and to evaluate its effect; (d) to establish the 

coordination chemistry of lanthanoids associated with synergistic extraction; (e) to establish the 

exact reaction mechanisms as well as to obtain information on the equilibrium process constants. 

 Therefore, synergistic solvent extraction of 4f ions has been studied with 14 new systems, 

including various chelating agents and calixarenes as synergistic agents, mainly in CHCl3. The 

behavior of the whole 4f-series (without Pm) was studied with three solvent systems. It was found 

that the composition of the extracted complex in the organic phase is LnL3·S in almost all cases. 

Thus, complexes of the type LnL3·S with a coordination number probably 10 (L– is a bidentate 

and S is a four-dentate ligand) are extracted. However, the formation of an adduct (1: 3: 2) of 

LnL3∙2S was found during the extraction of Ln(III) ions with HTTA or HPBI compounds in 

combination with p-tert-butyl calix[4]arene as a synergistic agent (S1), as well as with HTTA−S7 

mixture. Equilibrium extraction constants obtained by solvent extraction of metal complexes in 

two-phase liquid systems are extremely important, as relationships between quantitative 

properties of both the metal ion and the ligands often have been found. From what has been said 

so far, it can be concluded that all studied synergistic systems lead to increased extraction of 4f-

ions, but with different efficiencies. The extraction equilibrium constants of metal complexes in 

two-liquid phase systems are extremely important as relationships must often be found between 

such quantities and certain properties of both metal ion and ligands. In addition, Fig. 18 gathers 

the logKL,S values reported for nearly 14 synergistic acidic/neutral systems by one research group 

mainly, is the superiority of the mixtures including 4-acylisoxazolone (HPBI) as a chelating 

ligand. Thus, this compound is relatively efficient at low acidity independently from the co-

extractant.39, 59 Another significant point to be stressed for this series of ligand combinations is 

that the two systems HTTA−S1 and HTTA−S8 lead to not so magnify or strengthen lanthanoid 
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extraction. The established order of efficiency confirms the higher complexation performance of 

β-diketones containing a heterocyclic moiety compared to classical β-diketone derivatives. One 

has to point out the peculiar behaviour of the principal extractant in use and its essential role. 

Several classes of synthesized calixarenes bearing various moieties (ester, amide, phosphinoyl) 

have been tested for the extraction of lanthanoids, i.e. multidentate Lewis bases having different 

donor atoms. Among the eight calixarene molecules, Fig. 3, the highest logKL.S values were 

obtained with phosphorus-containing p-tert-butylcalix[4]arene used as a synergistic agent, 

following by amide and ester ligating groups attached at the lower rim (HTTA−S1, HTTA−S7, 

HTTA−S8 as well as HPBI−S1, HPBI−S7). Note that to enhance the effectiveness of solvent 

extraction process, the simple change of the molecular diluent in used can be also applied 

(HTTA−S1 and HTTA−S7). Further, an increase of the number of phenolic units from 4 to 8 in 

the molecular structure of p-tert-octyl-calix[n]arene does not cause any regular change in the 

extraction efficiency as the established order is 8<4<6. 

 Surprisingly, 5,11,17,23-tert-octyl-25,26,27,28-tetrakis(dimethylphosphinoylmethoxy) 

calix[4]arene is a distinctly better co-extractant for trivalent lanthanoids than the para-tert-

butylcalix[4]arene, although the ligating functions on the narrow rim are the same in the two 

molecules S1 and S2.  

 

Figure 18 (5.42). LogKL,S values vs. Z of several synergistic mixtures. 

Based on the data obtained from the slope analysis method, the formation of the following two 

types of mixed adducts was proposed: LnL3·S, where HL = HPMFBP (S: TBPO) and LnL3·2S (S: TOPO, 

TPPO, TBP). The change of the synergist causes a significant increase in the values of KL,S in the order 

TBP<TBPO<TPPO<TOPO. The addition of a synergist to the chelating extractant improves the 

extraction efficiency of Ln(III) ions and produces quite large synergistic effects up to 106. It should be 

noted that among the used synergistic additives TOPO is the strongest and most lipophilic extractant. 
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6. Experimental Study: Investigation of the synergistic effectA13  

6.1. Synergistic solvent extraction of lanthanoid ions with combination of 4-acylpyrazol-5-ones and 

calixarenes   

The synergistic enhancement produced by 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone and 

5,11,17,23-tert-butyl-25,26,27,28-tetrakis(dimethylphosphinoylmethoxy)calix[4]arene  (HPS1) 

mixtures can be determined using the synergistic coefficients (SC). They were calculated as:1   

SC = log 
𝐷1,2

𝐷1+ 𝐷2
 

where D1, D2 and D1,2 are the distribution ratios of the metal with the two extractants taken separately and 

with their mixture as defined by Taube and Siekierski.60  

The calculated values of the synergistic coefficients are listed in Table 2, based on the proposition 

of Taube and Siekierski as well as others enhancement effects, documented herein. Therefore, the exact 

values of the synergistic coefficients ([HP]=310-2 mol∙dm-3, [S1]=110-3 mol∙dm-3, pH=2.50) for the 

Ln3+ extraction with HP−S1 mixtures in CHCl3 for La3+, Nd3+, Eu3+, Ho3+, and Lu3+ are 3.48, 3.17, 2.84, 

3.32, and 3.35, respectively.A1 It is seen that the lanthanoids are extracted synergistically (SC>0). The 

addition of calix[4]arene (S1) to the chelating extractant improves the extraction efficiency of the 

lanthanoid ions and produces rather large synergistic effects (more than three orders of magnitude in the 

most cases).  

Further, the values of the corresponding synergistic coefficients obtained by calix[4]arene (S2) 

molecule in combination with a 4-benzoyl-3-methyl-1-phenyl-2-pyrazolin-5-one in CHCl3 are listed in 

Table 3, (SC: [HP]=1.510-2 mol∙dm-3; [S2]=510-4 mol∙dm-3). Therefore, the exact values of the 

calculated synergistic coefficients for studied lanthanoids, i.e. La3+, Nd3+, Eu3+, Ho3+, and Lu3+ with 

mixtures HL–S2 are 3.63, 3.54, 3.54, 3.87 and 3.83.A12 It is seen that all lanthanoids are extracted 

synergistically (SC>0). Nevertheless, the extraction of Ln3+ ions with only 510-4 mol∙dm-3 of S2 ligand 

is almost negligible. 

Thus, the addition of S2 to the chelating extractant (HP) improves also the extraction efficiency 

of the lanthanoid ions and produces rather large synergistic effects (more than three orders of magnitude 

in the most cases). Indeed, the calix[4]arene derivative, bearing four octyl functions at the upper rim, 

shows strongly enhanced extraction ability  towards 4f-elements than its tert-butyl analogue (S1), Fig. 32.  

 

Figure 32 (6.1). Synergistic coefficients and 

logKP,S values vs. Z using the two mixtures: 

HP –tBuS//HP–tOctS. 

Further, the values of the 

synergistic coefficients produced by 

the same chelating agent 4-benzoyl-3-

methyl-1-phenyl-5-pyrazolone and 

calix[8]arene (S4) combination for 

synergistic solvent extraction of 

lanthanoid ions are listed in Table 4.A3 

Values of the synergistic coefficients 

([HP]=2102 mol∙dm-3, [S4]=2104 

mol∙dm-3) for the Ln3+ extraction, i.e. 

La3+, Nd3+, Eu3+, Ho3+, and Lu3+ from 

0.1 mol∙dm-3 (Na, H)Cl medium with 

HP−S4 mixtures in CHCl3 are 3.11, 

2.77, 2.49, 2.72, and 2.77.A3 The addition of the synthesized calix[8]arene to the chelating extractant 

improves the extraction efficiency of the lanthanoid ions and produces rather large synergistic effects 

(almost four orders of magnitude).  

The synergistic solvent extraction of lanthanoid ions with the same chelating agent, 4-benzoyl-3-

methyl-1-phenyl-5-pyrazolone and calix[6]arene (S3) in CHCl3 leads to synergism and calculated values 
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of SCs are listed in Table 16.A16 It is seen that the lanthanoids are extracted synergistically (SC>0). The 

addition of this calix[6]arene compound (S3) to the chelating extractant improves the extraction efficiency 

of the lanthanoid ions and produces very large synergistic effects (more than five orders of magnitude in 

the most cases). To compare the extraction efficiency of a mixture HP–S3 to that of a chelating extractant 

HP alone, the pH50 values (values of pH where logD = 0) are gathered in Table 16 as well. A significant 

difference more than one pH unit is observed. Another advantage of this extractants mixture to 

combination including calix[8]arene as a synergist is that the extraction process can be carried out at rather 

lower pH values of the aqueous phase ( the pH50 values are approximately 1.5 pH units lower). 

 
Table 16 (6.1). Values of the synergistic coefficients ([HP]=1.510-2 mol∙dm-3, [S3]=410-4 mol∙dm-3, pH=1.85) for the Ln3+ 

extraction with HP – S3 mixtures in CHCl3.A16 

Ln3+ pH50  SC 

 HP HP–S3  

La 3.77 2.23 6.44 

Nd 3.27 1.94 5.71 

Eu 2.96 1.82 5.22 

Ho 2.91 1.70 5.43 

Lu 2.73 1.53 5.49 

 

Nevertheless, mixed ligand chelate extractions of trivalent lanthanoids with 3-methyl-1-phenyl-4-

(4-trifluoromethylbenzoyl)-pyrazol-5-one (HPMTFBP) combined with 5,11,17,23-tetra-tert-butyl-

25,26,27-tris(dimethylphosphinoylpropoxy)-28-hydroxy-calix[4]arene (S5) or 5,11,17,23-tetra-tert-

butyl-25,27-bis(dimethylphosphinoylpropoxy)-26,28-dihydroxy-calix[4]arene (S6) has been studied with 

the values of the synergistic coefficients given in Table 17, demonstrating that all Ln(III) ions are 

extracted synergistically (SC>0).A10 The addition of the two calix[4]arene compounds (S5 and S6) to the 

chelating extractant improves the extraction efficiency of Ln(III) ions and produces large synergistic 

effects up to 103. In fact, S5 produces a more significant effect on the lanthanoids extraction and highly 

enhances it. However, the synergistic enhancement did not show any great change from La to Lu. The 

obtained SC values for Ln(III) ions in the presented study are in the most cases a little bit higher than 

those when phosphorus containing calix[4]arene with four P=O donor groups (S1) was used as synergistic 

agent in combination with HP, HPMMBP and HPMFBP, but HPMTFBP is stronger acidic chelating 

extractant. 

 
Table 17 (6.2). Values of the synergistic coefficients for lanthanoids extraction with mixtures HL–S. 

 

 

 

 

 

 

 

 

After all, the synergistic solvent extraction and separation of Ln3+ ions using another acidic ligand 

of acylpyrazolone family, 3-methyl-1-phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one, and the same neutral, 

calix[4]arene agent (S1) has been also investigated in CHCl3. The calculated corresponding values of the 

synergistic coefficients are listed in Table 8. Values of the synergistic coefficients for lanthanoids 

extraction, i. e. La3+, Nd3+, Eu3+, Ho3+, and Lu3+  with mixtures HL–S1 are 3.54, 4.07, 4.20, 3.94 and 3.88 

respectively, using CHCl3: pH = 3.10, [HL] = 1.510-2 mol∙dm-3, [S1] = 610-4 mol∙dm-3. It is seen that 

the lanthanoids are extracted synergistically (SC > 0).A11  
  

 

 

 

Ln3+   SC  

 HPMFBP−S1 HPMMBPS1 HPMTFBP–S5 HPMTFBP–S6 

La 3.06 3.01 3.13 2.99 

Nd 3.03 2.19 3.51 3.37 

Eu 2.99 2.41 3.62 3.48 

Ho 2.77 2.28 3.35 3.16 

Lu 2.82 2.32 3.37 3.20 
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6.2. Synergistic solvent extraction of lanthanoid ions with a typical β-diketone, 1-(2-thienyl)-4,4,4-

trifluoro-1,3-butanedione in combination with calixarenes 

 

Synergistic solvent extraction of lanthanoid ions with a 1-(2-thienyl)-4,4,4-trifluoro-1,3-

butanedione in combination with calix[4]arene (S1) has produced the following synergistic coefficients 

([HTTA] = 6102 mol∙dm-3, [S1] = 1103 mol∙dm-3, pH = 2.50), i.e. La3+, Nd3+, Eu3+, Ho3+, and Lu3+ 

1.84, 2.23, 1.61, 2.06, and 2.23 in CHCl3, Table 9.A2 Thus, all lanthanoids are extracted synergistically 

(SC > 0). So, the addition of S to the chelating extractant improves the extraction efficiency of the 

lanthanoid ions and produces rather large synergistic effects.  

Additionally, the values of the synergistic coefficients of the lanthanoid ions for 4-tert-

butylcalix[4]arene tetraacetic acid tetraethyl ester (S8) used as synergistic agent in combination with 

thenoyltrifluoroacetone in CCl4 are given in Table 18.A7 It is seen that all Ln(III) ions are extracted 

synergistically (SC>0). The addition of S8 to the chelating extractant improves the extraction efficiency 

of the Ln(III) ions and produces however, moderate synergistic effects. Moreover, the synergistic 

enhancement decreases significantly from La to Lu. The obtained SC values for Ln(III) ions in the present 

study are in the most cases approximately 5 times smaller than those when phosphorus containing 

calix[4]arene (S1) was used as synergistic agent in combination with HTTA, but the SC value for La is 

only 1.2 time smaller. The synergistic enhancement when mixtures of various β-diketones and 

calix[n]arenes with a similar architecture (see Fig. 3) have been used for Ln(III) ions extraction decrease 

in the following order: HP–S1 > HP–S4 > HTTA–S1 > HBPI–S1 > HPBI–S7 > HTTA–S8.  

 
Table 18 (6.3).  Values of the SC for the extraction of lanthanoid ions with HTTA–S8 and HTTA–S7 systems. 

Ln3+ system La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

SC HTTA−S8 1.51 1.28 1.01 0.97 0.54 0.60 0.60 0.58 0.53 0.63 0.70 0.51 0.46 0.41 

SC HTTA−S7 5.19 5.13 4.83 4.85 4.46 4.56 4.58 4.54 4.41 4.38 4.39 4.13 4.01 3.99 

 

The values of the synergistic coefficients of the lanthanoid ions obtained with mixture HTTA–

tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide) (S7) are given in Table 18.A6 The addition of S 

to the chelating extractant HTTA improves the extraction efficiency of the all Ln(III) ions in 4f-series and 

produces large synergistic effects up to 106, Fig. 20. The very high synergistic enhancement shows that 

the possible interaction between the extractants in the organic phase can be neglected, otherwise an 

antagonistic effect would be occurred. The SC values obtained in the present case (HTTA−S7) are 

approximately 2 times higher than the case when HPBI was used as a chelating extractant instead of 

HTTA, as well as in comparison with the combination of HTTA and calix[4]arene (S1).  

Figure 20 (6.6). Comparison of the pH50 values vs. Z for the 

extraction of Ln(III) ions with HTTA in the absence and in the 

presence of S7 in CCl4. 

 Moreover, the outstanding values of SCs result of 

HTTA−S7/CCl4 system (up to 105) were obtained, 

Table 18, but at the same time, the synergism 

drastically decreases upon change of the 

synergistic agent with S8. Thus, the calculated 

SCs of Ln(III) ions of HTTA−S8/CCl4 

combination  are in the most cases approximately 

5 times smaller than those when co-extractant is 

S1 too. So, the introduction of P=O functional 

group in the calixarene architecture leads to a 

significant increase in the extraction efficiency 

and is preferable to be inserted in extractant 

molecules as a reasonable tactic with more conventional aspect of ligand design to tune its strength 

and selectivity. 
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Figure 21 (6.8). Synergistic coefficients vs. atomic number (Z). 

 
In a similar way, from the obtained dependences 

(Figs. 21 and 22) the noticeable decrease of SCs at 

Z=64 for the systems HPBI−S7 as well as 

HTTA−S1 and HP−S1 clearly stands out. 

 

 
 
 
 
 
Figure 22 (6.9). Synergistic coefficients vs. atomic 

number (Z) of the systems applying calix[4]arene 

(S1) and chelating ligand in CHCl3. 
 

6.3. Synergistic solvent extraction of 

lanthanoid ions with 4-benzoyl-3-phenyl-5-

isoxazolone and calixarenes mixtures 

It is seen from the values of the 

calculated synergistic coefficients listed in 

Table 19, that the lanthanoids are extracted 

synergistically (SC>0) with the applied 

combination of ligands, 4-benzoyl-3-

phenyl-5-isoxazolone and calix[4]arene 

(S1) diluted in CHCl3, Table 19.A4  

Table 19 (6.4). Synergistic enhancement factors of trivalent lanthanoids extracted with HPBI in the presence of S1.A4 

Ln3+ Concentration of 

HPBI (mol∙dm-3) 

Concentration of S1 

(mol∙dm-3) 
Synergistic factor 

 2.5×10-3 7.5×10-4 1.86 

La 2.5×10-3 1×10-3 2.03 

 2.5×10-3 2.04×10-3 2.65 

 2.5×10-3 7.5×10-4 2.28 

Nd 2.5×10-3 1×10-3 2.52 

 2.5×10-3 2.04×10-3 3.14 

 2.5×10-3 7.5×10-4 2.30 

Eu 2.5×10-3 1×10-3 2.54 

 2.5×10-3 2.04×10-3 3.16 

 2.5×10-3 7.5×10-4 2.36 

Ho 2.5×10-3 1×10-3 2.60 

 2.5×10-3 2.04×10-3 3.22 

 2.5×10-3 7.5×10-4 2.52 

Lu 2.5×10-3 1×10-3 2.76 

 2.5×10-3 2.04×10-3 3.38 

On the other hand, solvent extraction of lanthanoid(III) ions with HPBI reagent and tert-

butylcalix[4]arene tetrakis(N,N-dimethylacetamide) (S7) leads to the synergistic coefficients, which 
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values are given in Table 20, ([HPBI]=1.25×10-3 mol∙dm-3, [S7] = 1.25×10-4 mol∙dm-3, pH=2.10).A5 These 

data show that the formation of the adducts Ln(PBI)3∙S causes a synergistic effect between 1.3 – 2.5 orders 

of magnitude. In other words, the HPBI is a powerful extractant working in a more acidic media and thus, 

producing a lower synergistic effect in comparison with HTTA molecule, for an example (see Table 18). 

Table 20 (6.5). Values of the synergistic coefficients for lanthanoids extraction with the HPBI–S7 mixture in C6H6.
A5

 

Ln3+ La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

SC 2.48 2.38 2.40 2.19 1.94 1.61 1.26 1.26 1.34 1.35 1.35 1.42 1.47 1.56 

 

Regarding the factors influencing the stability of the formed synergistic complex, the following 

generalizations can be made: a) As a whole, with organophosphorus compounds used as a neutral ligand, 

the order of synergistic increase is that of increasing the strength of the main properties of the ligand. Of 

course, with significant limitations on steric factors, stability increases with increased donor properties of 

the molecule; (b) Although the composition of the complex formed in the organic phase remains 

unaffected, the change of the organic diluent used affects the synergistic increase; c) Sometimes, there is 

a small but limited reduction in synergism with a decrease in the ionic radius of the metal; d) In general, 

stronger chelating agents, which also form more stable metal complexes, have a lower tendency to 

facilitate the binding of the neutral ligand to the metal than the weaker chelating agent. It is interesting to 

note that the synergism in these cases is less pronounced, which is also observed with the use of HPBI 

compound. 

6.4. Synergistic effect in the solvent extraction of lanthanoids by 4-acylpyrazol-5-ones in the presence of 

neutral organophosphorus extractants 

6.4.1. Mixed ligand chelate extraction of trivalent lanthanoids with 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one (HL) in combination with monofunctional neutral organophosphorus extractantsA8  

The values of the synergistic coefficients of the studied lanthanoid ions for TBP, TPPO, TBPO 

and TOPO ligands used as synergistic agent in combination with 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-

pyrazol-5-one are given in Table 21.A8 The addition of S to the chelating extractant improves the 

extraction efficiency of the Ln(III) ions and produces rather large synergistic effects up to 106. The 

synergistic enhancement decreases in the following order TOPO>TPPO>TBP. Therefore, among the 

synergistic agents, TOPO is the strongest basic and most lipophilic extractants.  

 
Table 21 (6.6). Values of the synergistic coefficients ([HL]=110-2 mol∙dm-3, [S]=510-3 mol∙dm-3) for the Ln3+ extraction 

with mixtures of HLS in C6H6.A8 

Ln3+  SC   

 HL– 

TOPO 

HL– 

TPPO 

HL– 

TBP 

HL– 

TBPO 

La 6.7 5.7 2.5 6.4 

Nd 5.8 4.6 1.6 5.6 

Eu 6.0 4.7 2.1 5.7 

Ho 6.0 4.7 2.3 5.6 

Lu 5.8 4.5 2.2 5.6 

 

6.4.2. Synergistic solvent extraction of lanthanoid ions with 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-

pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HL) in combination with CMPO   

or S1A14   

 

It is clearly seen that lanthanoids are extracted synergistically using HPMFBP−CMPO and 

HPMMBP−CMPO mixtures, (SC>0), Table 22. The values of the synergistic coefficients calculated in 

the presented study as well as some previously published data are given in Table 22. However, the data 

show that the addition of CMPO molecule to the substituted pyrazolones causes a rather small synergism, 

i.e. the calculated values are below one order of magnitude. Further, the magnitude of the synergistic 

enhancement arising from neutral/neutral combinations was shown to depend on the alkyl chain length of 
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the IL cation.61 Notwithstanding the fact that in the present case the smaller SC values for Eu3+ are 

obtained for n=10, it is difficult to confirm that for acidic/neutral couples this tendency is  absolutely true, 

Table 22.   

Table 22 (6.7). Synergistic coefficients of Ln(III) ions using 510-3 + 110-3 mol∙dm-3, 1.510-2 + 710-4 mol∙dm-3 or 110-

2  + 510-3 mol∙dm-3 extractants’ concentrations in ILs, CHCl3 and C6H6 respectively.A14 

Mixtures Eu(III), 

n=4 

Eu(III), 

n=6 

Eu(III), 

n=8 

Eu(III), 

n=10 

Ce(III), 

n=4 

Lu(III), 

n=4 

Eu(III), 

CHCl3 

Eu(III), 

C6H6 

HPMFBP−CMPO, 

pH 

0.46 

 

2.04 

0.70 

 

2.41 

0.38 

 

2.40 

0.34 

 

2.06 

0.57 

 

2.31 

0.13 

 

1.40 

  

HPMMBP−CMPO, 

pH 

0.32 

 

1.88 

0.52 

 

2.26 

0.60 

 

1.95 

0.27 

 

2.80 

0.21 

 

2.90 

0.54 

 

1.34 

  

HPMFBP−S1, 

pH 

0.63 

2.04 

     2.99  

HPMMBP−S1, 

pH 

0.33 

1.65 

     2.41  

HPMFBP−TOPO        6.0 

HPMFBP−TPPO        4.7 

HPMFBP−TBP        2.1 

HPMFBP−TBPO        5.7 

 

7. Experimental Study: Investigation of the intra-group selectivity in 4f-series  

7.1. Synergistic solvent extraction of lanthanoid ions with 4-acylpyrazol-5-ones and calixarenes   

To begin with the separation of the lanthanoids using 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone 

and calix[4]arene (HPS1) mixture,A1 which can be assessed by the separation factors (SFs) calculated as 

a ratio of the distribution ratios of two adjacent lanthanoids (the heavier and the lighter one). When the 

metal ions form complexes of the same type (as in the present case), the separation factors can be 

determined as a ratio of the equilibrium constants KP,S. Their values are given in Table 23. It is seen that 

the separation factors obtained for the extraction of the investigated lanthanoid ions with the chelating 

agent HP alone and those with HPS1 combination do not differ in large extent.  

Table 23 (7.1). Values of the separation factors for the Ln3+ extraction with HP−S mixtures in CHCl3.  

  SF    

 HP HP−S1 HP−S2 HP−S4 HP−S3 

Nd/La 30.9 15.1 25.1 14.2 6.02 

Eu/Nd 8.5 3.98 8.5 4.46 2.75 

Ho/Eu 1.5 4.57 3.0 2.57 2.45 

Lu/Ho 2.57 2.75 2.5 2.88 2.95 

 

The calculated separation factors of the five investigated lanthanoids using HPS2  mixture under 

study are given in Table 23.A12  

Let's continue with the values of the separation factors obtained for the lanthanoids using 4-

benzoyl-3-methyl-1-phenyl-5-pyrazolone and calix[8]arene (HPS4) mixtures given in Table 23 too.A3 

The selectivity for the Ho/Eu and Lu/Ho pairs obtained with the present synergistic mixture is improved, 

as compared to that obtained with the extraction by HP molecule alone. On the other hand, it is seen that, 

the selectivity for the Nd/La and Eu/Nd pairs decreases. So, the synergistic agent ameliorates the 

selectivity for heavier lanthanoid pairs. Therefore, the investigated synergistic combination proposes very 

high synergistic enhancement combined with some improved selectivity for the heavier lanthanoid ions.  

The selectivity results in the synergistic extraction system HP−S3 are given in Table 23 as well.A16 

It is seen from the data that the synergist, calix[6]arene ameliorates the selectivity for heavier lanthanoid 

pairs compared to that obtained with HP alone. In addition, one may concluded that this synergistic agents 
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provides nearly the same selectivity among lanthanoids, if we set aside the first representatives of the 4f-

serie like Nd/La pair, for example. However, the present system exhibits a separation for the pair Lu/La, 

which is 3.8 and 6.3 times smaller, than that when mixtures of HP and calix[8]arene and calix[4]arene  

combinations were used. So, one may conclude that the separation becomes poorer as the extractability 

increases.  

The corresponding values of SF obtained for synergistic solvent extraction of lanthanoids with 

two solvent systems, mixtures of a chelating extractants (HL), either 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one and S1 are given in 

Table 24.A9 The data show that the separation factors for the first lanthanoid pair (Nd/La) are rather high. 

It should be noted also, that a considerable loss of separation selectivity is observed across the 4f series.  

Table 24 (7.2). Values of the separation factors for lanthanoids extraction with mixtures HL–S1 in CHCl3.  

Ln3+   SF     

 HPMFBPS1 HPMMBPS1 HPMTFBP HPMTFBP−S5 HPMTFBP−S6 HPPMBP HPPMBP−S1 

Nd/La 16.6 13.5 3.2 8.7 7.6 2.4 7.9 

Eu/Nd 3.2 3.2 1.8 2.4 2.4 1.8 2.5 

Ho/Eu 2.0 2.4 3.8 2.0 1.8 3.9 2.2 

Lu/Ho 1.8 1.9 1.8 1.9 2.0 2.4 2.0 

 

7.2. Synergistic solvent extraction of lanthanoid ions with a typical β-diketone and calixarenes 

 

It is mentioned already that the separation of the lanthanoids due to synergistic solvent extraction 

using HLS mixtures, in this investigation 1-(2-thienyl)-4,4,4-trifluoro-1,3-butanedione and S1 can be 

assessed by the separation factors SFs.A2 Their values are also given in Table 25. It is seen that the 

separation factors obtained for the solvent extraction of the investigated lanthanoid ions with HL alone 

are smaller than those with HLS combination with exception of the Eu/Nd pair.  

Table 25 (7.3). Values of the separation factors for the Ln3+ extraction with HTTA−S1 mixtures in CHCl3.A2  

 SF  

 HTTA HTTA–S1 

Nd/La 8.70 21.37 

Eu/Nd 27.54 6.60 

Ho/Eu 1.32 3.72 

Lu/Ho 2.57 3.80 

 

It is in second place, the solvent extraction of lanthanoids with a thenoyltrifluoroacetone compound in 

combination with 4-tert-butylcalix[4]arene-tetraacetic acid tetraethyl ester.A7 The separation factors 

between the lanthanoids defined as the ratios of the respective equilibrium constants KT and KT,S are listed 

in Table 26, when HTTA was used alone, and in Table 27 when the mixture HTTA−S8 was used for the 

extraction of Ln(III) ions.A7 Table 26 shows that the SFs between the adjacent elements are not high, a 

mean SF in the series is approximately 2.1, and a SF of ~3103 is obtained between lanthanum and 

lutetium.  

 
Table 26 (7.4).  Values of the SFs of adjacent lanthanoids with HTTA reagent used alone in CCl4. 

Ln3+ Ce/La Pr/Ce Nd/Pr Sm/Nd Eu/Sm Gd/Eu Tb/Gd Dy/Tb Ho/Dy Er/Ho Tm/Er Yb/Tm Lu/Yb 

SF 3.24 2.89 1.51 4.67 1.0 1.99 2.00 1.74 1.34 1.34 2.34 1.85 1.42 
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Table 27 (7.5). Values of separation factors between the adjacent lanthanoid ions obtained using mixture HTTA−S8 in CCl4.A7 

SF  Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

La 1.91 2.95 4.07 7.08 10.96 15.49 22.39 34.68 56.25 85.14 125.93 204.24 257.13 

Ce  1.54 2.13 3.72 5.75 8.12 11.75 18.19 29.52 44.67 66.07 107.16 134.91 

Pr   1.38 2.39 3.72 5.24 7.58 11.75 19.05 28.84 42.66 69.18 87.10 

Nd    1.73 2.69 3.80 5.49 8.51 13.80 20.89 30.90 50.12 63.10 

Sm     1.54 2.18 3.16 4.89 7.94 12.02 17.78 28.84 36.30 

Eu      1.41 2.04 3.16 5.12 7.76 11.48 18.62 23.44 

Gd       1.44 2.24 3.63 5.49 8.13 13.18 16.59 

Tb        1.55 2.51 3.80 5.62 9.12 11.49 

Dy         1.62 2.45 3.63 5.88 7.41 

Ho          1.17 2.23 3.63 4.57 

Er           1.47 2.39 3.02 

Tm            1.62 2.04 

Yb             1.25 

At the end of this section is the solvent extraction of lanthanoids with thenoyltrifluoroacetone in the 

presence of tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide used as a synergistic agent.A6 When 

the metal ions form complexes of the same type (as in the presented case), the separation of the lanthanoids 

using HTTA alone and HTTA–S7 (tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide)) mixture can 

be assessed by the separation factors (SF) calculated as a ratio of the equilibrium constants KT or KT,S of 

two adjacent lanthanoids (the heavier and the lighter one), Table 28.  

 
Table 28 (7.7). Values of the SFs for lanthanoids extraction with HTTA−S7 mixture in CCl4. 

SF Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

La 2.82 4.07 6.45 12.30 20.89 30.90 42.65 54.95 66.06 87.09 109.64 151.35 204.17 

Ce  1.44 2.29 4.36 7.41 10.96 15.13 19.49 23.44 30.90 38.90 53.70 72.44 

Pr   1.58 3.02 5.12 7.58 10.47 13.48 16.22 21.32 26.92 37.15 50.12 

Nd    1.90 3.23 4.78 6.60 8.51 10.23 13.48 16.98 23.44 31.62 

Sm     1.69 2.51 3.46 4.46 5.37 7.07 8.91 12.30 16.59 

Eu      1.47 2.04 2.63 3.16 4.16 5.24 7.24 9.77 

Gd       1.38 1.77 2.13 2.82 3.54 4.89 6.60 

Tb        1.28 1.54 2.04 2.57 3.54 4.78 

Dy         1.20 1.58 1.99 2.75 3.72 

Ho          1.32 1.66 2.29 3.09 

Er           1.25 1.74 2.34 

Tm            1.38 1.86 

Yb             1.34 

 

7.3. Synergistic solvent extraction of lanthanoid ions with 4-benzoyl-3-phenyl-5-isoxazolone and 

calixarenes 

The separation of the lanthanoids using HPBI alone and HPBIS1 mixtures can be assessed, as already 

described in previous sections, by the separation factors (SF) calculated as a ratio of the distribution 

coefficients of two adjacent lanthanoids (the heavier and the lighter one). Their values are given in Table 

29 (HPBI–S1 mixture).A4  

Table 29 (7.8). Values of separation factors for lanthanoids with HPBI–S1 mixture in CHCl3.A4 

 SF  

Nd /La 19.1 

Eu/Nd 4.2 

Ho/Eu 2.3 

Lu/Ho 3.2 

 

Furthermore, the calculated values of the separation factors (SFs) for the synergistic solvent 

extraction of the lanthanoid ions using 4-benzoyl-3-phenyl-5-isoxazolone and tert-butylcalix[4]arene 

tetrakis(N,N-dimethylacetamide) are given in Table 30.A5 Such a binary system HPBI−S7 seems excellent 
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for the separation of lighter lanthanoids (La÷Nd) from the other not adjacent 4f-elements. It should also 

be noted that a considerable loss of separation selectivity is observed across the 4f series. 
 

Table 30 (7.12). Values of separation factors between the lanthanoid ions obtained using mixture HPBI−S7 in C6H6.A5 

SF Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

La 1.7 2.6 3.3 5.2 7.4 8.7 10.9 16.2 21.4 26.9 38.0 50.1 72.4 

Ce  1.51 1.94 2.93 3.98 5.0 6.3 9.1 12.3 15.5 21.8 28.8 41.6 

Pr   1.94 1.94 2.63 3.3 4.16 6.0 8.1 10.2 14.45 19.0 27.5 

Nd    1.52 2.0 2.57 3.23 4.67 6.3 7.94 11.22 14.7 21.3 

Sm     1.32 1.65 2.0 3.0 4.0 5.12 7.24 9.5 13.8 

Eu      1.25 1.32 2.3 3.0 3.80 5.37 7.0 10.5 

Gd       1.23 1.8 2.45 3.02 4.26 5.6 8.3 

Tb        1.54 1.9 2.45 3.38 4.4 6.6 

Dy         1.32 1.65 2.34 3.0 4.5 

Ho          1.23 1.77 2.3 3.3 

Er           1.4 1.8 2.6 

Tm            1.3 1.8 

Yb             1.4 

 

7.4. Synergistic effect in the solvent extraction of lanthanoids by 4-acylpyrazol-5-ones in the presence of 

neutral organophosphorus extractants 

7.4.1. Mixed ligand chelate extraction of trivalent lanthanoids with 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one (HL) in combination with monofunctional neutral organophosphorus extractantsA8  

Mixed ligand chelate extraction of trivalent lanthanoids with 4-(4-fluorobenzoyl)-3-methyl-1-

phenyl-pyrazol-5-one (HL) in combination with monofunctional neutral organophosphorus extractants 

one of the three phosphine oxide compounds trioctylphosphine oxide (TOPO), tributylphosphine oxide 

(TBPO), triphenylphosphine oxide (TPPO) or tributylphosphate (TBP) was investigated.A8 Values for the 

separation factors (SF) are listed in Table 31. The combination HL–TOPO exhibits the same selectivity 

as the cases when combinations HP–calix[8]arene and HPBI–calix[4]arene with P=O functional groups 

were used. So, the addition of a neutral organophosphorus extractant to the Ln3+–chelate system improves 

both the extraction efficiency and selectivity among the Ln(III) ions. 

 
Table 31 (7.13). Values of the separation factors for the Ln3+ extraction with mixtures of HLS in C6H6.A8 

Ln3+  SF    

 HL HL– 

TOPO  

HL– 

TPPO  

HL– 

TBP 

HL– 

TBPO 

La 95.5 12.0 7.6 13.2 18.6 

Nd 2.4 3.8 3.2 8.3 2.9 

Eu 2.0 2.2 2.1 2.8 2.6 

Ho 3.0 1.9 1.8 2.6 1.8 

Lu      

 

7.4.2. Synergistic solvent extraction of lanthanoid ions with 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-

pyrazol-5-one or 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HL) in combination with CMPO   

or S1A14   

The separation factors of Eu/Ce and Lu/Eu pairs acquired with various systems of acidic/neutral 

couples in [C1C4im
+][Tf2N

−], determined as SF = D(Z+n) /D(Z), are given in Table 32. It is seen that the SFs 

between Eu and Lu ions decrease in the order HPPPBP>HPMMBP>HPMFBP, while the lanthanoid 

extraction increases in the order HPPPBP<HPMMBP<HPMFBP into CHCl3. The separation becomes 

poorer as the extractability increases and the selectivity decreases with increasing of the extractant acidity, 

i.e. pKa in VOCs. A key characteristic of the Ln3+/HL/molecular diluent systems is the relatively higher 

selectivity observed in comparison with cases when ionic liquid, n=4, is exploited, Table 32. The 

selectivity of HPMMBP−CMPO/[C1C4im
+][Tf2N

−] synergistic extraction system (510-3 + 710-4 
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mol∙dm-3, pH=1.90) for Lu/Ce pair (SF=3.4) is around twice higher than the indicated value of 1.82 

created by HFA(hexafluoroacetylacetone)−TPPO/C6H6 (pH=1.80, 0.01 mol∙dm-3).62 It is interesting to 

note that the synergistic extraction leads to significant decrease of selectivity of light/middle lanthanoid 

pair (Eu/Ce) and at the same time provoked outstanding increase separation for middle/heavy couple 

(Lu/Eu), Table 32.  

Table 32 (7.14). Separation factors of Eu/Ce and Lu/Eu pairs using HL alone and HL−CMPO mixtures in [C1C4im+][Tf2N−] 

as well as Lu/Eu selectivity in HL//HL−S1//CHCl3 combinations.A14 

Extractants  SF n=4  CHCl3 C6H6 

 Eu/Ce pH Lu/Eu pH Lu/Eu Lu/Eu 

HPMMBP 

510-3 mol∙dm-3 

23.4 2.14 1.7 1.72 5.8  

HPMFBP 

510-3 mol∙dm-3  

12.8 2.13 0.2 1.74 5.6  

HPPMBP 

710-3 mol∙dm-3  

  5.4 2.35 9.7  

HPMMBP−CMPO 

510-3−110-3 

mol∙dm-3 

0.7 2.2 4.2 1.80 4.7  

HPMFBP−CMPO 

510-3−110-3 

mol∙dm-3 

0.6 2.1 6.0 1.85 3.8  

HTTA−TOPO53 

110-3−110-3 

mol∙dm-3 

  ~6.3    

HNTA−TOPO53 

110-3−110-3 

mol∙dm-3 

  ~6.3    

HBA−TOPO53 

110-3−110-2 

mol∙dm-3 

  ~199.5    

HPMFBP      6.2 

HPMFBP−TPPO      3.8 

HPMFBP−TOPO      4.3 

HPMFBP−TBPO      4.7 

HPMFBP−TBP      7.5 

 

7.5. Selectivity of lanthanoids as a consequence of the synergistic solvent extraction  

A significant advantage is that the behavior of the entire 4f-series (excluding Pm) was studied with 

three synergistic extraction systems. One of the most important advantages and significant scientific 

contribution to the study is that the metals and behavior of the whole 4f series are considered, while most 

of the research in the field is limited to the representatives of these metals. It is interesting to note that the 

ionic size of lanthanoids and their coordination numbers gradually change in one direction, e.g. from La 

to Lu, except for the separation of the first element, La, and the last, Lu, the selective separation of a 

particular lanthanoid and its separation from the others is almost not reported in the literature, as a model 

for comparison. 

The calculated SFs for all adjacent 4f-ions with HTTA alone and HTTA−S7 systems are given in 

Tables 26 and 28. A significant loss of separation selectivity is observed across the 4f-series due to the 

cation radii decrease of approximately 20 % from La to Lu. The SFs between La and other lanthanoids 

are very high, (Table 28), but it is not typical lanthanoid. The synergistic extraction makes the separation 

of metals worse, as compared with the cases when the chelating ligand was used alone. It is a generally 

accepted suggestion by scientists in the separation field. This effect seems to be related to the present 

compiled results. 

The comparison of the data for separation factors obtained using the proposed synergistic systems 

including calix[n]arenes shows that the selectivity for light lantanoids is better in the following two cases 
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HP−S2 and HTTA−S1. It needs to be paid attention to the conditions under which the calculated SFs 

listed in Table 28 are obtained. A significant difference (3.5 times) was obtained for Eu/La pair changing 

S2 with S1, i.e. different upper rim functionalized synergist. The superiority of the synergistic mixture 

HP−S2 over HP−S1 on the selectivity can be clearly seen. The influence of an empty (fo), half-filled (f7) 

and full f-subshell (f14) on the selectivity is clearly demonstrated in some investigations, as well. 

The number of the phenol units in the calixarene’s molecule also has impact on the 4f-separation. 

When octylcalix[n]arenes were applied the SFs of Eu/La pair diminish in the order 4>8>6, with very 

noticeable influence. The various substituted 4-acylpyrazolones and S1 as co-extractant caused also small 

quantitative changes in SFs of the above mentioned pair. 

It is noteworthy to mention that HTTA−S7 mixture, which, as a whole has poor extraction 

efficiency, exhibits a better selectivity for heavier lanthanoids, Table 28. The separation values of Lu/Eu 

pair produced by the systems HP(HTTA)−S1 are very similar. The selectivity of these two elements 

remains almost constant (around 7) using HPBI−S1(S7) or HTTA−S7 as well as combinations including 

HP(S1, S3, S4). The various para-substituents (−F, −CH3, −CF3, −C6H5) of 4-acylpyrazolone molecule 

didn’t influence the selectivity of Lu/Eu pair in great extent, in combination with S1 or S5 and S6: the 

calculated values are between 4.7 and 3.7. The extraction ability and selectivity is a pair of contradictory 

elements, i.e. usually good extraction efficiency was not accompanied with so marked selectivity. The 

synergistic lanthanoid extraction with S1 compound increase in the order HTTA<HP<HPBI, while at the 

same time the SFs decrease. So, the separation becomes poorer as the extractability increases, and the 

selectivity decreases with increasing the extractant acidity, i.e. pKa value. 

8. Experimental Study: Investigation of diluent effect on the synergistic solvent extraction of 

lanthanoids 

8.1. Effect of diluents on the solvent extraction of Ln3+ with chelating ligands  

8.2. Effect of diluents on the synergistic solvent extraction of Ln3+ with 4-benzoyl-3-phenyl-5-isoxazolone 

and tert-butylcalix[4]arene tetrakis(N,N-dimethylacetamide)A5  

Our task was to obtain detailed information about the influence of the organic diluent on the process 

of synergistic extraction of lanthanoids, therefore, studies were conducted in order to optimize the 

process. Since organic diluents are essential for research in the chemistry of liquid extraction, it is 

necessary to be familiar with their properties in order to understand their role and how they can be used 

to increase the degree of control over a particular solvent system. Note also that regular diluent screening 

is often less time consuming and cheaper to design systems, although predicting diluent effects is a 

challenging task. In this context, typical experimental distribution curves of logDI,S vs. pH and logDI,S vs. 

[HPBI] using CHCl3, CCl4 and C2H4Cl2 as molecular diluents in the synergistic solvent extraction of 

Ln(III) ions from 0.1 mol∙dm-3 perchlorate medium have been obtained, when the synergistic agent is tert-

butylcalix[4]arene tetrakis(N,N-dimethylacetamide) used in combination with 4-benzoyl-3-phenyl-5-

isoxazolone. They are straight lines of slopes very close to 3, indicating that 3 protons are exchanged per 

Ln(III) ion. The lines have a slope almost equal to 1, indicating that Ln(III) ions are extracted as 

Ln(PBI)3∙S. For each extraction system using different molecular diluent the values of logKI,S have been 

calculated for every experimental point. Thus, the averaged values are reported in Table 33. Further, the 

values presented in Table 33 show that the change of the molecular diluent has produced a marked effect 

on the equilibrium constants. For a given metal, it was found that the values of logKI,S and logβI,S increase 

in the order CHCl3 < C2H4Cl2 < C6H6 < CCl4.  

Moreover, the effect of the diluents applied as an organic media on the metal extraction with HPBI–

S7 system is shown in Figs. 23 and 24. The comparison of logKI,S for Eu(various diluents) with those of 

the other investigated lanthanoids (Fig. 23), as well as of logKI,S for C6H6 (various metals) with those of 

the other diluents used in the study (Fig. 24) shows that log – log plots describing the behavior of the 

metals and the diluents are almost  parallel to one another. These regularities appear to be quite helpful to 

estimate equilibrium constants and to select suitable molecular diluents.  
 
 
 
 



46 

 

Table 33 (8.5). Values of the equilibrium constants KI, KI,S, and βI,S, and synergistic coefficients for lanthanoids extraction 

with the HPBI–S7 mixture in different diluents.A5 

Ln3+ Diluent logKI logKI,S logβI,S SC 

 CHCl3 -1.33 3.18 4.51 0.61 

La C2H4Cl2 -1.25 3.29 4.54 0.64 

 CCl4 0.82 6.6 5.75 1.88 

 CHCl3 -0.54  3.87 4.41 0.51 

Nd C2H4Cl2 -0.46 3.95 4.41 0.51 

 CCl4 1.26 7.07 5.81 1.91 

 CHCl3 0.06  4.54 4.48 0.58 

Eu C2H4Cl2 0.16 4.76 4.60 0.70 

 CCl4 1.77 7.65 5.88 1.98 

 CHCl3 0.36  5.02 4.66 0.76 

Ho C2H4Cl2 0.82 5.17 4.35 0.45 

 CCl4 2.23 8.17 5394 2.04 

 CHCl3 0.70  5.45 4.75 0.85 

Lu C2H4Cl2 1.24 5.50 4.26 0.36 

 CCl4 2.63 8.56 5.93 2.03 
Note: The values of the equilibrium constants are calculated on the basis of the 36 experimental points; statistical confidence 

is 95% and standard deviation is less than 0.05. 

  
 

Figure 23 (8.6). 

Comparison of logK for 

CHCl3, C6H6, CCl4 and 

C2H4Cl2 to logK for 

C6H6 (1-La, 2-Nd, 3- 

Eu, 4-Ho, 5-Lu). 

 
 

 

 

 

 

 

 

 

Figure 24 (8.7). Comparison of 

logK of La, Nd, Eu, Ho and Lu to 

logK of Eu. 

 

 

Additionally, the 

calculated separation factors 

of the pairs Nd/La, Eu/Nd, 

Ho/Eu and Lu/Ho are given 

in Table 34. In the most cases, 

the lanthanoid separation was 

not influenced by the change 

of the diluents, but a 

considerable increase of the SF for the pair Eu/Nd was found when C2H4Cl2 was used. The values of the 

SFs for the Nd/La pair are considerably smaller and are not changed significantly upon addition of the 

synergist. Furthermore, it is seen that the separation factors for lighter pairs decrease when CCl4 is used 
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as a diluent, while the lanthanoid extraction is much more efficient with exactly this organic media. In 

fact, the SCs for the system including CCl4 are 2 orders of magnitude higher in comparison with the SCs 

obtained when CHCl3 and C2H4Cl2 are used (Table 34). Thus, the choice of diluent is very important not 

only for synergistic enhancement, but also for the effective separation of metals.  

  
Table 34 (8.6). Values of the separation factors of the metal for lanthanoid extraction with HPBI and mixture of HPBI–S7.A5 

Diluent    SF     

 Nd/La  Eu/Nd  Ho/Eu  Lu/Ho  

 HPBI HPBI–S HPBI HPBI–S HPBI HPBI–S HPBI HPBI–S 

CHCl3 6.16 4.89 3.98 4.67 1.99 3.02 2.18 2.69 

C2H4Cl2 6.16 4.57 4.16 6.45 4.57 2.57 2.63 2.14 

CCl4 2.75 2.95 3.23 3.80 2.88 3.31 2.51 2.45 

 

 In practice, in the process of liquid-liquid extraction with an organic diluent, the organic phase is 

always saturated with water. The effect of the diluent may be a reflection of the effective concentrations 

of the extractant and the complex due to the interaction between them and the diluent. Accordingly, all 

formed metal complexes in the organic phase can be hydrated. In fact, the formation of LnL3 usually 

decreases with increasing water solubility in the organic phase. In addition, the reaction to form a mixed 

complex of LnL3 with the synergistic agent would likely be in competition with H2O molecules. 

9. Experimental Study: Comparison between organic diluents and ionic liquids at the time of 

synergistic solvent extraction of lanthanoids 

     
9.1. Introduction 

The use of a new class of reagents named ionic liquids (ILs) presented usually as “environmentally 

friendly alternative diluents”, because they are nonvolatile, nonflammable, eco-friendly or biodegradable 

with unique chemical and physical properties, increased tremendously in the last ten years, not only in the 

field of solvent extraction chemistry. Due to the cation structure, there are five basic classes of ILs: 

ammonium, phosphonium, imidazolium, pyridinium and pyrrolidinium. Among the large variety of 

organic or inorganic anions halides, hexafluorophosphates, tetrafluoroborates, alkyl sulfates, tosylates, 

methanesulfonates and bis(trifluoromethylsulfonyl)imides) have been distinguished, Fig. 25.  

 

Figure 25 (9.1). Structures and abbreviations of several main cations/anions of ILs. 

 
9.2. Organic diluents vs ionic liquids at the time of solvent extraction of lanthanoids with chelating 

ligands 

 

 In order to investigate the role of ionic liquid on the extraction process, a set of experiments was 

performed under conditions of the aqueous phase comparable with those carried out in CHCl3 with а 

pyrazolone derivative, 3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-one. The distinct 

extraction behavior of the corresponding systems towards La(III) ion was described in Fig. 26.  
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Figure 26 (9.3). LogDL vs. pH 

for La(III) ion extraction with 

HPMTFBP and logDL vs. 

log[HL] for La(III) ion 

extraction at pH=2.90 in an IL. 
 

Table 35 (9.3). Values of the equilibrium constants KL, KS and KL,S, and synergistic coefficient for La(III) extraction with HL, 

S5 and HL–S5 mixture.A10 

logKL logKS logKL,S logβL,S SC 

-2.33 3.30 3.34 5.67 2.52 

 

Furthermore, the logD values of La(III) ion using IL phase with another acidic pyrazolone 

derivative, 3-methyl-1-phenyl-4-(4-phenylbenzoyl)-pyrazol-5-one (HPPMBP), alone are plotted also as 

a function of the aqueous phase pH and [HL] concentrations.A11 From the obtained results the extraction 

process of La(III) with HL in [C1C4im
+][Tf2N

−] environment can be described by the equation: 

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

(aq)                                   (9.1) 

The fit of the experimental data leads to n=0. The fitted values of the equilibrium constants are presented 

in Table 36. The present results show great change in the extraction efficiency of the studied lanthanoid 

at approximately 2 times lower concentration of the chelating extractant (HPPMBP). Moreover, the 

stoichiometry of the La(III)HL complex in an IL media and in traditional organic diluent like CHCl3 is 

different. 

In order to compare the selectivity using HPPMBP and different organic medium for the solvent 

extraction (CHCl3 or IL), a light (La), medium (Eu) and heavy (Lu) ions, are chosen as representatives of 

the beginning, middle and the end of the 4f-series. For this purpose the liquid-liquid extraction of Eu(III) 

and Lu(III) was performed in [C1C4im
+][Tf2N

−] also with 710-3 mol∙dm-3 concentration of HL. Further, 

the separability of Lns was assessed as a ratio of the corresponding DL values and the calculated separation 

factors are given in Table 37. Therefore, huge separation factors are obtained for the Eu/La and Lu/La 

couples in the IL phase, with a much lower SF values for Lu/Eu, which nevertheless could be qualified 

as satisfactory in molecular diluents.  

Table 36 (9.4). Values of the equilibrium constants KL, KS and KL,S, and synergistic coefficient for La(III) extraction with 

HL, S1 and HL–S1 mixture using IL.A11 

KL, logKL logKS KL,S, logKL,S logβL,S SC 
(6.0±0.1)10-2 

-2.2 

3.38 (3.0±0.2)103 

3.0 

5.3 2.45 

SC: pH=2.40, [HL]=510-3 mol∙dm-3, [S1]=710-4 mol∙dm-3. 

Table 37 (9.5). Values of separation factors of Eu/La, Lu/Eu and Lu/La pairs obtained with HPPMBP alone in CHCl3 and IL 

medium ([HL]=710-3 mol∙dm-3, pH=2.35).A11 

 
 
 
 

 
 

Ln pair CHCl3 IL 

Eu/La 4.4 31.6 

Lu/Eu 9.7 5.4 

Lu/La 42.6 170.6 
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9.3. Organic diluents vs ionic liquids at the time of solvent extraction of lanthanoids with phosphorus 

containing calixarene ligands 
 

The calixarene compound, S5, 5,11,17,23-tetra-tert-butyl-25,26,27-tris(dimethylphosphinoylpropoxy)-

28-hydroxy-calix[4]arene used alone in [C1C4im
+][Tf2N

−] also shows a considerable effect to extract 

lanthanoids: S5 acts as an excellent ligand for 4f-ions. Thus, in [C1C4im
+][Tf2N

−] media, a slope of 1 

obtained from the plot indicates that one molecule of S5 is involved in the solvent extraction step.A10 The 

calculated value of logKS is also presented in Table 35.  

 The employed calixarene as a reference reagent herein, S1, dissolved in [C1C4im
+][Tf2N

−] provides also 

high extractability for La3+ ion. In [C1C4im
+][Tf2N

−] media, a slope of 1 obtained from the plot indicates 

that one molecule of S1 is involved in the extraction step too. The calculated value of logKS is also 

presented in Table 36.  
 
9.4. Organic diluents vs ionic liquids at the time of synergistic solvent extraction of lanthanoids  

  

 Going from individual extractants to mixed solvent extraction systems, i.e. to the cooperative binding 

ability of two different extractants, the synergistic mixture HLS5, where HL is 3-methyl-1-phenyl-4-(4-

trifluoromethylbenzoyl)-pyrazol-5-one ligand, shows a similar extraction model towards La(III) ions 

using [C1C4im
+][Tf2N

−] and CHCl3 as diluents: LnL3S. The logD values of La(III) using the IL phase 

with the HPMTFBPS5 mixture are plotted as a function of the aqueous phase pH and [HL] or [S] 

concentration.A10 These plots are shown in Fig. 27. The overall equilibrium constant KL,S for La(III) 

obtained with the HPMTFBPS5 mixture using an IL is approximately 2 orders of magnitude higher than 

that obtained using CHCl3 as a diluent, (see Table 35).  
 

Figure 27 (9.14). LogDL,S vs. pH for La(III) extraction with HL–S5 at [S]=710-4 mol∙dm-3 in IL. LogDL,S vs. log[HL] for 

La(III) ion extraction at [S]=710-4 mol∙dm-3 and pH=2.50. LogDL,S vs. log[S] for La(III) ion extraction at [HL]=310-3 

mol∙dm-3 and pH=2.60. 

 
 However, 3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-one (HL) alone and S5 alone are 

already efficient extractants in ILs, but the overall synergism ability of the HLS5 mixture in an IL, 

although noticeable, is not as good in [C1C4im
+][Tf2N

−] as it is in CHCl3: the SC obtained in CHCl3 and 

in [C1C4im
+][Tf2N

−] are 3.13 and 2.52 respectively. So, a moderate decrease of synergism is observed in 

an IL for this system of ligands. 

  In order to assess the possibility to separate La over Eu ions as well as to know the selectivity 

performance of the corresponding systems in [C1C4im
+][Tf2N

−], the separation factors between La and 

Eu defined as the ratio of the respective distribution ratios were calculated and depicted in Table 38.  
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Table 38 (9.9). Values of separation factors of Eu/La pair obtained with different systems.A10 

Systems Eu/La Diluent Systems Eu/La Diluent 

HL 2.4 IL HL–S6 1.0 IL 

S5 0.4 IL HL 5.8 CHCl3 

S6 1.2 IL HL–S5 20.8 CHCl3 

HL–S5 1.4 IL HL–S6 18.2 CHCl3 
 
 Concerning the SF values obtained with 3-methyl-1-phenyl-4-(4-trifluoromethylbenzoyl)-pyrazol-5-

one (HL), the value in chloroform is much higher than in [C1C4im
+][Tf2N

−]. In the case of the synergistic 

mixtures HPMTFBPS5 or HPMTFBPS6, a striking detrimental effect of the IL is seen, as SF values 

are drastically decreased in this diluent, being now close to one, indicating an almost negligible separation 

efficiency and an unfavorable effect of mixing extractant in view of selective extraction in 

[C1C4im
+][Tf2N

−]. Therefore, ILs dramatically increase extraction abilities, being very good at enhancing 

extraction performances of any compound but, by doing so, they logically tend to level off separation 

factors.  

From this back and forth, extraction data for La(III) in CHCl3 and [C1C4im
+][Tf2N

−] media with 

two synergistic mixtures (HPMTFBP−S5 and HPPMBP−S1A11) are gathered in Table 39. In general, the 

substitution of –CF3 group (logKL = –3.24) in the fourth position of the benzoyl moiety in the 

acylpyrazolone molecule with –C6H5 group diminishes the extraction efficiency (logKL = –6.31) of La(III) 

and this increase of ca. three orders of magnitude is almost similar for the five lanthanoids investigated 

when CHCl3 is applied as a diluent. This large quantitative difference is obtained with an identical 

extraction mechanism, i.e. the involvement of four ligand units, three being deprotonated to insure charge 

balance. For HL, the values of logKL are approximately 1.60, 1.70 and 2.0 logarithmic units lower than 

those obtained with 3-methyl-4-(4-methylbenzoyl)-1-phenyl-pyrazol-5-one (HPMMBP, pKa=4.02), 3-

methyl-4-benzoyl-1-phenyl-pyrazol-5-one (HP, pKa=3.92) and 3-methyl-1-phenyl-4-(4-

trifluoromethylbenzoyl)-pyrazol-5-one (HPMFBP, pKa=3.52) respectively. The substitution of a 

hydrogen atom in the fourth position of the benzoyl moiety in the acylpyrazolone molecule with a phenyl 

(C6H5-) group diminishes the extraction efficiency as compared with the case when HP was used as a 

chelating extractant. Obviously, in chloroform, the lanthanoid extraction behavior is dramatically 

influenced by the 4-acylpyrazolone substituents.  

Table 39 (9.10). Comparison of CHCl3 and [C1C4im+][Tf2N−] when mixtures HPPMBP−S1 and HPMTFBP−S5 were 

used for La(III) extraction, Cl ̶  medium.A11  

System CHCl3 [C1C4im+][Tf2N̶] 
 log KL logKLS SC log KL log KS log KLS SC 

HPPMBP−S1 -6.21 -1.27 3.54 -2.16 3.38 3.44 2.45 
HPMTFBP−S5 -3.24 1.22 3.13 -2.33 3.30 3.34 2.52 

 
However, the situation is very different in the IL medium and can be discussed along three 

complementary lines. First, as already obtained in many cases with various types of ligands, the 

replacement of CHCl3 by the ionic liquid leads to an impressive increase in the individual extraction 

capabilities: a given ligand concentration leads to a dramatically enhanced distribution ratio in an IL as 

compared to CHCl3.
63, 64 This experimental fact is also expressed in the logK values. The KL value of 

La(III) is ca. approximately four orders of magnitude higher than that in CHCl3, Table 39. Therefore, the 

increased extraction brought about by changing the diluent is far above what could be expected from 

structural changes in the compounds from pyrazolone family. The extraction mechanism involves three 

HL units (LnL3) instead of four in chloroform (LnL3·HL). In the IL phase, it has to be noted that the 

calixarene moieties obey the same mechanism, again with the involvement of one ligand unit.  

Second, notwithstanding the above, the most striking difference between CHCl3 and 

[C1C4im
+][Tf2N

−] extraction experiments is the fact that the nature of 4-phenyl terminal group (CF3 or 

Ph) has a very limited effect onto the logKL value in an IL: -2.20 (HPPMBP) or -2.33 (HPMTFBP). On 

the other hand, the calixarene neutral compounds S1 and S5 have also rather similar extraction powers in 

[C1C4im
+][Tf2N

−] environment (logKS values equal to 3.38 and 3.30, respectively).  
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Third, as concerns the synergistic effects in an IL medium, the two synergistic systems under 

comparison (HPPMBP−S1, SC: 2.45; HPMTFBP−S5, SC: 2.52) display almost identical efficiency. 

Meanwhile, the SCs in [C1C4im
+][Tf2N

−] media are somewhat lower than the equivalent data in CHCl3 

(see Table 39). The lowering of the SC values when passing from CHCl3 to [C1C4im
+][Tf2N

−] could be 

ascribed to two factors: already large values of the individual extraction efficiencies and the ease of 

solubilization of watered complexes in an IL phase, that renders neutral ligands not mandatory for transfer 

to the IL phase. Although the gain in synergism in an IL media is not as good as in chloroform, extraction 

efficiencies via synergistic couples (acidic/neutral) in an IL are far above those in CHCl3. As this increase 

is solely ascribable to the IL, this class of diluents is clearly ahead in the search for better extracting 

systems, based on both efficiencies and ecological criteria. 

Finally, the comparison of the data for SFs shows that the selectivity and not only the extractability 

is again better in the IL medium. In general (i.e. in molecular diluents), the separation becomes poorer as 

the extractability increases. As a significant contribution of the conducted research, which are in 

accordance with the set tasks, the following stand out: a) The replacement of organic diluent with an IL 

shows that better results in ionic environment can be achieved by using those compounds that already 

provide satisfactory extraction efficiency of metal ions in organic diluents; b) However, the model of 

synergism found in organic diluents is not typical in ionic environment (see section 1.3).3 In other words, 

it is not necessary to form a chelate first, to have coordinated water molecules to be displaced by the 

synergist, and the latter to be less coordinated than the chelating extractant; c) The established synergism 

in the IL environment is much less pronounced and not as effective as in the organic one. The 

disadvantages of IL compounds, compared to organic diluents are their high cost, solubility in water, they 

are more viscous, and in some experimental cases, the data indicate the inability to identify the exact metal 

complexes formed as a result of the extraction process. However, it should be noted that the structure of 

the IL compounds could be “tuned” by selecting ions (cations/anions) or adding groups, thus the solvent 

extraction system can be “tuned” for selective interaction with certain metals.  
 
10. Experimental Study: Neutral organophosphorus ligands as a molecular lab for simultaneous 

detecting of Ag(I) ionsA17 

10.1. Introduction 

10.2. Scoping extraction and separation study concerning Ag(I) ion 

In the first place, the extraction behavior of Ag(I) was checked in the systems with CMPO ligand 

in molecular diluent chloroform and in an IL, [C1C4im
+][Tf2N

−] for comparison purposes, in order to 

adjust the suitable acidity of the aqueous phase for further solvent extraction investigations. In the case 

with molecular diluent, ~50% of Ag(I) was extracted by CMPO at pH around ca. 4. In contrast, in the IL 

medium CMPO ligand exhibited somewhat low extraction affinity for this ion, not only at low NO3
− 

concentrations (10-4 − 10-2), even at 1 mol∙dm-3 HNO3 it is close to nil.  

Secondly, the solvent extraction of Ag(I) with a series of four phosphine oxides as well as a 

phosphorus-containing calix[4]arene ligands at various concentrations was investigated into chloroform, 

Fig. 28. This research trial was carried out under equal optimal conditions for all five systems 

incorporating one neutral compound trioctylphosphine oxide (TOPO), tributylphosphine oxide (TBPO), 

triphenylphosphine oxide (TPPO) as well as with CMPO or S1. In this context, the effect of aqueous 

phase anion (e.g., NO3
−) on the extraction of Ag(I) ion can be negligible at low acid concentration with a 

view to avoid the possible competitive extraction between silver and nitric acid. The comparison of logD 

values obtained for Ag(I) extraction with the studied five solvent molecular systems shows that the 

stability of the formed complexes involving calixarene molecule is higher than those possessing one P=O 

functional group. Further, the change of the neutral ligand causes a significant decrease of the logD values 

in the order CMPO>TOPO>TPPO>TBPO, which is in accordance with their oxygen basicity values.50, 51 

For example, the reduction of the value of distribution ratio (DAg) is nearly twice with the change of TOPO 

ligand with TPPO reagent as well as the difference of roughly 18 upon its replacement with TBPO can be 

detected at 0.01 mol∙dm-3 ligand concentrations. As shown in Fig. 28, near to linear relationships between 

logD and log[L] with a slope close to one were obtained for investigated molecular systems. Therefore, 

one molecule of the organophosphorus ligand’s series is required to extract one Ag(I) ion, indicating that 

1:1 complexes are formed in the molecular organic phase through ion pair extraction accompanied by 
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counterions, NO3
−. It is known that for neutral complex/ion pair extraction to occur, the aqueous phase 

anion must transfer from the aqueous phase to the organic phase. Consequently, the possible extraction 

mechanism in molecular media, CHCl3, can be described by the equation:  

Ag+
(aq) + L(o) + NO3

−
(aq) ⇌ Ag·L·NO3(o)   (10.1) 

 

Figure 28 (10.1). LogD of Ag(I) vs. log[L] in CHCl3: [Ag+]in = 2.510-4 mol∙dm-3 in 110-4 mol∙dm-3 HNO3.  

Furthermore, the liquid-liquid extraction of Ag(I) was investigated with no acidified aqueous 

phase (S1, CMPO, TOPO) or at 110-4 mol∙dm-3 HNO3 acidity (TPPO and TBPO) into an IL, 

[C1C4im
+][Tf2N

−], at various concentrations of the studied ligands, Fig. 29.  

 

Figure 29 (10.2). LogD of Ag(I) vs. log[L] in [C1C4im+][Tf2N−]: [Ag+]in = 2.510-4 mol∙dm-3 in pure water or in 110-4 

mol∙dm-3 HNO3 for the samples containing TBPO and TPPO ligands.  

On the other side, the stoichiometry of the extracted complexes is also confirmed to be nearly 1:1 

as illustrated in Fig. 29. The all investigated dependencies of logD vs log[L] were obtained with a slope 

close to one, except the addition of calix[4]arene, which dependence gives a straight line of ca. 1.36. The 

experimental data demonstrating that the reaction mechanism is similar to conventional molecular diluent 

(1:1 ratio, Eq. 10.1), but with this a cation exchange mode of extraction proceeds as expressed by the 

following equation (10.2), in which the logical behavior of the metal ion is to be exchanged for the cationic 

constituent of the IL:    

Ag+
(aq) + L(o) + [C1C4im

+](o) ⇌ Ag·L+
(o) + [C1C4im

+](aq)  (10.2) 

Furthermore, to assess the selectivity of Ag(I) ion, competitive extraction of 22 metal ions, 

representatives of s-, p-, d- and f-elements, by CMPO or calix[4]arene ligands diluted in CHCl3 or two 

ILs, was also conducted, Table 40. The applied more hydrophobic imidazolium IL than its 1-butyl 

homologue has a high marked selectivity for toxic heavy metal ions like Hg2+, Pb2+, Bi3+ as well as the 

target d-ion, Ag(I). A stable and very good extraction ability for silver is observed in all studied extraction 

systems, ~ 23%, which indicates that there are no obstacles on the part of ligands, diluents and the presence 

of other metallic species in the aqueous solution. On the other hand, extremely poor extraction is noticed 

for the lightest metal ion Li+, ˂ 10%. About 12% is the calculated extraction of the heavy alkaline earth 

element, Ba2+ produced by the calix[4]arene/[C1C8im
+][Tf2N

−] system, at the same time the other systems 

are generally ineffective for its removal. The mercury is extracted extremely well, especially when 

chloroform is replaced with the two ionic liquids: the extraction efficiency is increased roughly twice. On 
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the other hand, Fe(III) ion is almost completely recovered with the calixarene molecule dissolved in an 

IL, while in chloroform the extraction drops to nearly 16%.  

 
Table 40 (10.1). Competitive extraction of various Mn+ ions using [CMPO]=110-2 mol∙dm-3 or [calix[4]arene, 

(S1)]=310-3 mol∙dm-3 diluted in CHCl3 and two ILs [C1C4im+] or [C1C8im+][Tf2N−]: 1:1 v/v extraction.A17 
Mn+ [Mn+]in 

mg/dm3 

 Extractability, %     

  CMPO/CHCl3 S1/CHCl3 CMPO/IL4 S1/IL4 IL8 CMPO/IL8 S1/IL8 

Li+ 0.871±0.009 10.22 8.95 1.03 3.09 4.36 6.32 6.54 

Na+ 2.671±0.008 18.60 - 15.53 - 13.74 28.45 - 

K+ 4.069±0.008 19.24 8.08 10.49 8.57 6.2 - - 

Ag+ 14.12±0.02 28.47 25.35 20.67 22.94 21.53 24.50 22.37 

Tl+ 13.37±0.05 9.72 3.51 4.18 10.17 5.61 9.57 1.34 

Mg2+ 2.043±0.002 4.40 - 9.98 3.86 - 7.68 - 

Ca2+ 3.365±0.006 0.47 - 9.27 0.92 - 61.45 - 

Sr2+ 7.650±0.002 9.41 3.92 1.69 5.35 2.35 5.88 2.22 

Ba2+ 11.55±0.01 4.33 4.06 0.52 4.33 2.25 5.36 11.95 

Co2+ 4.673±0.002 2.50 1.32 41.02 2.42 2.22 9.18 2.48 

Cu2+ 4.921±0.006 2.70 1.62 27.25 3 1.26 7.27 2.15 

Ni2+ 3.712±0.010 - - 16.0 2.88 2.55 6.38 3.50 

Hg2+ 34.92±0.04 19.64 24.19 47.02 38.28 53.03 44.64 42.09 

Pb2+ 16.98±0.09 8.83 4.06 67.16 91.54 16.07 21.02 57.92 

Al3+ 4.871±0.008 6.05 2.83 59.14 38.14 - 42.55 24.90 

Bi3+ 10.26±0.07 27.10 57.96 96.47 95.42 47.96 87.35 90.67 

Fe3+ 4.398±0.004 8.29 16.09 43.47 99.11 4.84 11.14 100 

Cr3+ 3.035±0.002 3.36 2.10 0.39 2.83 2.21 5.86 3.36 

La3+ 8.896±0.01 5.55 4.49 100 39.06 - 60.66 27.30 

Ce3+ 12.13±0.02 6.92 29.95 100 57.38 - 73.34 43.56 

Eu3+ 12.79±0.03 6.95 5.47 100 76.70 - 49.15 62.58 

Lu3+ 12.54±0.01 4.86 4.94 83.76 98.52 - 10.23 97.07 

Note: Extractability values (%) reported represent the average of three measurements with deviation less than 5%.  

 

As a whole, the used solvent  systems lead to the increased extraction of the heavy p-ion, Bi3+, 

with the picture being better in an ionic medium (≥ 90%) compared to molecular one, CHCl3. The CMPO 

molecule dissolved in an IL [C1C4im
+][Tf2N

−] resulted in 100% extraction of lanthanoids (Ln), compared 

to approximately 5-6% efficacy achieved, using chloroform as an organic media. In general, even with 

rare earth elements, it is true that [C1C8im
+][Tf2N

−] is a poorer diluent than its homolog, but only in cases 

when CMPO was used as a ligand. This effect is less pronounced in the presence of a calixarene molecule: 

the difference between the two ILs is insignificant. In conclusion, the phosphorus containing calix[4]arene 

is an extremely effective reagent suitable for heavy metal cations, such as Ln3+, Bi3+, Fe3+, Pb2+, Hg2+, 

and of course the noble cation Ag+. Moreover, the Ag(I) ions have shown the best extraction behavior 

compared to the other ions in the + 1 oxidation state. For example, Na+ and K+ have practically the same 

extraction performance in the CMPO/CHCl3 system, but in an IL, they differ significantly in favor of the 

sodium ions.  

The separation factors (SF) of different ion pairs (heavier/lighter) extracted with 

CMPO/[C1C4im
+][Tf2N

−] system are calculated and presented as well.A17 It is evident that Ag(I) ion 

exhibits excellent selectivity in pair with Li+, Sr2+, Cr3+, Pb2+, Bi3+ and all tested lanthanoids, and the 

poorer separation is noted with Ba2+. The second specific feature for Ag(I) ion is that the calculated SFs 

with other d-elements, (except Cr3+) like Fe3+, Co2+, Ni2+ and Cu2+ are lower and relatively the same, 

below ca. 1. As an illustration, the calculated SFs for the pairs amid s- and d-cations, like Eu/Li, Eu/Sr, 

Eu/Ni and Eu/Ag pair are found to be 1105, ~7104, ~7103 and ~5103, respectively. Nevertheless, 

the selectivity inside 4f-serie is negligible (e.g., Lu/La ~ 610-3), as well as with more heavy metals than 

Lns, like Hg, Tl, Pb and Bi (e.g., SFLu/Tl ~ 810-3).  

 

10.3. Detailed study of extraction mechanism of complexation of Ag(I) ion with phosphorus containing 

ligands 

10.4. General remarks 



54 

 

Solvent extraction systems based on phosphine oxides or phosphorus-containing calix[4]arene 

were investigated towards Ag(I) ion in two diluents, molecular and ionic. The following order of the 

ligand coordination capability was established CMPO>TOPO>TPPO>TBPO, which is in accordance 

with their oxygen basicity values. However, calixarene ligand dissolved in both diluents is able to extract 

silver ions much more effectively than the cases when phosphine oxides were applied, with a pronounced 

advantage for IL media of course. Two reaction mechanisms in the organic phase are demonstrated, an 

ion pair mode of extraction in molecular diluent and a cation exchange scheme, in which the metal ion is 

extracted for the cationic constituent of the IL, [C1C4im
+]. Final conclusions are given highlighting the 

role of the diluent, molecular or ionic, in complexation processes and selectivity involving ligands with 

P=O donor group and various metal s-, p-, d- and f-cations. The Ag(I) ions have shown the best solvent 

extraction behavior compared to the other ions in the + 1 oxidation state. In clear contrast, metal ion self-

sorting has scarcely been studied, especially in the cases where ionic radii discrepancy is the only variable. 

Indeed, the calix[4]arene derivative bearing four P=O functions at the lower rim, shows strongly enhanced 

extraction as well as pronounced separation abilities towards lanthanoids in an ionic liquid environment. 

The organic phases after Ag(I) extraction were scrutinized and investigated at micro-scale level acquiring 

a fine micelle structure, unexampled previously. Therefore, the knowledge of the supramolecular 

organization is crucial to understand in a good way the liquid/liquid extraction mechanism.   

 

11. Experimental Study: Synergistic and antagonistic effects during solvent extraction of Gd(III) 

ion in ionic liquidsA18 

Study of the liquid-liquid extraction of Gd(III) ion with a series of phosphorus-containing 

calix[4]arenes by the well-known method of slope analysis and determination of the process parameters 

are presented employing three ionic liquids, ([C1Cnim
+]/[C1C4pyr+][Tf2N

−], n=4, 10) as diluents. The 

solvent extraction of Gd(III) ions with a chelating compound, 4-benzoyl-3-phenyl-5-isoxazolone (HPBI) 

has been investigated as well, plus various synergistic solvent systems. The obtained efficiency pattern 

with the three calixarenes molecules is as follows: S5>S1>S6. The structural motif two P=O and two OH 

groups can be naturally leading to the highest symmetry expected and observed in the EPR spectrum of 

Gd3+−S6 complex. In fact, it can be seen from the obtained extraction data that the two ligands with 

different chemical nature show the same extraction efficiency S1≈HPBI as dissolved in an IL, which is 

somewhat at odds with the high efficiency typical for this powerful chelating agent. Enhanced extraction 

(synergism) and complete destruction of it by addition of excess of the two ligands is demonstrated. This 

antisynergistic effect is shown to be greater than the negative effect due to the chemical nature of the IL’s 

cation connected with the water content of the organic phase. For instance, ligand’s concentration ratio in 

the mixture is extremely vital (Mn+/HL/S), both to increase the degree of extraction efficiency and to 

prevent the destruction of synergism. A decrease in extraction process took place, in fact synergism no 

longer occurred above certain, very low ligand’s concentration in comparison to molecular systems. More 

than that, the role of the ligand’s excess is interchangeable; synergism built up by one ligand can be broken 

down by another ligand. The ligand effect on the complexation properties of Gd(III) ion is quantitatively 

assessed. The synergistic effect in an IL media, [C1C10im
+][Tf2N

−] is further evaluated and discussed. The 

organic extracts are examined by EPR and 31P NMR approaches in order to viewing the cation 

coordination and ligands’ binding mode in the organic phase solution. Several conclusions are given 

highlighting the role of the ionic diluent in complexation processes and selectivity with an employment 

of the stronger chelating agent HPBI for various metal s-, p-, d- and f-cations. As a whole, an increase in 

solvent extraction is observed only for 4f-block ions in the following established order: [C1C4im
+] < 

[C1C4py+] < [C1C10im
+]. 
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12. The most important scientific conclusions within the dissertation 

 The following conclusions can be drawn from this work: 

1. The possible interaction between several extractant mixtures, approximately ten, as well as between 

one chelating compound (HPMTFBP) and an IL ([C1C4im
+][Tf2N

−]) was investigated for the first time. 

In summary, the NMR data give an indication that trialkylphosphine oxides (TOPO and TBPO) form 

strong H-bonds with 4-(4-fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one in the organic phase, while in 

the case of TPPO and TBP these interactions are negligible. It is necessary to mark the comparison 

between the systems with different calixarenes which permits to suggest that the free OH groups of 

compounds S5 and S6 are involved in the interactions with pyrazolone chelating arm, while phosphinoyl 

units itself do not participate. In addition, the interactions are not dependent on the pyrazolone aroyl group 

substituent. 

 

2. In the solvent extraction of lanthanoids with 4-benzoyl-3-methyl-1-phenyl-pyrazol-5-one (HP) 

compound, the presence of autosynergism has been established, resulting in the formation of adducts of 

the type LnP3∙HP. The formation of self-adducts LnL3·HL, including one protonated acidic molecule 

when acylpyrazolones (HP, HPMFBP, HPMMBP, HPMTFBP, HPPMBP) are used as chelating 

extractants was found in almost all cases in molecular diluents. Whilst, with HTTA and HPBI ligands the 

typical chelates were established generally: LnL3.  

3. It is seen that the SFs decrease in the order HTTA > HP > HPBI, while the lanthanoid extraction 

increases in the following opposite order HTTA < HP < HPBI, indeed. The data show that the values of 

logKI are higher (up to 8 times) than those obtained for the extraction of the metals of the 4f-series with 

thenoyltrifluoroacetone (HTTA) as well as approximately 4 times higher as compared with 4-benzoyl-3-

methyl-1-phenyl-5-pyrazolone (HP) used as a chelating extractant. It can be concluded that the 

equilibrium constant values increase as the pKa value decreases. As a whole, the selectivity becomes 

poorer as the extractability increases, and the selectivity decreases with increasing the extractant 

acidity. In fact, for some specific separations a mixed system would be beneficial, while for the 

majority the conventional technology, using single extractants, is more economic strategy likely. 

4. The substitution of –CF3 group (logKL = –3.24(HPMTFBP)) in the fourth position of the benzoyl moiety 

in the acylpyrazolone molecule with –C6H5 group diminishes the extraction efficiency (logKL =–6.31 

(HPPMBP)) of La(III) ion and this increase of ca. three orders of magnitude is almost similar for the five 

lanthanoids investigated when CHCl3 is applied as a diluent. This large quantitative difference is obtained 

with an identical extraction mechanism, i.e. the involvement of four ligand units, three being deprotonated 

to insure charge balance, LnL3·HL. For HPPMBP compound, the values of logKL are approximately 1.60, 

1.70 and 2.0 logarithmic units lower than those obtained with HPMMBP (pKa = 4.02), HP (pKa = 3.92) 

and HPMFBP ( pKa = 3.52) respectively. Therefore, the substitution of a hydrogen atom in the fourth 

position of the benzoyl moiety in the acylpyrazolone molecule with a phenyl (C6H5−) group diminishes 

the extraction efficiency, as compared with the case when HP was used as a chelating extractant. 

Obviously, in chloroform, the lanthanoid extraction behavior is dramatically influenced by the 4-

acylpyrazolone substituents. Attempting to produce a more selective extractant for the chemically similar 

lanthanoids is not an easy task and the results suggests a bright future for the next generation of selective 

extractants to operate in molecular diluents. 

5. The synergistic solvent extraction of lanthanoid ions (La3+, Nd3+, Eu3+,  Ho3+ and Lu3+) was investigated 

with around 14 new systems involving various chelating agents and calixarenes in the role of synergistic 

agents mainly in CHCl3. The composition of the extracted complex in the organic phase was found to be 

LnL3·S in almost all cases. Therefore, the complexes LnL3·S with coordination number probably 10 (L– 

is a bidentate and S is a four dentate ligand) have been extracted. However, the formation of a 1:3:2 

adduct, LnL3∙2S, was reported during the extraction of Ln(III) with HTTA or HPBI and p-tert-

butylcalix[4]arene fitted with phosphinoyl pendant arms as synergistic agent (S1) as well as with a mixture 

HTTA−S7.  
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6. The behavior of the entire 4f-series (without Pm) was studied with approximately three synergistic 

solvent systems. One of the most important advantages and significant scientific input in the research is 

that the metals and behavior of the entire 4f series has been studied, while most of the examinations in the 

field of other scientists are limited to the representatives of these metals. The research studies covering 

the full group of lanthanoids up to 2013 years were extremely rare, ≤ 10. It is known that the chemical 

properties of lanthanoids are very similar, so detailed profound knowledge of their insignificant 

differences is important for their extraction and separation behaviour. 

7. Solid mixed complexes (Eu3+, Gd3+) with seven ligand compositions were synthesized, typically 

leading to ratio 1:3:1 (Ln3+:HL:S) in around five case, even so alternative structures such as EuP2·S1, 

[Eu(TTA)2S1]+Cl−, as well as [Eu(PBI)2S1]+Cl−, were also obtained. Nevertheless, sometimes there are 

difference in the established 4f-complexes formed in solution and those synthesized in a solid state. 

Moreover, complexes involving two coordinated synergist molecules were not detected in the solid state 

either. On the other hand, no change in the symmetry of ligand S upon complexation was observed, 

indicating a uniform interaction of all P=O or C=O groups with Ln3+ ion. On the basis of the X ray data, 

a new structure of the complex of Eu3+ with HTTA compound alone was also proposed: 

[[Eu(L)2(C2H5OH)4]
+Cl−.  

8. The type of the used organic molecular diluent has only a pronounced qualitative effect on the extraction 

efficiency of 4f-ions. The following order was established with chelating ligands used alone: 

CHCl3<C6H6<C2H4Cl2<CCl4<C6H12. The investigation of diluent effect on the synergistic solvent 

extraction with one mixture of ligands (4-benzoyl-3-phenyl-5-isoxazolone and tert-butylcalix[4]arene 

tetrakis(N,N-dimethylacetamide)) has shown that for a given metal the increase is almost in the same 

order: CHCl3<C2H4Cl2<C6H6<CCl4. For instance, the synergistic effect depends strongly on the choice 

of the diluent as well as the effective separation of metals. It is seen that the SFs for lighter lanthanoid 

pairs decrease when CCl4 is used as a diluent, while the lanthanoid extraction is much more efficient with 

exactly this diluent. 

9. Among the eight calixarene molecules, the highest logKL.S values were obtained with phosphorus-

containing p-tert- butylcalix[4]arene used as a synergistic agent, following by amide (S7) and ester (S8) 

ligating groups attached at the lower rim. In fact, 5,11,17,23-tert-octyl-25,26,27,28-

tetrakis(dimethylphosphinoylmethoxy)calix[4]arene (S2) is a distinctly better co-extractant for trivalent 

lanthanoids than the para-tert-butylcalix[4]arene (S1), although the ligating functions on the narrow rim 

are the same in the two molecules. Further, an increase of the number of phenolic units from 4 to 8 in the 

molecular structure of p-tert-octyl-calix[n]arene bearing the same coordination motif does not cause any 

regular change in the extraction efficiency as the established order is 8<4<6. 

10. The equilibrium constants (logKL and logKL.S) increase with increasing atomic number of the metals 

as expected from their decreasing ionic radii form La to Lu due to the lanthanoid contraction. With 

increasing atomic number, ionic radii decrease at constant charge, and consequently the charge densities 

increase and formation of extractable complex is favored for heavier lanthanoids. Thus, an increase of the 

extraction efficiency is observed from La to Lu. In addition, dependencies resembling “inclined W” were 

also obtained (logKL/logKL,S vs. L or J). The observed trends in tha data are more or less systematically 

correlated with the decrease in cation radii with increasing atomic number. Apart from the utility in 

predicting the course of extraction chemistry, such a quantitative treatment opens the way for 

understanding the applicability of ligand substances also in some extent. 

11. All mixed systems tested in the scientific research studies indicate a significant synergistic effect 

produced by a calixarene, which can reach up to 106 (HTTA−S7), but in most cases exceeds 102. Thus, 

antagonism was not detected with the applied solvent mixed systems. 

12. The synergistic enhancement established in the system HPPMBP−S1 is higher than those found in 

investigations dealing with the lanthanoid extraction in molecular diluents with acylpyrazolone chelating 

extractants with different substituents in para-position (–F, –CH3, –CF3). Therefore, the weaker is the 

chelating extractant, higher is the synergism as a phenomenon in solvent extraction chemistry. 
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13. Synergistic systems, in the use of which the extraction constants (logK) are the largest, provide 

unfortunately less selectivity (less opportunities for separation) of lanthanoids. For instance, light 

lanthanoids have a higher separation coefficient than heavy lanthanoids for all applied combinations of 

extractants and diluents. 

14. Mixed ligand chelate extraction of trivalent lanthanoids (La, Nd, Eu, Ho and Lu) with 4-(4-

fluorobenzoyl)-3-methyl-1-phenyl-pyrazol-5-one (HPMFBP) in combination with one of the three 

phosphine oxide compounds trioctylphosphine oxide (TOPO), tributylphosphine oxide (TBPO),  

triphenylphosphine oxide (TPPO) as well as with tributylphosphate (TBP) was also studied.  On the basis 

of slope analysis data, the formation of the following two type of mixed adducts LnL3·S (S: TBPO) and 

LnL3·2S (S: TOPO, TPPO, TBP) was proposed. The change of the synergist causes a significant increase 

of the KL,S values in the order TBP < TBPO < TPPO < TOPO, which is in accordance with their oxygen 

basicity values. The addition of S to the chelating extractant improves the extraction efficiency of the 

Ln(III) ions and produces rather large synergistic effects up to 106. Among the synergistic agents, TOPO 

is the strongest basic and most lipophilic extractants. 

15. Actually, pure IL phases of the imidazolium family [C1Cnim
+][Tf2N

−] somehow extract various metal 

ions, but not 4f-ions. One of the advantages of ILs compared to traditional molecular diluents is evaluated 

as a lower concentration of the extractants to be dissolved in the IL in order to obtain similar D values. 

The systems using an IL, as an extractant diluent resulted in an enhancement of the extractability for 

Ln(III) ions above that of the reference system with conventional molecular diluent, CHCl3. For an 

example, the KL value for HPPMBP compound of La(III) ion is ca. four orders of magnitude higher than 

that in CHCl3. On the other hand, the extraction process is carried out at lower pH values of the aqueous 

phase (at equilibrium) using an IL as compared to molecular diluents. The logD values decrease as a 

function of n, i.e. with a trend following that of the hydrophobicity of ILs’ cations: 4>6>8>10 using the 

chelating ligand HPMMBP. 

16. In the IL phase, only deprotonated moieties are binding to the metallic center (LnL3: 

HPMTFBP, HPPMBP), ascribable to changes in the coordination sphere in the IL environment as 

compared to CHCl3 (LnL3·HL), linked to changes in the diluent properties. The most striking 

difference between CHCl3 and [C1C4im
+][Tf2N

−] extraction experiments is the fact that the nature 

of 4-phenyl terminal group (−CF3 or –C6H5) has a very limited effect onto the logKL value in an 

IL: -2.20 (HPPMBP) or -2.33 (HPMTFBP). When this family of ligands (4-acylpyrazolones) are 

dissolved in [C1Cnim+][Tf2N
−] they extract 4f-ions more or less similarly, i.e. with comparable 

efficiency in contrast with the large distinction perceived in molecular diluents. 

17. It is not unusual that in some IL-based systems especially when two ligands are employed more than 

one mechanism could operate under different or identical experimental extraction conditions. This mixed 

extraction scheme is called a multiple mechanism. In IL−based extraction systems not only neutral 

complexes, but also positively or negatively charged complexes, can be extracted into the IL phase 

competitively, (Ln(L)n(CMPO)(1+y)IL
2+). 

18. A propos the synergistic effects in an IL medium, the two systems under comparison (HPPMBP−S1, 

SC = 2.45; HPMTFBP−S5, SC = 2.52) display almost identical efficiency, but the SCs in 

[C1C4im
+][Tf2N−] are somewhat lower than the equivalent data in CHCl3 (3.54 and 3.13). As a whole, the 

lowering of the SC values when passing from CHCl3 to [C1C4im
+][Tf2N−] can be ascribed to two factors: 

already large values of the individual extraction efficiencies and the ease of solubilization of watered 

complexes in an IL phase, that renders neutral ligands not mandatory for transfer to the IL phase. Although 

the gain in synergism in an IL media is not as good as in chloroform, extraction efficiencies via synergistic 

couples (acidic/neutral) in an IL are far above those in CHCl3. Moreover, the data show that the addition 

of CMPO molecule to the substituted pyrazolones causes a rather small synergism in an IL media, i.e. the 

values are below one order of magnitude. 

19. Overall, ILs dramatically increase extraction abilities, being very good at enhancing extraction 

performances of any compound but, by doing so, they logically tend to level off separation factors. 

However, the comparison of the data for separation factors shows that the selectivity and not only the 

extractability is again better in the IL medium applying chelating agent HPPMBP alone, than in CHCl3. 
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20. It is proven that the synergism works better in an acidic-neutral duo than in a neutral-neutral couple 

or combination with two β-diketones, independently from the chemical nature of the used diluents, ionic 

or molecular. The replacement of a conventional organic diluent with an ionic liquid shows that better 

results in an ionic media could be achieved by employing the compounds that already provides 

satisfactory extraction efficiency in molecular diluents.  

21. Study of the liquid-liquid extraction of Ag(I) ions with a series of phosphine oxides and phosphorus-

containing calix[4]arene is presented employing CHCl3 and [C1C4im
+][Tf2N

−] as diluents. The ligand 

effect on the complexation properties of Ag(I) is quantitatively assessed: CMPO>TOPO>TPPO>TBPO. 

Two reaction mechanisms in the organic phase are demonstrated, an ion pair mode of extraction in 

molecular diluent and a cation exchange scheme, in which the metal ion is extracted for the cationic 

constituent of the IL, [C1C4im
+]. The silver-containing extracts are examined by 1H, 31P NMR as well as 

by SEM and TEM approaches in order to viewing the cation coordination and ligands’ binding mode 

inside, in the organic phase solution at micro-scale level. A conclusion can be made about aggregation in 

micelle formation of the calix[4]arene under study upon extraction of Ag(I) ion. Final conclusions are 

given highlighting the role of the diluent, molecular or ionic, in complexation processes and selectivity 

involving ligands with P=O donor group and various 22 metal s-, p-, d- and f-cations. The Ag(I) ions have 

shown the best extraction behavior compared to the other ions in the + 1 oxidation state.  

22. Effect of synergism and complete destruction of it by addition of excess of the two ligands is 

demonstrated during Gd(III) solvent extraction with HPBI−S combinations in ILs. This antisynergistic 

effect is shown to be greater than the negative effect due to the chemical nature of the IL’s cation 

connected with the water content of the organic phase [C1C4im
+] or [C1C10im

+]. For instance, ligand’s 

concentration ratio in the mixture is extremely vital both to increase the degree of extraction efficiency 

and to prevent the destruction of synergism as well. A decrease in extraction process took place, in fact 

synergism no longer occurred above certain, very low ligand’s concentration in comparison to pure 

molecular systems. More than that, the role of the ligand’s excess is interchangeable; synergism built up 

by one ligand can be broken down by another ligand in the mixture. 
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13. Principle scientific contributions and novelty in the field of solvent extraction on the topic of 

dissertation  

1. The synergistic solvent extraction of lanthanoid ions was investigated in depth with 18 new systems 

involving various chelating agents and organophosphorus ligands, mainly calixarenes in the role of 

synergistic agents in organic diluents. The behavior of the entire 4f-series (without Pm) was studied with 

approximately three new mixtures. The parameters of the extraction process were determined, the 

synergistic coefficients and the separation factors are calculated in all studied systems and the elements 

influencing them are estimated. A proof of concept is developed, how one can use macrocyclic 3D 

molecules in the role of synergistic agent as new ways for solvent extraction processes leading to new 

techniques in separation chemistry and further new routes for metal recycling. 

2. On the basis of the experimental data, conclusions were made about the mechanism of the solvent 

extraction process and the extracted complexes in the organic phase were determined, as follows the 

values of the equilibrium constants were calculated. In general, this study shows how to make use of 

synergistic ligand cooperativity between a rigid planar skeleton and a three-dimensional (3D) scaffold in 

a self-assembled solvent system for metal ion separation and provides new insights into the design of 

next-generation extractants for lanthanoid separation.  

3. For the first time, the possible interactions in the organic phase were studied in detail by NMR 

spectroscopy. The increase in synergistic extraction of metal ions depends on the nature and strength of 

the possible interaction between the two ligands present in the organic phase, as well as on the diluent-

ligand interactions: no interaction occurs that causes antisynergism. 

4. The synergistic solvent extraction of lanthanoid ions was investigated in detail with ten systems for the 

first time incorporating various chelating agents and organophosphorus ligands including calixarenes in 

ionic liquids. The parameters of the extraction process were determined, the synergistic effect and the 

selectivity in 4f-series are evaluated, and the factors influencing them are identified. It has been found 

that in some synergistic solvent systems based on ionic liquids, more than one extraction model can be 

realized, the so-called multiple mechanism. 

5. Very small synergistic effect, up to three order of magnitude was usually established in ILs, while this 

enhancement is much larger up to 108 when organic (molecular) diluents are employed. For the first time, 

the cause leading to the destruction of synergism in an ionic-liquid medium has been identified.  
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