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Abstract 

 

Solvent extraction is a mature technology for the recovery of metals from primary and secondary 

resources, though it is still evolving in its chemistry, processes, and equipment, sometimes in disruptive 

fashion. Solvent extraction processes can be conceived, developed, and optimized by playing both on 

the physicochemistry, the technologies, and the flowsheets. The physicochemistry of solvent extraction 

is complicated, as it involves two immiscible phases and an interfacial zone in which many chemical 

equilibria occur, while flowsheet design has to take into account economic and ecologic considerations 

besides an easy integration in the chain value. This chapter aims at showing how solvent extraction 

flowsheets can be developed by using an integrated view from the molecule to the process. First, this 

chapter introduces a rational approach based on the comprehension of the role of coordination 

chemistry and physicochemistry to design new extracting agents. This approach is illustrated by two 

case studies: the design of new extractants in nuclear processing and the design of new extractants for 

recycling processes. Second, this chapter shows how can solvent extraction processes be improved by 

using flowsheet design tools and how can a process developed from the molecule to the flowsheet with 

a particular attention to the treatment of e-wastes. 
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1. Introduction 

The exploitation of nonthermal chemical separation processes would lower global energy use, 

emissions, and pollution and is particularly pertinent to the recovery of metals from their 

primary ores and secondary resources [1]. In principle, the separation of metals by 

hydrometallurgical processes such as solvent extraction (SX, Figure 1) can achieve these 

outcomes due to ambient-temperature operation and the maintenance of materials balance 

through reagent recycling [2]. However, significant challenges remain, not least with attaining 

high levels of separation between metals, but also with issues such as reagent stability, 

complexity, cost, safety, and recyclability [3, 4].  

 

Insert Figure 1 here 

 

Optimization of SX processes is one of these challenges in order to treat new unconventional 

primary and secondary resources, especially polymetallic and low-grade resources. Although 

the ease of contacting two liquid phases is one of the key advantages of SX, the 

physicochemistry involved is very complex due to the existence of associations at molecular 

and supramolecular levels, nonideality, and the presence of various reactions in the aqueous 

and organic phases as well as in the liquid-liquid interface, which governs the kinetics of 

extraction (Figure 2) [5]. 

 

Insert Figure 2 here 

 

The performance of solvent extraction processes mainly relies on the properties of extractant 

molecules for the selectivity needed for increasingly challenging problems. Surprisingly, there 

are relatively few extracting agents available on the market, and these molecules were mostly 

found more than fifteen-twenty years ago in spite of great efforts in the literature to develop 

new ones. Industry representatives repeatedly cite the high costs of chemical development 

and long times for testing and regulatory approval of new reagents as impediments. 

Developing faster and better approaches to designing new extractants appears therefore of 

great importance toward building efficient, low-cost, and sustainable processes capable to 

extract metals from new complex resources. However, the design of new extracting agents 
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cannot be performed by considering only their chemical structures, because interactions 

involving extractants strongly influences extractant properties. The molecular environment 

around the extractant, including diluent, phase modifier, other extractant molecules, etc., 

must thus be first understood and then taken into account during extraction solvent design. 

For this goal, modelling tools such as DFT (Density Functional Theory), semi-empirical and 

QSPR (Quantitative Structure-Property Relationship) calculations are increasingly playing an 

important role [6-8]. Nevertheless, the degree of reliability of the predictions is still limited, 

and in the present state of the art, these techniques are likely more useful for optimization 

within a given family of extractants than to build in silico new reagents. The molecular 

modelling techniques provide binding energies between target metals and given ligands, as 

well as optimized chemical structures of the formed complexes. Thus, in principle, the 

information which can be deduced from the molecular modelling computations is richer than 

that provided by QSPR methods. Modelling tools are an asset to understand liquid-liquid 

extraction phenomena. The comprehension of the physicochemistry involved during liquid-

liquid extraction is therefore particularly important to optimize solvent extraction processes. 

It paves the way of the development of simulation process tools which are of great importance 

for optimizing processes. 

Likewise, the optimization of the flowsheets is another way to improve the performances of 

solvent extraction processes in terms of extraction efficiency and selectivity. The classical Mc 

Cabe Thiele approach is usually used to choose the number of contactors to implement in the 

process. Such an approach is only based on engineering process calculations. Undoubtedly, 

the development of new approaches combining the physicochemistry of extraction solvent 

and engineering process calculations would help the engineer to optimize its process while 

using a minimum of expensive experiments. 

This chapter gives an overview on new insight into the recovery of strategic and critical metals 

by solvent extraction. Particular attention is paid to explaining how it is possible to improve 

existing processes by playing both on the chemistry and the flowsheet design.  
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2. Extractant design 

 

2.1. The role of coordination chemistry and supramolecular chemistry on the design 

of new extractants 

The development of new reagents for solvent extraction processes requires an understanding 

of the fundamental solution chemistry of metals and their compounds in both aqueous and 

organic phases. Ultimately, however, the thermodynamic stability of the metal compound in 

the organic phase must be greater than that in the aqueous phase for the equilibrium to favor 

extraction. These facets have been analyzed in terms of the mechanism of extraction, namely 

how the metal is transferred from the aqueous to organic phase, as a cation (Mn+), anion 

(MXmn−), or salt (MXm) [9]. This analysis requires combinations of expertise in coordination and 

supramolecular chemistry in particular, along with a myriad of experimental and 

computational characterization methods, to gain a proper understanding of the solvent 

extraction process. This part of the chapter will provide an overview on the role of 

coordination and supramolecular chemistry on solvent extraction processes, and will highlight 

the different types of extraction, the compounds formed, their characterization, and the 

impact on the design of new reagents. In keeping with the classifications of extractants 

described above, new advances will be described according to the metal species that are 

present in the organic phase: a discrete metal complex, a metal complex that has second-

sphere (or outer-sphere) interactions (e.g., hydrogen bonding), ion pairs or clusters of ions, 

and reverse micelles (Figure 3). 

 

Insert Figure 3 here 

 

2.1.1. Complex formation 

The formation of metal complexes that are soluble in the organic phase in a SX system is 

perhaps the most common, and best understood, mode of action, and can be described by 

coordination chemistry, namely the bonding between a metal cation and a ligand (sometimes 

known as first-, primary-, or inner-sphere bonding). The formation of discrete metal 

complexes can occur in a variety of ways, but primarily by acid-base chemistry (pH swing, Eq. 

1) or neutral salt formation (solvation, Eq. 2). 
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Mn+
(aq)  +  n HL(org)  ⇋  [M(L)n](org) +  n H+

(aq) (1) 

Mn+
(aq)  +  n X−

(aq) +  m L(org)  ⇋  [MXn(L)m](org) (2) 

 

One of the most studied systems that makes use of acid-base chemistry is the solvent 

extraction of copper using phenolic aldoximes and ketoximes (Figure 4). It is estimated that 

20% of global copper supply is delivered using these types of reagents in solvent extraction 

processes [10]. This area has been extensively reviewed, so only recent advances in the 

chemical understanding of the mode of action are highlighted here [11].  

 

Insert Figure 4 here 

 

It was reported previously that the X-substituent of the phenolic oxime buttressed the 

hydrogen-bonding interaction between the phenolic oxygen atom and the adjacent oxime 

hydrogen atom, and that the nature of the X-substituent was a dominant effect on the 

strength of solvent extraction of Cu (Figure 4) [12, 13]. This is perhaps, surprising, as the bond 

dissociation energies of metal-ligand bonds are at least one order of magnitude greater than 

those of hydrogen bonds. Recently however, this was studied further by analysing similar Cu 

complexes by EPR (Cu2+ is d9 with a single unpaired electron) and 1H ENDOR (electron nuclear 

double resonance) spectroscopy, DFT calculations, and X-ray crystallography [14]. In this case, 

the 1H ENDOR spectra are dominated by coupling of the unpaired electron to the azomethine 

and oximic protons, which provides information on the Cu…H distances for the various 

complexes and gives an indication of the strength of the hydrogen bond and Cu–N/O bonds. 

For X = aminomethyl, this represents a lengthening of the Cu–N/O bonds and hence a decrease 

in the bond strength. However, a strong buttressing effect is seen by X-ray crystallography, 

and the strength of extraction of Cu by this ligand is anomalous. As such, the deprotonation 

energies of the pro-ligands, the binding energies of the Cu complexes, and the formation 

energies of the Cu complexes were evaluated computationally. From these data, it is seen that 

the strength of Cu extraction is related to a combination of factors and not only hydrogen-

bond buttressing. For example, for the X = Br ligand, the ease of deprotonation due to the 

added EWG and the strong buttressing effect of the ortho-Br compensate for the weaker 

binding energy of the ligand to Cu that arises from the reduced basicity of the NO− donor 
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atoms. Overall, this provides a sound chemical reasoning on the strength of solvent extraction 

exhibited by the phenolic oximes reagents. 

Phenolic pyrazoles (Figure 4, right) have also been evaluated as extractants for Cu and the 

structures of the resulting complexes studied by X-ray diffraction and DFT calculations [15]. 

As with the phenolic oximes above, the presence of groups with the ability to buttress the 

phenolic oxygen–oxime hydrogen bond were shown to be the strongest extractants, although 

the ease of deprotonation of the pro-ligand is again a significant factor. Also, the pyrazole N–

H donor is less accessible to the ortho-substituent compared to the equivalent in the phenolic 

oximes, and only for ortho-nitro substitution is strong buttressing of the hydrogen bonding 

seen, with otherwise minimal bonding seen from natural bond order analysis. 

Tripodal polyamines based on the tris(2-aminomethyl)amine (tren) platform have potential in 

solvent extraction, as the NN3 donor set can be tuned by N-substituent variation. This is 

exemplified by a series of tren ligand with aromatic N-substituents which were used in the 

solvent extraction of transition metals at buffered pH 7.4 [16]. These ligands showed 

selectivity for Ag(I) and Zn(II) over Co(II), Ni(II), and Cd(II), which was attributed to a 

combination of lipohilicity of the ligand and the stability constants of the extracted complexes. 

The separation, or partitioning, of lanthanides (Ln) from actinides (An) is a significant issue in 

nuclear-waste remediation, as the lanthanides are efficient neutron absorbers and so inhibit 

the fission of recycled nuclear fuels and hence the transmutation of the highly radioactive 

trans-actinides. As the 5f orbitals have greater radial extension compared to the 4f orbitals, it 

is thought that the actinide-ligand bond has a higher covalent contribution than the analogous 

lanthanide-ligand bond [17, 18]. This feature would provide a basis for Ln/An separation 

through the use of ligands that favor covalent interactions over ionic interactions. While the 

significance of aromatic nitrogen heterocycles in the separation of actinides from lanthanides 

is long understood, the chemical understanding of the extraction mechanisms is being 

increasingly studied [19].  

Ligands such as triazinyl bipyridines and phenanthrolines (Figure 5) have an array of ‘soft’ 

nitrogen donor atoms and therefore should favour a more covalent bonding than ionic 

bonding to a metal.  

 

Insert Figure 5 
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As such, these ligands have displayed significant An/Ln separation factors; for example, 

BTPhen exhibits DAm >1000 compared with DEu <10 from nitric acid [20]. The locked 

conformation of BTPhen results in very fast extraction kinetics, high efficiency, and high 

selectivity compared to its Bipy analogue, with the fast kinetics due to the higher surface 

activity of the ligand at the phase interface [21]. The mode of extraction follows the metal salt 

route (Eq. 2) with the formation of the 2:1 ligand:metal complex [Eu(NO3)(BTphen)2][NO3]2, 

as verified by X-ray crystallography. Solution 1H NMR (Nuclear Magnetic Resonnance) dipolar 

paramagnetic shift analysis of the Yb(III) perchlorate analogue showed the presence of a 2:1 

ligand:metal complex. Good correlation between experimental and computed peak shifts is 

also seen in the presence of nitrate, but the solution structure could not be determined with 

accuracy.  Clearly, the nitrate anions must be associated with the cationic complex to ensure 

solubility in the organic phase and MD calculations of the Yb(III) analogue showed that the 

structure is not coordinatively saturated. 

The effect of electronic variation of BTPhen on the extraction of An/Ln was studied (Figure 4, 

right) and showed order-of-magnitude differences in distribution ratios while maintaining a 

high separation factor (SFAm/Eu ca. 110) [22]. The extraction mechanism was studied for Cm(III) 

by time-resolved laser-induced fluorescence spectroscopy (TRLFS). At low ligand 

concentrations (10–7 M), the 2:1 L:M complex was seen to form slowly (over 11 days), with the 

primary species in solution being solvated Cm(III) and the 1:1 complex Cm(BTPhen)3+. 

However, at ligand concentrations more representative of an extraction process (10–2 M), only 

the 2:1 complex Cm(BTPhen)2
3+ is observed. The effect of HNO3 concentration on the 

extraction profile was studied, showing that the basicity of the ligand is an important factor. 

Distribution ratios were seen to decrease on increasing the basicity of the ligand (e.g., X = 

OMe, pKa = 3.9), the opposite was seen for less basic ligands (e.g. X = Cl, pKa = 1.7), indicating 

that it is the neutral ligand that transports the metal from the aqueous to the organic phase. 

A raft of ligands containing combinations of pyridine and triazene groups with a variety of 

substituents have been reported and their modes of action studied [19]. The general 

extraction mechanism is by metal salt formation, and the use of lipophilic anions such as 2-

bromohexanoic acid is seen to greatly enhance the extraction properties. More recently, the 

coordination properties of the zwitterionic nitrogen heterocyclic ligand HN4bipy towards 

lanthanides and actinides was evaluated (Figure 6) [23].  
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Insert Figure 6 here 

In this case, HN4bipy contains an ionizable hydrogen atom, so the ligand coordinates to the 

Lewis acidic metal as the anion N4bipy−, resulting in a stronger, electrostatic interaction. The 

Sm(III) complex was studied by X-ray crystallography, showing the 2:1 L:M complex 

Sm(OH)(OH2)2(N4bipy)2 in the solid state. The formation of Cu(III) and Eu(III) complexes of 

HN4bipy were analysed by TRLFS which showed 2:1 and 3:1 L:Cm complexes and 1:1 and 3:1 

L:Eu complexes in solution. Determination of the stability constants of these complexes 

indicated a separation factor between Cu(III) and Eu(III) of ca. 500, an order of magnitude 

greater than the analogous alkylated ligands, RN4bipy. As expected, the presence of 2-

bromohexanoic acid only weakly competes with HN4bipy, although more lipophilic versions of 

HN4bipy would be required for its use in solvent extraction processes. 

An alternative method for the separation of actinides from lanthanides is through the non-

selective extraction of Ln and An into the organic phase (e.g., using the diglycolamide 

N,N,N’,N’-TetraOctylDiGlycolAmide, TODGA) followed by selective back-transfer of the An 

into the aqueous phase through the use of hydrophilic ligands, for example, as shown in the 

TALSPEAK process [24], ALSEP process [25], and more recently the i-SANEX process [26, 27].  

Recently, tetra-sulfonated versions of the above BTPhen ligands have been developed and 

exploited in this context (Figure 7, left) [28].  

Insert Figure 7 here 

The addition of TS-BTPhen to the 0.5 M nitric acid aqueous phase in the extraction of Eu(III) 

and Am(III) by TODGA resulted in a separation factor of 616, compared to that of 3.5 in the 

absence of TS-BTPhen, significantly higher than the polyaminocarboxylate ligands used in the 

TALSPEAK process. Interestingly, the selectivity of TS-BTPhen for Am over Eu is similar to that 

seen for the hydrophobic analogue BTPhen, which suggests that the coordination chemistry 

of this ligand class is preserved in both aqueous and organic phases.  

As an alternative to TS-BTPhen, which suffers from radiolytic damage, the CHON-compliant, 

water-soluble (bis)triazine phenanthroline ligands have been developed and evaluated as 

selective Am(III) back-extractants (Figure 7, right) [29, 30]. Ligands such as BTrzPhen are able 

to differentiate between An and Ln, with separation factors of 36-47 favouring the An at low 
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ligand concentrations. The solid-state structure of the Eu complex showed a 2:1 L:M ratio, 

similar to those seen for other An/Ln complexes extracted into an organic or aqueous phase. 

As mentioned above, the diglycolamide TODGA (Figure 8) and its variants are used as neutral 

solvent extractants for Ln/An extraction and separation, often in combination with 

phosphorus acids.  

Insert Figure 8 here 

As such, the role of these compounds in the mechanism of extraction has been studied, and 

is driven fundamentally by the formation of the metal salt LnX3(L)n (Eq. 2). While the solid-

state structures determined by X-ray diffraction show a ligand:metal ratio of 3:1, with outer-

sphere anions, the structures of these complexes in solution has only recently been 

determined. The Eu(III) complex [Eu(TODGA)3][BiCl4] was analysed by EXAFS (Extended X-Ray 

Absorption Fine Structure), and it was found that the cation [Eu(TODGA)3]3+ is present in 

solution, with no anion coordinated to Eu due to the rigidity of the chelating O9-donor set [31]. 

This analysis parallels the structures determined in the solid state and implies that the 

variation in extraction seen across the Ln series is likely defined by the differences in the 

hydrophobicity due to outer-sphere effects of different charge-balancing anions; this may well 

suggest that aggregation or reverse-micelle formation is operative in these systems (see later). 

The subtle energetic variation that underpins lanthanide extraction by diglycolamides were 

investigated by EXAFS and DFT calculations. As with the previous examples, EXAFS shows that 

the [Ln(TODGA)3]3+ structure is maintained in solution across the lanthanide series. On this 

basis, DFT calculations on a series of diglycolamides and related ligands showed that an 

interplay between steric strain and coordination energies gives rise to the nonlinear trend in 

lanthanide cation complexation; this shows the importance of strain energies to the design of 

the chelating ligands [32]. More recently, EXAFS and MD/DFT calculations on lanthanide 

diglycolamide extraction have shown that chloride or nitrate anions reside in clefts derived 

from the lipophilic arms of the diglycolamide ligands, through outer-sphere electrostatic and 

non-classical C-H hydrogen-bonding interactions [33]. Also, subsequent work has shown that 

the co-extraction of water modifies the location of the anions within the structure which 

subsequently effects the separation of the light vs. heavy rare-earth elements [34]. Similar 
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microhydration effects have been proposed recently for the mode of action of solvent 

extraction of lanthanides using ammonium ionic liquids [35]. 

The speciation of Eu and Nd complexes formed in an organic phase comprising the C-

functionalised malonamide DMDOHEMA (see Figure 12) and the phosphoric acid D2EHPA was 

analysed using ESI-MS, TRLFS, NMR, EXAFS, and DFT calculations in order to gain insight into 

synergism in Ln recovery by solvent extraction [36]. It was found that the order of addition of 

the individual extractants was important to the speciation. The phosphoric acid D2EHPA 

undergoes acid-base chemistry with the Ln cation to produce M(L)3(HL3) complexes in the 

organic phase and the subsequent addition of the malonamide causes the loss of neutral 

D2EHPA ligands (HL) forming a more lipophilic mixed-ligand complex. However, starting from 

malonamide-loaded organic phase, the Ln-containing species has attendant water and nitrate 

anions which are replaced on addition of D2EHPA. As with the examples above, it is clear that 

while metal complexes of a defined coordination sphere are formed, the outer-sphere 

interactions are more difficult to probe, and so whether the extraction occurs by a molecular 

or micellar mechanism remains ill-defined. 

EXAFS was used to probe solution speciation in the extraction of Nd(III) from ethylene glycol 

(EG) into dodecane using the phosphine oxide Cyanex 923. In this case, the mechanism of 

extraction was shown to be through the formation of the salt Nd(L)3(NO3)3(EG), and the used 

of this extraction procedure allowed the separation of heavy and light rare earth elements 

[37].  

While the fate of the anion in many of the above structures is unknown, namely in the inner- 

or outer-coordination sphere, or in a reverse micelle, ligands that incorporate both metal 

cation and anion binding sites are able to transport metal salts as well-defined molecules from 

the aqueous into the organic phase. This approach requires an appreciation of both 

coordination and supramolecular chemistry in the design of metal-ligand and anion-receptor 

sites. 

A series of N-donor ligands, such as macrocyclic cyclen, with attendant urea anion-binding 

sites has been prepared (Figure 9) and are shown to selectively solvent extract copper as the 

salts [Cu(L)(SO4)] in preference to Co(II), Ni(II), and Zn(II), albeit without the loading capacity 

for an efficient SX process [38]. In the solid state, the cyclen coordinates the metal cation, and 

the urea hydrogen bonds to the anion. In the case of the copper complex, the sulfate interacts 
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with both the Cu centre and the urea, whereas for Zn the two nitrate anions are bound 

separately. 

Insert Figure 8 here 

2.1.2. Ion pairs and metalates 

In many cases, the transfer of the metal species from the aqueous to the organic phase occurs 

as an ion pair or anion that does not form a coordination complex. That is, the interactions 

between the extractant and the metal species are electrostatic or supramolecular (hydrogen 

bonding, p-bonding); in this case, the extractant is best described as a receptor that ultimately 

forms a host-guest assembly on interaction with the metal species. 

Calix[4]pyrroles can be viewed as ditopic receptors, as they can bind metal cations and anions 

simultaneously and have been used as extractants for cesium halides [39], but unlike those 

described above (Figure 8), no coordinate bond is formed between the metal cation and a 

donor atom, with only hydrogen bonding, electrostatic, and ionic Cs-arene p interactions 

present (Figure 10) [38].  

Insert Figure 10 here 

The simple octamethyl calix[4]pyrrole binds CsCl and CsBr in a 1:1:1 ligand:metal:halide 

stoichiometry on extraction into nitrobenzene from aqueous solution by an ion-pairing 

mechanism; in contrast, CsNO3 behaves as a fully dissociated extraction system. Cation 

binding is absent without anion binding, as the strong interaction between the anion and 

receptor promotes organisation of the receptor into a cone conformation of appropriate 

cavity size for the Cs cation, as seen by X-ray crystallography. A similar calix[4]pyrrole receptor 

with meso-hexyl substituents has also been shown to act as a receptor for CsBr [40]. Combined 

solution EXAFS, DFT, and MD studies on this system indicate that the toluene solvent interacts 

strongly with the Cs+ cation, capping the coordination sphere through a cation-p-interaction, 

providing evidence that supposed ‘non-interacting’ solvents may be more active in the 

structural chemistry than first envisaged (Figure 10, right). 

The solvent extraction of anionic metalates from acidic media such as HCl using organic, 

protonatable bases is effective at achieving separation of base and precious metals (Eq. 3). 
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This is perhaps surprising as the chemical separation is achieved through the formation of 

supposedly weak supramolecular interactions such as hydrogen bonds, and therefore little 

control over the host-guest assemblies formed in the organic phase would be expected. 

However, recent work has shown that control of these outer-sphere interactions can have a 

profound effect on the thermodynamic stability of the host-guest assembly, so effecting 

separation in a solvent extraction system. 

MXyn−
(aq)  +  n H+

(aq)  +  n L(org) ⇋  [(HL)nMXy](org)   (3) 

Pyridine-amides have been shown to be effective extractants for base metals such as Zn(II) 

and Co(II) [41, 42]. In these systems, the number of amido-substiuents proximate to the 

pyridine is important to the selectivity of metalate over halide. On protonation of the pyridine, 

the resulting receptor is stabilised by an internal bifurcated hydrogen bond which provides a 

diffuse array of N-H and C-H bonds for interaction with the metalate (Figure 11). This ‘soft’ set 

of hydrogen bonds interacts preferentially with the ‘soft’ chlorometalate in preference to the 

‘hard’ chloride which is in excess in the aqueous phase. 

Insert Figure 11 here 

The solid-state structure shows the formation of at least four N–H and C–H hydrogen bonds 

per receptor and the metalate ZnCl42−. DFT calculations support the solid-state structure and 

show that the formation constant for the Zn assembly is greater than that for the Co assembly. 

This feature, along with the formation constant for ZnCl42− being higher than that for the Co 

analogue CoCl42− results in favourable separation. 

Other, more-simple receptor designs that make use of the hydrogen-bond chelate effect 

shown above have been reported (Figure 11, right) [43]. Intrinsic to this design is the feature 

that, on protonation, a stable, six-membered pseudo chelate is formed. These receptors were 

found to show high selectivity for ZnCl42− over FeCl4−, an anti-Hofmeister bias, and Cl− which 

was rationalised using hybrid DFT calculations and is dependent on the number of N-H 

hydrogen bonds and the ease of protonation of the amido-amine through the formation of a 

proton-chelate structure. 

Both amido-amine and amido-pyridine compounds have been found to act as receptors for 

perrhenic acid, facilitating the liquid-liquid extraction of perrhenate into the organic phase. In 

this case, higher order clusters are present in solution, with ESI-MS (Electrospray Ionization-
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Mass spectrometry) showing ions representative of (HL)2(ReO4)2 host-guest assemblies [44]. 

This is supported in the solid-state X-ray crystal structure in which two protonated pyridine 

diamide receptors are organised such that two perrhenate oxoanions are encapsulated by an 

array of polarised N–H and C–H hydrogen bonds. Also of note here is the propensity of the 

neutral amido-amine to decompose under strongly acidic conditions, which implies that these 

particular compounds act as synergistic extractants, namely a primary amide RC(O)NH2 

coupled with an ammonium salt R’2NH2
+. 

Mono-, bi-, and tripodal receptors derived from tris(aminoethyl)amine (tren) or 

tris(aminopropyl)amine (trpn) have been compared in the extraction of the precious 

chlorometalate PtCl62− [45, 46]. These reagents were designed to recognised the outer-

coordination sphere of PtCl62− through the triangular faces of the octahedron, although 

ultimately formed 2:1 receptor:chlorometalate assemblies in which the proton is 

encapsulated by receptor at the axial amino nitrogen. Higher extraction of PtCl62− is seen with 

urea-substituents compared to amide and sufonamides, and tripodal amide receptors are 

more effective than bi- or mono-amides. In some cases, the formation of a proton-chelate 

similar to those described above results in very high selectivity for PtCl62− over chloride, 

templating of the receptor and providing positively polarised N-H and C-H hydrogen bonding 

arrays. 

Recently, attempts were made to exploit amido-amine and amido-pyridine (e.g. PDA, Figure 

11) compounds in the extraction of lanthanides as their chlorometalates [47]. Previous reports

on the extraction of lanthanides by ionic liquids such as quaternary ammonium salts under 

high aqueous salt concentrations have suggested the formation of lanthanide chloro- or 

nitratometalates LnX6
3− in the organic phase. While successful uptake of PtCl62− by PDA from 

6 M HCl was seen, no uptake of lanthanides or of other 3− chlorometalates such as IrCl63− 

occurred. DFT calculations showed that the substitution of aquo ligands by chloride, nitrate, 

and sulfate ligands in the aqueous phase is unfavourable, instead forming outer-sphere 

assemblies such as [La(OH2)9][Cl]x in which the aquo ligands are retained in the inner-sphere. 

This highlights the importance of the Hofmeister bias and the need to consider the stability of 

metal species in the aqueous phase, not only that of the metal species transported into the 

organic phase. 
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2.1.3. Reverse Micelles 

The types of amphiphiles used in solvent extraction experiments can assemble into nanoscale 

structures allowing hydrophilic and hydrophobic environments to co-exist that can be 

understood as soft matter. These nanoscale structures are very different from the discrete, 

molecular entities described above, and so require different techniques and strategies to 

understand their formation. 

The transfer of Eu(NO3)3 from an aqueous phase into a water-poor, amphiphile-in-oil system 

(c-functionalised malonamide DMDOHEMA in heptane) was studied due to its nonclassical 

distribution behaviour (Figure 12) [48]. Here, the mechanism of extraction was found to be a 

combination of coordination and supramolecular/colloid chemistry in which structural 

evolutions in the organic phase change the properties of the solvent. As such, initial extraction 

is through the formation of metal salts Eu(L)3(NO3)3 in the organic phase, as shown by EXAFS 

and TRLFS measurements. Subsequently, vapour pressure osmometry (VPO) and small/wide 

angle X-ray scattering (SAXS/WAXS) studies, combined with MD simulations showed the 

formation of reverse micelles, which draw water and the amphiphile into nanoscale domains. 

Further increasing the Eu(III) concentration results in further aggregation of the reverse 

micelles thought to be due to Eu-NO3 interactions. 

Insert Figure 12 

Tributyl phosphate (TBP) is an industrially relevant solvating extractant used to separate 

plutonium and uranium from nuclear fuel waste and is prone to form third phases under high 

acid and metal concentrations due to its amphiphilic nature and propensity to form reverse 

micelles [49]. While the study of these colloidal systems by X-ray and neutron scattering 

techniques is increasingly common [50], pulsed-field-gradient NMR spectroscopy has only 

recently been used to study the shape and size of metal-containing aggregates [51]. This 

diffusion NMR method is complementary to small-angle scattering techniques and was used 

to study the interactions between TBP aggregates containing uranium or zirconium cations 

and HNO3 in a dodecane diluent. The aggregate sizes were found to be similar in size to those 

evaluated by diffraction methods, but in contrast a repulsive interaction between the 

aggregates was discovered, suggesting that this feature should be included in models to 

improve diffraction data simulations. 
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Structural insight into the multinuclear speciation of Ce(IV) in the TBP/dodecane solvent 

extraction system was recently reported [52]. A combination of XANES, EXAFS, and SAXS 

analysis indicated that tetranuclear Ce(IV)-oxo cores in reverse micelle structures of ca. 6 Å 

diameters are formed, solvated by TBP. At low cerium concentrations (<0.14 M), these reverse 

micelles are randomly and homogeneously dispersed with some short-range interactions, 

whereas at high Ce concentration (1.5 M) a third phase is formed comprising correlated, long-

range, percolated micellar aggregates. 

2.1.4. Conclusion 

It is becoming increasingly clear that an appreciation of the fundamental chemistry that 

underpins solvent extraction is necessary to make significant advances is the design and 

development of new processes that can deal with more economically and environmentally 

efficient metal recovery from a diversity of primary and secondary sources. Understanding the 

modes of action of known ligands, receptors, and solvating agents will help in the design of 

new extractants, and requires knowledge of coordination chemistry, supramolecular 

chemistry, and colloidal science and a vast array of spectroscopic, diffraction, and 

computational techniques. While much of the previous work in this area has gleaned 

information using slope analysis and X-ray crystallography, there is now an increasing trend 

to evaluate solution structure by mass spectrometry, NMR spectroscopy, TRFLS, DFT and MD 

calculations, and solution diffraction techniques such as EXAFS, SAXS, and SANS. While more 

‘sporting’, these techniques are better able to describe solution structure and so provide a 

better reflection of the mechanism of extraction. 

2.2. The role of physicochemistry for a rational design of new extractants 

The physicochemistry involved in liquid-liquid extraction processes is complex because of the 

presence of an interphase between the aqueous solution and the organic solution, the non-

ideality of the aqueous and organic phases and the numerous chemical equilibria that can 

occur in each of these two phases (hydrolysis, precipitation, complexation, aggregation, etc.). 

In order to describe precisely the phenomena of metal transfer from the aqueous phase to 

the organic phase (or from the organic phase to the aqueous phase in the case of a 

desextraction), it is important to characterize finely the equilibria taking place in each of these 

phases and to determine the apparent thermodynamic constants associated with these 

equilibria. The comprehension of the physicochemistry of solvent extraction and a fine 
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knowledge of the speciation in aqueous and organic phases will bring useful information to 

design new extractants and to model metal extraction in order to build tools which can be 

used to optimize solvent extraction processes (Figure 13). 

Insert Figure 13 

Physicochemical models could be advantageously combined with engineering models in order 

to develop smart processes, namely processes that can adapt to the nature of composition of 

the feed solution so that the process always works under optimized conditions. The smart 

processing approach is particularly relevant for treating resources like spent materials or 

tailings for which the composition can change drastically over the time and the location. 

By way of illustration, the development of physicochemical models for the recovery of 

uranium from concentrated phosphoric acid by a synergistic mixture of bis-(2-

éthylhexyl)phosphoric acid (D2EHPA) and tri-n-octylphosphine (TOPO) is presented below. 

Such a physicochemical model could be particularly interesting in order to anticipate changes 

of the formulation of the extraction solvent (for instance because of the difference of solubility 

of D2EHPA and TOPO in the aqueous phase which leads to potential deformulation).  

If new insights on the understanding of uranium extraction and U/Fe selectivity with 

D2EHPA/TOPO were brought recently [53-57], the mechanisms of uranium-selective 

extraction with these synergistic systems remain poorly understood. Empirical research has thus 

been mostly performed to propose better synergistic mixtures by changing the cation exchanger 

and/or the neutral-donor ligand in the reference D2EHPA/TOPO solvent.   

Extraction occurring at approximately 5 M H3PO4 for Wet Phosphoric Acid (WPA), cation 

exchangers with very low pKa are privileged to compete with H3PO4 acidity. Carboxylic acids 

are for instance not suitable for uranium extraction from this media. Many different cation 

exchangers, belonging to phosphoric, phosphonic, or even phosphinic acids, have thus been 

tested in combination with TOPO for uranium(VI) extraction from WPA. Among them, dibutyl 

dithiophosphoric acid (HDBDTPA), bis(2-ethylhexyl)dithiophosphoric acid (D2EHDTPA) 

[58], dioctyl (DOPPA) [59] and dinonyl phenyl phosphoric acid (DNPPA) [60], bis(2-

ethylhexyl) phosphinic acid (B2EHPA) [61], and (2-ethylhexyl)phosphonic acid mono-2-

ethylhexyl ester (PC88A) [62] were used in mixture with TOPO (Figure 14). 
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Insert Figure 14 here 

The extraction efficiency of uranium increases logically with the acidity of the cation 

exchanger in the following order: phosphinic acid<phosphonic acid<phosphoric 

acid<thiophosphoric acid. Derivatives with an ether function on the hydrophobic part of the 

extractant (D2EHOEPA and BiDiBOPP) were also synthesized and showed that the presence of 

additional oxygen atoms increases uranium distribution ratio compared to D2EHPA [63]. 

On the other hand, several neutral-donor ligands such as tri-n-butylphosphate (TBP), di-n-

butyl butyl phosphonate (DBBP) [60, 64, 65] or di-n-hexyl-methoxyoctylphosphine oxide (di-

n-HMOPO) [56] were tested in combination with D2EHPA to substitute TOPO in the reference 

mixture. As with cation exchangers, uranium extraction increases with the basicity of the 

neutral ligand (phosphate < phosphonate < phosphine oxide) and with the introduction of an 

ether group on the phosphine oxide ligand (Figure 15). 

Insert Figure 15 here 

Other synergistic mixtures containing a cation exchanger such as dibutyldithiophosphoric acid 

(DBDTPA), bis(2-ethylhexyl) dithiophosphoric acid (D2EHDTPA), bis(1,3-dibutoxyprop-2-

yl)phosphoric acid (BiDiBOPP), dinonylphenyl phosphoric acid (DNPPA), or (2-ethylhexyl) 

phosphonic acid mono-2-ethylhexyl ester (PC88A) and a neutral synergistic molecule such as 

di-n-hexyl-methoxyoctylphosphine oxide (di-n-HMOPO), dibutyl butyl phosphonate (DBBP), 

tri-n-butyl phosphate (TBP), or octyl(phenyl)-N,N-diisobutylcarbamoyl methyl phosphine 

oxide (CMPO) were also tested for uranium extraction from WPA [63]. 

The development of physicochemical model is very useful to understand the 

physicochemistry of extraction, the extraction equilibria and to evaluate the speciation 

inorganic phase. For instance, Chagnes et al. developed a physicochemical model to 

describe uranium(VI) extraction by D2EHPA/TOPO, BiDiBOP/di-n-HMOPO, or other 

derivatives from 5.3 M phosphoric acid [64]. In this model, the dimerization of the acidic 

cationic extractant HL and the association between HL and the solvating agent S were 

taken into account by considering the formation of (HL)2, (HL)2S, (HL)2S2, and a 

supramolecular complex (HL)5S: 
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2#$%%%% ⇋ (#$)(%%%%%%%% (3) 

(#$)(%%%%%%%% + *̅ ⇋ (#$)(*%%%%%%%%% (4) 

(#$)(%%%%%%%% + 2*̅ ⇋ (#$)(*(%%%%%%%%%%% (5) 

#$%%%% + 2(#$)(%%%%%%%% + *̅ ⇋ (#$),*%%%%%%%%% (6) 

Furthermore, it was considered that uranium(VI) is extracted according to the following 

equilibria: 

-.((/ + 2(#$)(%%%%%%%% ⇋ -.((#$()(%%%%%%%%%%%%%%% + 2#/ (7) 

-.((/ + 2(#$)%%%%%%%( + *̅ ⇋ -.((#$()(*%%%%%%%%%%%%%%%% + 2#/ (8) 

-.((/ + (#$)%%%%%%%( + *̅ ⇋ -.((#$)(*%%%%%%%%%%%%%%% + 2#/ (9) 

By implementing these equilibria in the physicochemical model and by considering no 

significant changes in uranium complexation by phosphates and 

hydrogenophosphates since phosphoric acid concentration and pH are constant, the 

distribution ratios of uranium(VI) between 5.3 mol L–1 phosphoric acid and HL/S diluted 

in Isane IP 185 (a grade of aliphatic kerosene) were calculated as a function of the 

organic-phase composition (Figure 16). A good agreement was obtained between the 

calculated distribution ratios of uranium(VI) and the experimental ones.  

Insert Figure 16 here 

This model has been applied to the BiDiBOPP-di-n-HMOPO system. It appears 

that a good agreement between calculated and experimental data is obtained by 

considering the same set of extraction equilibria as for the D2EHPA/TOPO system 

(Figure 16).  

Such a model can be used to predict and optimize liquid-liquid extraction a 

function of extraction solvent composition for many mixtures of organophosphorus 

cation exchangers and solvating agents. However, it can work only at constant 

phosphoric acid concentration. By combining this physicochemical model with an 

equation of state to describe the variation of activity coefficents in phosphoric acid, it 

is possible to perform predictive calculations as a function of extraction solvent 
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composition and phosphoric acid concentration. Such a model was also developed by 

Chagnes et al. [67, 68] (Figure 17). 

 

Insert Figure 17 

The existence of the predominant species UO2(HL)2L2S predicted by the 

physicochemical model was demonstrated by means of time-resolved laser-induced 

fluorescence spectroscopy (TRLFS). It is particularly interesting to highlight that the 

TOPO molecule in this species is located in the first solvation shell of uranium(VI), as 

it was also confirmed by DFT calculations (Figure 18). 

 

Insert Figure 19 

 

The presence of such species in which cation exchanger and solvating agent are both 

in the first solvation shell of uranium(VI) paves the way to the development of 

bifunctional ligands as those recently developed by CEA (see paragraph 2.3.1 below 

as a case study). 

2.3. Case studies 

2.3.1. Design of new extractants for uranium recovery from wet phosphoric acid 

Since significant amounts of uranium (50–200 ppm) are contained in phosphate rocks, its 

recovery from industrial WPA is an important goal in order to decontaminate phosphoric acid 

and, at the same time, valorize uranium for the nuclear industry. According to the world’s 

reserves, 4 Mt of uranium would be available from natural phosphate rocks [69], which 

constitutes an important secondary source for uranium production. Separation of uranium 

from concentrated phosphoric acid is however challenging and requires intensive R&D. 

Several hydrometallurgical processes based on solvent extraction have been developed since 

1970, and some of them operated at an industrial scale. The first successful process for 

uranium recovery from WPA was developed by Oak Ridge National Laboratory and is based 

on the selective extraction of U(VI) by a synergistic combination of a cation exchanger 

(D2EHPA) and a neutral-donor ligand (TOPO) in an organic phase [70]. This process, later 

modified by Cogema (URPHOS process) [71, 72] allowed to produce hundreds of tons of 

uranium from WPA in the 1980s and 1990s. Uranium was sufficiently purified but required 

two extraction cycles to reach the specifications for nuclear-grade uranium.  
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Two other processes were also developed at an industrial scale and used phosphorus 

extractants to extract U(IV). The OPAP process [73] is based on a mixture of mono and 

dioctylphenyl phosphoric acid, while the OPPA process uses dioctylpyrophosphoric acid for 

uranium(IV) extraction [74, 75]. All these processes showed efficient extraction of U(IV) or 

U(VI) depending on the synergistic mixture, but different drawbacks such as insufficient 

uranium/impurities (iron in particular) selectivity, additional steps for uranium redox control, 

or degradation of the extractant under hydrolysis (for OPPA) were pointed out and limited 

their performances. These processes should thus be improved to be more competitive in 

order to be economically attractive for uranium production according to the current uranium 

price.  

Improvement of these processes involves the design of new extracting molecules to bring 

higher affinity, selectivity, and robustness than the classical formulations used in the former 

industrial processes. Extensive research and development has been performed in this field to 

study new extractant molecules for the selective extraction of uranium from WPA [63, 76].  

Several criteria must be taken into account to define efficient molecules capable to extract 

uranium from concentrated phosphoric acid solutions. First, as phosphate anions are scarcely 

extracted in organic phase, extraction by solvation (metal salt extraction) using a neutral 

ligand (i.e., uranium extraction by TBP from HNO3) is not possible in that case. Moreover, very 

few anionic complexes being formed between phosphate anions and uranium, anion 

exchange is also not suitable. Cationic exchange is thus the main extraction mode enabling 

uranium extraction from phosphoric acid. However, phosphate anions being strong 

complexing agents for uranium, a cation exchanger is generally not powerful enough by itself 

to compete with phosphate complexation in aqueous phase. Another binding function is 

therefore required to help uranium transfer to the organic phase by un-complexing uranyl 

cation from phosphate ions and water molecules and completing uranium coordination 

sphere. This effect is commonly explained by an additional solvation that would increase the 

uranium complex lipophilicity and its extractability in organic phase. 

Two different approaches can be therefore considered to tackle this issue: either using a 

combination of two molecules, a cation exchanger in addition to a new neutral-donor ligand, 

so-called a synergistic mixture (as already implemented in the Oak Ridge process) or designing 

new multifunctional ligands combining both cation exchanger and neutral-donor functions on 

the same molecular architecture.  
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As mentioned previously in this chapter, a large number of synergistic systems has been 

developed and tested for uranium extraction from phosphoric acid media. If improvements of 

uranium extraction efficiency compared to the Oak Ridge Process were observed with some 

of these new synergistic combinations, these formulations remain insufficient to reach the 

desired selectivity for minimizing the impurities concentrations in the yellow cake (iron in 

particular) in only one extraction cycle. Besides, the process must operate at the optimum 

synergistic ratio of the mixture to reach the best performances while extraction efficiency and 

selectivity properties of synergistic mixture are generally very sensitive to a slight deviation of 

this ratio. These reasons reinforced the need to develop new selective extractants instead of 

synergistic mixtures to fit industrial objectives. 

This part of the chapter introduces the design of multifunctional ligands that combine both 

the cation exchanger (phosphoric, phosphonic acid) and the neutral donor functions 

(phosphine oxide, amide, …) on the same molecular structure. The use of a single molecule 

combining the properties of the two functions of the synergistic mixture is interesting not only 

to simplify the process but also to potentially enhance uranium distribution ratio and 

U/impurities selectivity. The idea is to pre-organize the two functions for uranium 

coordination in order to increase the complex stability by favouring the entropic contribution 

(well known “chelate effect”). 

Based on this approach, the first bifunctional extractant reported in the literature for uranium 

extraction from phosphoric acid was synthesized by Warshawsky et al [77]. O-

methyldihexylphosphine oxide Oʹ-hexyl-2-ethyl phosphoric acid (MDHPOH2EPA), depicted in 

Figure 20, includes a phosphoric acid as a cation exchanger while phosphine oxide acts as a 

neutral donor. A higher uranium extraction than in the Oak Ridge system was obtained with 

this extractant but U/Fe selectivity remains insufficient. Moreover, third-phase formation was 

observed in extraction conditions with this system. 

 

Insert Figure 20 here 

 

Pursuing this way, new bifunctional ligands, carrying a phosphonic acid group as cation 

exchanger and an amide group as neutral-donor function, were designed by Turgis et al. [78]. 

Amidophosphonic acids, also named carbamoyl-alkylphosphonic acids, were first synthesized 

and tested towards uranium extraction from WPA. The influence of different modifications of 
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the ligand structure (nature of the alkyl chains attached to the amide group, spacer length 

between the two functions, steric hindrance on the spacer, etc.) was studied through a 

structure/efficiency approach and correlated to extraction efficiency and U/Fe selectivity. In 

solvent extraction, these structural modifications strongly influence the efficiency and 

selectivity of the extractant but also some important physicochemical parameters such as the 

ligand partitioning into the aqueous phase, the ligand solubility in aliphatic diluents, the metal 

complexes solubilities in the organic phase (limit towards third-phase formation, cruds 

formation at the interface upon extraction or stripping, etc.), the organic-phase density and 

viscosity (impacting the phase settling and separation) or the ligand stability under hydrolysis. 

The best balance between the total number of carbons and the nature of hydrogenocarbon 

groups (linear or branched alkyl chains, short or long chains, aliphatic or aromatic groups, etc.) 

should be found to design the best ligand fulfilling the main criteria defined for the process 

development. 

It appears that uranium extraction was maximized with 2-ethylhexyl chains on the amide 

function and a methylene bridge between the amide group and the phosphonic acid while 

U/Fe selectivity was enhanced by steric hindrance after alkylation of the methylene by a 

phenyl group. DEHCPBA (N,N-di-2-ethylhexyl-carbamoylbenzylphosphonic acid) exhibits 

higher distribution ratios than the D2EHPA-TOPO solvent, but U/Fe separation factor remain 

still too low (<200), requiring additional efforts to define the best molecular design. 

Based on the promising results obtained on DEHCPBA and carbamoylmethylphosphonic acids, 

amido phosphonate ligands were studied after monosaponification of the corresponding 

amido phosphonic acids. Keeping 2-ethylhexyl chains on the amide group and a methylene 

bridge between the two extracting functions, several amido phosphonate ligands were 

synthesized by changing the nature of the alkylchain grafted on the spacer and on the 

phosphonate group. It appears that the presence of monosaponified phosphonate moiety in 

combination with the addition of an octyl pendant chain on the methylene bridge dramatically 

enhance the uranium extraction efficiency and the U(VI)/Fe(III) selectivity [79, 80].  

The so-called DEHCNPB (butyl-1-[N,N-bis(2-ethylhexyl)carbamoylnonyl]phosphonic acid)  

reported in Figure 21 was put forward in regards to the outstanding results obtained for the 

selective extraction of uranium compared to the D2EHPA/TOPO synergistic solvent.  

 

Insert Figure 21 here 
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Indeed, uranium distribution ratio and U(VI)/Fe(III) selectivity are more than 30 times and 

between 15 and 50 times higher than the reference D2EHPA/TOPO respectively. Furthermore, 

DEHCNPB extracts uranium selectively from the other impurities (Mo, V, Al, …) present in 

genuine industrial phosphoric acid with unequaled performance. This molecule was thus 

selected for process development [81, 82].  

Since, other “autosynergistic” bifunctional ligands have been recently developed for 

uranium extraction by substituting the amide donor group of amido phosphonates by a 

phosphine oxide [83]. Keeping similar alkyl chains than those optimized in the case of 

DEHCNPB, new phosphine oxide-phosphonate ligands were synthesized and compared with 

DEHCNPB and the reference D2EHPA/TOPO mixture. Uranium was highly and selectively 

extracted by DEHNPB phosphine oxide phosphonate from a genuine industrial phosphoric acid 

solution with a better U/Fe separation factor compared to D2EHPA/TOPO. The U/Fe selectivity 

remains nevertheless lower in comparison to the amido-derivative. 

2.3.2. Chemical design in gold recovery by urban mining 

The case for the recycling of waste electronic and electrical equipment (WEEE) is 

compelling. In 2012, 49 million tons of WEEE were generated globally, primarily by the 

developed countries, containing at least 57 elements many of which are present in 

concentrations significantly higher than in their primary ore deposits and are listed as critical 

resources [84]. This is compounded by the exponential growth of the mobile electronics 

market coupled with the reduced lifetime of devices. While it is clear that prevention and 

reuse are preferable options in the e-waste management hierarchy and 3R policy (Figure 22), 

the recycling of WEEE would not only solve issues with landfill disposal and the leaching of 

hazardous elements, but also has enormous potential as a resource for valuable and critical 

materials through ‘urban mining’ [85], potentially closing-the-loop and creating a circular 

economy. This has resulted in a series of global initiatives such as the Restriction of Hazardous 

Substances Directive (RoHS), the EU WEEE Directive 2012/19/EU, and Solving the E-waste 

Problem (StEP) [86, 87].  

 

Insert Figure 22 here 

 



 25 

The recycling of WEEE using physical and chemical methods has been reviewed and is found 

to be complex, requiring dismantling, crushing, and classification of the materials followed by 

separation and refining steps by, for example, pyro-, hydro-, and/or biohydrometallurgical 

routes [84, 88]. While significant progress has been made in separating metallic from 

nonmetallic fractions and in finding economical uses for these latter waste products (e.g., 

fillers and composites), the recovery of individual metals remains an issue due to the difficulty 

in adapting technologies used to recover metals from primary ore feed streams for use in a 

WEEE feed stream. Such an issue is particularly true in pyrometallurgy since many metals are 

lost in the slags and it explains why more and more industries try implementing 

hydrometallurgy rather than pyrometallurgy. The eventual increase of the cost due to the 

implementation of hydrometallurgy instead of pyrometallurgy may be paid by the recovery of 

many metals by hydrometallurgy in most cases. 

The environmental impacts of WEEE treatment are also important to understand and have 

been evaluated by life-cycle analysis [89]. In this case, a hydrometallurgical process that was 

analysed comprised two different leaching steps, in nitric acid and aqua regia, followed by 

electrodeposition for the recovery of Cu, Ag, and Au and adsorption steps for Ni and Sn 

recovery. The analysis found that the nitric acid leaching process has the highest 

environmental impact, contributing highly to eutrophication, acidification, human toxicity, 

global warming (from its synthesis), and abiotic depletion, with the adsorption steps proving 

inefficient and so also a high contributor. Furthermore, LCA evaluation on the recycling of 

smartphones show it to have a net benefit in terms of carbon dioxide equivalents [90]. It is 

important to note here that improvements in the chemistry of leaching, separation, and 

refining steps that occur in a hydrometallurgical process would benefit the overall 

environmental (and economic) impact of WEEE recycling. 

This part of the chapter will focus on recently reported research for the recovery of gold from 

WEEE, in particular research that has used chemical understanding to inform on the 

mechanism of operation [91]. Even though gold is only present in small quantities in WEEE, 

for example ca. 0.25 g per smartphone, it represents the most value to recover [92]. WEEE is 

an important gold resource; it is estimated that 1 ton of smartphones contains 300 g of gold, 

which is a significantly more concentrated resource than the primary ore, of which one ton 

would yield 3–7 g [93]. Furthermore, it is also estimated that the recovery of gold from WEEE 



 26 

would decrease the environmental and mining footprint along with savings of 17,000 tonne 

per tonne in carbon dioxide emissions.  

2.3.2.1. Leaching. 

As stated above, leaching of precious metals such as gold from WEEE is environmentally 

impactful as it necessitates the use of strong acids under oxidising conditions, for example 

HNO3 or aqua regia (1:3 HNO3:HCl), or the use of extremely toxic chemicals such as cyanide/O2 

to dissolve gold by forming the Au(I) complex Au(CN)2
− [94]. Alternatively, leaching chemicals 

such as thiourea/Fe3+, thiosulfate/O2, and KI/I2 are used, but their costs and environmental 

hazards are seen as prohibitive. Bio-oxidation and cyanidation are also possible methods for 

gold leaching [94]. The use of dithiobiuret reagents have proved beneficial for simultaneous 

leaching and extraction of gold from aqua regia and direct leaching into partially water-

immiscible solvents such as CH3CN in the presence of HCl/H2O2. Oxidative leaching using 

H2O2/H2SO4 is suitable for the leaching of Cu from waste printed circuit boards (WPCBs), 

providing both good Cu recovery and separation from the WPCB resin, but its potential for 

leaching other metals has not been explored [95]. Simple acid leaching in air has also been 

studied and dilute HCl (1.0 M) shown to lixiviate gold and other metals to a high degree from 

WPBCs provided suitable levels of the oxidant (O2) is present and agitation occurs [96].  

Very recently, a new, low-toxicity method for the leaching of gold from WPCBs using a 

synergistic mixture of N-bromosuccinamide (NBS) as an oxidant and pyridine (py) as a ligand 

has been described (Figure 23) [97] Experimental variation of the reagents and conditions 

showed that gold dissolution was maximised (90%) using 10 mM NBS, 100 mM py, at pH 8.2 

and 25 oC, and contrasts to only 77% gold dissolution using KI/I2; the cost of these latter 

reagents is 20x greater. 

 

Insert Figure 23 here 

 

The mechanism of gold dissolution was investigated and showed that the first step was 

oxidation of the gold surface by NBS at the relatively low potential of −0.854 V to form the 

Au(III) complex AuBr4
−. This metalate then reacts with pyridine to form the neutral complex 

AuBr3(py) due to a high binding constant of 105–106 M. It is therefore clear that both NBS and 

py are required to maximise gold leaching (i.e., synergism occurs) and that the use of low 

concentrations of NBS and py are important to the efficacy of the system. 
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This procedure has proved effective in separating gold from other metals present in WEEE, 

with 90% gold recovery compared with 40% of other metals such as Ni, Sb, Zn, Mg, Cu, Sn, Al, 

and Fe. When leaching gold from the surface of Ni-coated Cu CPU pins, the selectivity 

increases due to the formation of a NixBry passivating surface, which inhibits further Ni and Cu 

oxidation. 

The dilute nature of the NBS and py reagents was found to mitigate against mammalian 

toxicity, showing 100% viability in mammalian models compared to 0% when dosed with more 

traditional reagents. Similar attenuation of toxicity was seen in aquatic creature models, 

making the NBS/py an attractive, environmentally benign alternative to conventional gold 

leaching methods. 

2.3.2.2. Precipitation of Au(III) and Au(0). 

Leaching metals from WEEE yields a pregnant leach solution (PLS) that generally contains a 

mixture of metals that require separation, unless some separation process has operated at 

the leaching stage. Selectivity in separation is a key challenge to a hydrometallurgical metal 

recovery process, and a knowledge of coordination chemistry, supramolecular chemistry, and 

redox chemistry is important in designing a suitable system. One separation method is 

through precipitation and has been employed extensively in gold recovery, either carrying out 

separation as Au(III) or Au(I) complexes or by precipitation as Au(0) using carbonaceous- or 

bio-sorbents [92]. Gold deposition is also important in other fields where, for example, the 

size of the Au(0) nanoparticles formed in TiO2/Au materials is key to their efficacy as catalysts 

in a variety of chemical reactions [98].  

Recently, the use of polyaniline reductants (conducting polymers) was studied for the 

recovery of gold from a PLS of WEEE [99], based on earlier chemistry that showed that the 

rate of Au(0) deposition was dependent on the surface area on the polyaniline and its intrinsic 

oxidation state [100]. In the former example, polyanilines were immobilised on supporting 

materials such as cotton fibers and proved effective at Au(0) deposition due to the electroless 

cycling of leucoemeraldine, emeraldine, and pernigranile during Au(III) reduction in aqueous 

HCl. Alternatively, glow discharge lamps have been used to reduce metals with positive 

standard reduction potentials, favouring separation of Au from Cu, Zn, and Fe [101]. In this 

case, the separation of Au(0) was facilitated through the use of poly(vinylpyrrolidone) which, 

under the aqueous conditions used, forms a film on the surface of the solvent in which Au(0) 

is embedded. Also, the use of reduced graphene oxide (GO) hydrogels to precipitate Au(0) 
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from Au(III) solutions has been reported [102]. Here, GO was reduced by wild-type 

Shenwanella oneidensis MR-1 resulting in a biologically assembled GO hydrogel which could 

reduce Au(III) to Au(0) nanoparticles that become embedded in the hydrogel, with Au and Pd 

recovered preferentially from Cu, Zn and Ni. 

Perhaps one of the most exciting chemical advances in this area is the use of supramolecular 

chemistry to favour the self-assembly of gold precipitates for the selective isolation of gold 

from other metals. In one example, the addition of a-cyclodextrin (a-CD) to KAuBr4 in water 

resulted in the spontaneous precipitation of a one-dimensional supramolecular complex with 

an extended chain superstructure {[K(OH2)6][AuBr4]Ì(a-CD)2}n (Figure 24) [103].  

 

Insert Figure 24 here 

 

Single-crystal X-ray diffraction studies showed that a perfect match in molecular recognition 

between [AuBr4]− and a-CD occurs, with axial orientation of the anion within the cyclodextrin 

cavity favouring a highly specific second-sphere electrostatic and hydrogen-bonding 

interaction between the [AuBr4]− anion and the [K(OH2)6]+ cation. In the structure, the 

[K(OH2)6]+ cation is encapsulated by the secondary faces of two a-CDs whereas in other 

adducts the cations are coordinated by OH groups and glucopyranosyl O atoms in the CDs. 

This feature explains the differences of precipitation yield when using b- or g-cyclodextrins 

instead of a-cyclodextrin and when using different gold salts such as Na, Cs, or RbAuCl4. 

Indeed, out of 24 combinations of salt:cyclodextrin, only three result in precipitation: a-

cyclodextrin with either K, Cs, or RbAuCl4.  

Metal-organic frameworks (MOFs) are porous materials that can be constructed using 

increasingly well-defined synthetic methods that make use of metal centres as tectons for 

bridging ligands. While their physical and chemical properties have been exploited in, for 

example, gas absorption and catalysis, respectively, their ability to sequester metals 

selectively is more rare. Recently, however, MOFs that incorporate sulfur-donor atoms within 

the porous cavities have been prepared and exploited in gold recovery [104]. In this case, the 

MOF is constructed rationally using dinuclear copper(II) complexes of a chiral bis(L-

methionine)oxalamide ligand as a tecton in which the anti-configuration adopted by the ligand 

(Figure 25a) favours chain growth and, on the addition of Ca(II) cations, causes curvature 
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(Figure 25b) and the formation of the MOF. The MOF contains hexagonal channels of ca. 0.3 

nm diameter that are decorated by L-methionine arms, which act as ligands for both Au(I) and 

Au(III). As such, soaking the MOF in water solutions containing AuCl3 or AuCl results in gold 

uptake, forming the thioether complexes (RS)AuCl and (RS)AuCl3 within the porous network. 

In the case of Au(I), the X-ray crystal structure shows the expected linear geometry for the 

(RS)AuCl complexes, along with short Au…Au distances of 3.04 Å indicative of aurophilic 

interactions (Figure 25c).  

 

Insert Figure 25 here 

 

These materials are highly selective for gold over other metals in solution. Soaking the MOF 

in an equimolar mixture of AuCl3, NiCl2, CuCl2, ZnCl2, AlCl3, and [Pd(NH3)4]Cl2 showed rapid 

uptake of Au(III), maximised after 30 minutes, with no uptake of other metals observed. The 

recovered gold can be released from the MOF by soaked the Au-loaded material in a sulfur-

containing solvent such as dimethylsulfide, thus recycling the MOF for further gold uptake. 

2.3.2.3. Solvent extraction of Au(III). 

Solvent extraction (SX) is an attractive process for recovering metals from WEEE for, as long 

as the metals are leached, the PLS can be treated with a variety of reagents to separate and 

recover all of the metals sequentially. In principle, this would lead to complete recycling of 

the metals in WEEE with zero metal waste and, with recycling of the reagents used in SX 

processes, would provide excellent mass balance. If a single metal is targeted, SX offers 

significant environmental advantages over energy- and capital-intensive pyrometallurgical 

methods [3].  

The solvent of extraction of gold from primary ores can be carried out from halide leach 

solutions using commercial reagents such as methyl isobutyl ketone (MIBK), dibutyl carbitol 

(DBC), or 2-ethylhexanol (2-EH) [105]. While the recovery of gold is efficient using these 

reagents, selectivity, safety, and mass balance issues are seen, and the chemistry that 

underpins their mode of action is poorly understood. As such, the development of new 

compounds that can selectively transport gold from aqueous to organic phases in a SX 

experiment remain desirable.  

Several tertiary amides have been investigated as reagents for the solvent extraction of gold 

from HCl solutions (Figure 26).  
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Insert Figure 26 here 

 

The two tertiary amides DOAA and DOLA which contain different chain-length substituents 

were evaluated for gold transfer into 4:1 dodecane/ethyl hexanol from aqueous HCl in the 

presence of other metals including Pd(II), Pt(IV), Rh(III), Fe(II), Cu(II), Ni(II), and Zn(II) [106]. 

Good selectivity for Au was seen at lower HCl concentrations (<3.0 M), and the strength of 

extraction was higher for DOAA than DOLA. However, DOAA formed a third phase under these 

conditions, which was absent when using DOLA. Extractions using this latter reagent also 

allowed back-extraction using water (70%), whereas DOAA required the use of thiourea, thus 

affecting the overall mass balance. While these reagents show promise in gold extraction, the 

mode of action of extraction was not evaluated. 

In a more recent study, a larger series of tertiary amides was evaluated for gold recovery from 

HCl solutions [107]. As with the above systems, extractions were carried out from mixtures of 

metals, Au(III), Pt(IV), Pd(II), Rh(III), Cu(II), and Ni(II), into 4:1 dodecane/2-ethylhexanol, and 

similar performance was seen with rapid phase transfer, quantitative (for MBHA, DHOA, and 

DHEHA), and dependent on the length and symmetry of the hydrocarbon substituents, with 

unsymmetrical substituents (MBHA) better than symmetrical substituents (DHOA, DHEHA). In 

this case, the analysis of the slopes of linear log D vs. log[L] plots ([L] = concentration of 

extractant) indicated that two reagent molecules were required for every Au transferred, 

suggesting a basic stoichiometry of HAuCl4(amide)2 as the extracted species.  

While the use of tertiary and secondary amides in metal recovery by solvent extraction is well 

advanced, primary amides have been little studied in this area [108], perhaps due to the 

premise that the presence of multiple N–H groups would encourage extensive hydrogen 

bonding and so limit solubility in the organic phase. However, the use of amidoamines in base 

metal solvent extraction and from this the recognition that controlling hydrogen-bonding 

interactions can aid selectivity in the transfer of a metalate from the aqueous to organic phase 

[91] resulted in a new study on the use of primary amides in the solvent extraction of gold 

[109]. It was found that transfer of Au(III) from aqueous HCl into a 0.1 M primary amide 

MDMHA solution in toluene (Figure 26) was rapid and quantitative, and unusually, with 

straightforward back-extraction occurring using water. This reagent is also highly selective, 

extracting Au(III) from a mixture of Fe(III), Cu(II), Zn(II), Sn(II), and Ni(II) at concentrations 
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similar to those found in a typical smartphone (Figure 27). Compared to MIBK, DBC, and 2-EH, 

MDMHA shows increased selectivity, and unlike the commercial reagents can be used in a 

diluent. 

 

Insert Figure 27 here 

 

Importantly, the chemistry that underpins the mode of extraction was studied in detail by a 

variety of analytical and spectroscopic techniques. Analysis of the slopes of linear log D vs. 

log[L] plots suggested that at a minimum a 1:2 Au:L stoichiometry was operating, namely the 

formation of HAuCl4(MDMHA)2 similar to that described above (Figure 28).  

 

Insert Figure 28 here 

 

However, decreasing the gold concentration in the aqueous phase led to non-integer slopes 

(2.5), which implies that the speciation in the organic phase is variable. Karl-Fischer analysis 

of the organic phase showed that water is not transferred with gold, as no increase in the 

water concentration is seen on increased gold loading. 

Analysis of the Au-loaded organic phase by EXAFS spectroscopy showed that AuCl4− is present, 

and that there were no close contacts between individual AuCl4− complexes (Figure 28). This 

may imply that simple HAuCl4(MDMHA)2 ion pairs are present, but analysis of the organic 

phase by ESI-MS showed a preference for cluster formation. In the mass spectrum (Figure 28), 

the dominant gold species have a generic formula of [H(MDMHA)2(AuCl4)n(H-MDMHA)n-1] 

(where n = 1–4); that is, a basic 1:2 HAuCl4(MDMHA)2 complex exists, but higher-order clusters 

are favoured and represented by the further addition of HAuCl4(MDMHA) units. 

Further insight into the chemical speciation was provided by DFT and MD calculations (Figure 

28). From these, it was found that aggregation into Au:amide clusters occurs readily in a 

solvated toluene box, with 4:10 HAuCl4/MDMHA calculations showing a variety of structural 

motifs in which hydrogen-bonded amides are able to bridge discrete AuCl4− centres through 

electrostatic and hydrogen-bonding to defined edges of the square-planar gold cation. As 

such, the combined analytical and spectroscopic analysis provides clear evidence for the 

spontaneous formation of supramolecular clusters facilitated by the simple primary amide, 

MDMHA.  
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2.3.2.4. Conclusion 

The recovery of gold from WEEE is an important starting point for the complete recycling of 

these complex materials due to its economic value and relatively straightforward separation 

from other metals. However, one of the key technological advances that remains to be solved 

is its efficient, nontoxic, and potentially selective leaching from WEEE components but, as 

described above, some progress is being made in this area. The combination of efficient 

leaching with selective precipitation or solvent extraction techniques would result in a 

powerful process that could not only recover gold, but also other valuable or toxic metals from 

WEEE, so moving towards the closed-loop WEEE economy desired by society. As described 

above, chemists have made significant headway into understanding the mode of action of 

hydrometallurgical processes by studying the structures of the chemical compounds in 

aqueous, organic, or precipitated phases. The structural detail identified from these 

coordination and/or supramolecular chemical studies may point towards new designs of 

extractants that make use of recurring motifs to provide enhanced and efficient separation. 

Even so, while significant advances have been made in hydrometallurgical separation, their 

integration into a whole process needs to be considered, which relies upon continued input 

from, and collaboration between, chemists, biologists, engineers, economists, and the 

industries involved.  

3. Flowsheet optimization 

The efficiency of solvent extraction plants depends on various factors such as flow rates, 

concentration, nature of the feed solution, flowsheets, etc. Especially powerful is the ability 

to implement scrubbing stages to effect higher product purity. The modification of any one of 

these factors strongly affects the performance of an extraction plant. Nevertheless, 

sometimes, it may be necessary to modify one of these factors to face up to many problems 

such as low solvent loading, poor quality product, formation of cruds, precipitates, and 

emulsions, radiolysis or chemical stresses, etc. [110]. Classical counter-current flowsheets, for 

example, 4 mixers-settlers in the extraction section and 3 mixers-settlers in the stripping 

section, constitute a typical set-up implemented in solvent extraction plants for the recovery 

of metals from ores. Nevertheless, they are not always the best set-up when configured in this 

way, and it is possible to increase the metal production, product purity, and concentration 

factor.  
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3.1. Effect of flowrates on flowsheet performances 

For instance, the extraction efficiency of the two flowsheets reported in Figure 29 are 

drastically different. Modelling can bring useful information to select the best flowsheet and 

optimize it to take advantage of the increasingly powerful emergent chemistry.  

 

Insert Figure 29 here 

 

The flowsheet 4_3 is a classical countercurrent flowsheet whereas the other flowsheet, 

quoted 22_11*, is an unconventional flowsheet with two extraction-stripping loops. Each loop 

corresponds to two mixers-settlers in the extraction stage and one mixer-settler in the 

stripping stage. Chagnes et al. investigated the influence of the flowsheet for uranium 

extraction [111]. 

The influence of the solvent flow rate (S), the feed solution flow rate (F) and the stripping 

solution flow rate (F’) on the residual fraction (defined as the uranium concentration in the 

raffinate (x4) over its concentration in the inlet feed solution, f = x4/x0) for the classical 

flowsheet (4_3) and the unconventional flowsheet (22_11*) is displayed in Figure 30. 

 

Insert Figure 30 here 

 

The residual fraction decreases when the solvent flow rate increases and remains constant 

after a threshold value of S equal to 29 m3.h-1 for both flowsheets.  The classical counter 

current flowsheet permits to reach a residual fraction close to zero for solvent flow rates 

higher than 29 m3.h-1, whereas f remains close to 0.5% at the same range of solvent flow rates. 

A sharp decrease of residual fraction is also observed when the stripping solution flow rate 

increases but the drop in f is more important with the 4_3 configuration: f is close to zero with 

the 4_3 flowsheet and f = 1.1% with the 22_11* flowsheet at F ’= 5.5 m3.h-1. 

The classical counter-current flowsheet ensures to reach a feed solution flow rate of 115 m3.h-

1 without a significant increase of the residual fraction. No threshold value of f is observed 

with the 22_11* flowsheet when the feed solution flow rate is lower than 130 m3.h-1. The 

sharp increase of f, at solvent flow rates higher than 115 m3.h-1, can be explained by the 

saturation of the solvent extraction which cannot extract more uranium, as there are not 

enough mixers-settlers to treat the feed solution in the stripping stage at high S/F’ ratio. On 
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the other hand, no saturation phenomenon is observed with the 22_11* flowsheet even if the 

residual fraction with 22_11* remains higher than with 4_3 before the threshold value (F = 

115 m3.h-1). The 22_11* flowsheet does not enhance the extraction efficiency, but it permits 

to avoid the saturation of the organic phase above 130 m3.h-1. 

3.2. Influence of degradation on flowsheet performance 

Solvent extraction processes may undergo stresses such as radiolysis or chemical degradation. 

For example, chemical degradation of trioctylamine and tridecanol in n-dodecane as a diluent 

may occur due to the presence of strong oxidant metal ions in the feed solution such as 

vanadium(V) [112]. In the case of vanadium(V), the degradation occurs as follows: (i) 

Vanadium(V) is extracted by Alamine® 336 from aqueous phase to organic phase; (ii) the 

strong oxidation power of V(V) is responsible of the oxidation of the modifier (tridecanol) to 

carboxylic acid according to a radical mechanism; (iii) the preceding radicals react quickly with 

Alamine 336 to form dioctylamine (DOA) as a degradation product [112]. Furthermore, the 

degradation of Alamine 336 to dioctylamine is responsible for a drop of extraction efficiency, 

as dioctylamine is a less efficient extractant for uranium(VI) than is trioctylamine.  

By including the physicochemistry of degradation into the flowsheet simulation, it is possible 

to investigate the sturdiness of candidate flowsheets against chemical degradation of the 

solvent. Figure 31 displays the sturdiness of the 4_3 and 22_11* flowsheets against the 

degradation progress, that is, DOA molar fraction in the Alamine 336-tridecanol-n-dodecane 

system [113]. 

 

Insert Figure 31 here 

 

There is no influence of the chemical degradation on the extraction efficiency for the classical 

counter-current flowsheet as long as the molar fraction of DOA is lower than 0.1. At higher 

DOA molar fractions, the residual fraction increases linearly. The use of DOA instead of 

Alamine 336 is responsible of an extraction loss equal to 8.8%. 

Therefore, the implementation of the 22_11* flowsheet in a solvent extraction process for the 

recovery of uranium(VI) from sulphuric acid media permits to enhance the resistance of the 

solvent extraction process toward chemical degradation. In fact, a slow increase of residual 

fraction is observed when the molar fraction of DOA in organic phase increases (Figure 3). The 

use of a second loop in the extraction process permits to increase strongly the resistance of 
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the process against degradation. Works are in progress for testing other configurations to 

understand the origin of the enhancement of the flowsheet sturdiness. It may be supposed 

that the effect of the solvent extraction degradation may be counterbalanced by the increase 

of the extraction capacity of unconventional flowsheets. 

3.3. Combining chemistry and engineering for flowsheet optimization 

Likewise, modelling tools for optimizing flowsheets and operation conditions have been used 

by CEA in order to optimize a flowsheet for extracting uranium(VI) from wet phosphoric acid 

by using the new bifunctional molecules DEHCNPB (see above). A chemical model was 

elaborated for uranium and iron extraction by DEHCNPB in order to precisely simulate the 

behavior of these elements in the SX process whatever the concentrations of uranium, 

phosphoric acid or DEHCNPB concentration are. Based on experimental extraction isotherms 

and, when it was possible, on speciation studies of uranium and iron both in phosphoric acid 

solutions and in the organic phase, extraction equilibria were proposed, and extraction constants 

were adjusted to fit the experimental values. First, uranium and iron speciation in 5 M H3PO4 

were calculated by selecting the main equilibria formed in aqueous solution among the different 

equilibria reported in the literature [114, 115]. Miguirditchian et al. [116] considered four 

equilibria to describe uranium speciation in phosphoric media while two equilibria were 

sufficient for iron (Table 1).  

 

Insert Table 1 here 

 

Then, based on the speciation results obtained in organic phase, cation exchange for 

uranium(VI) by DEHCNPB was considered in its proton-dimer form. Extraction of uranium by 

2.5 dimers of DEHCNPB (i.e., two dimers and one monomer) along with the formation of a 

bimolecular uranium complex (2:4) allowed reaching the best fit of the experimental isotherm. 

The global form of these equilibria and the associated thermodynamic constants are given by 

Eqs. 1–3.  

 

It is usually rigorous to take into account activity coefficients in the aqueous phase to correct 

deviations from ideality in process conditions. Different theories such as the “simple solution” 

concept [117, 118] or SIT (Specific Interaction Theory) [119, 120] are, for instance, often used 

in nitric acid or sulfuric media to calculate activity coefficients. However, phosphoric acid 

being poorly dissociated, activity coefficients in the aqueous phase were supposed to be 
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constants in that case. Activity coefficients in the organic phase were also considered constants 

in the operating uranium concentration range to simplify the modelling.  
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Iron(III) extraction by DEHCNPB was also modelled by a cation-exchange mechanism 

involving a combination of a dimer and a monomer according to the following equilibrium: 
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K
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Extraction constants were optimized by minimizing the differences between experimental and 

calculated organic concentrations after application of the mass action law on each equilibrium. 

Mass balances were resolved in both phases in order to determine the free concentrations. The 

comparison between experimental and calculated data for the isotherm of uranium(VI) 

extraction is depicted on Figure 32. A very good agreement between experimental and 

calculated data is reached with an average deviation lower than 5%.  

 

Insert Figure 32 here 

 

The chemical model was than implemented into the PAREX simulation code [121] to calculate 

a flowsheet in order to perform a countercurrent laboratory run (Figure 33). 

 

Insert Figure 33 here 

Taking into account the objectives for uranium recovery and purification, an optimized 

flowsheet including three stages for uranium extraction, three stages for iron scrubbing, one 

stage for water scrubbing and four stages for uranium stripping was proposed. This flowsheet 

was tested in laboratory scale mixer-settlers from a genuine industrial phosphoric acid solution. 

More than 95% of uranium was recovered and very well decontaminated from iron and other 

impurities, confirming the high selectivity of DEHCNPB for uranium from WPA and the high 

potential of this new molecule for future industrial development. 
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Therefore, simulation tools based on the physicochemistry of solvent extraction is very useful 

to model and optimize processes. A deep understanding of the equilibria taking place in 

solvent extraction is the key to imagine new efficient processes.  

3.4. Perspective in the development of tools for flowsheet optimization 

In order to reduce OPEX, the process must be able to adapt to raw material composition and 

to anticipate issues. This is especially true for recycling processes as waste composition can 

dramatically vary throughout time and depending on the origin of the wastes. Indeed, waste 

composition changes depending on technology progress, country’s economic health, location, 

etc. The implementation of engineering and chemical codes is the key to develop smart 

processes capable to adapt the operating conditions and the flowsheet automatically so that 

the process always operates under optimized conditions. The tools presented in the previous 

part can be viewed as preliminary blocks for an implementation in smart processes. However, 

the development of such models requires the acquisition of thermodynamic data, which can 

be time-consuming. Nevertheless, the time spent for developing the models and the 

associated database will be undoubtedly compensated by OPEX gain resulting from their use 

in hydrometallurgical processes. 

The impacts of this approach on process performance can be drastically improved by 

combining physicochemical and engineering models with artificial intelligence (machine 

learning, deep-learning, big data) and Predictive Maintenance Technologies promoted by 

Advanced Manufacturing approach [122].  

4. Conclusion 

Extraction and valorization of metals are presently more difficult than in the past because of 

the complexity of new resources to process. These resources include poor and polymetallic 

ores (laterite-saprolite, pyrochlore, pegmatite, etc.), tailings, e-wastes (lithium-ion batteries, 

WEEE, etc.) ...  It is therefore mandatory to develop new approaches and new strategies to 

reduce process cost and environmental footprint while keeping high performances. For this 

goal, many efforts must be paid to develop a holistic approach that includes geochemical cycle 

of the metals, concentration methods, extraction processes, environmental impact studies 

and market analysis. In particular, the technical and economic feasibility of the process rely 

on flowsheet design. The latter depends on resources composition and technologies involved 

in the extraction-separation stages. In the case of solvent extraction processes, performances 
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depend both on engineering and chemistry. It is therefore of great importance to optimize 

these engineering and chemistry at the same time. Regarding the chemistry, the extractants 

are at the center of solvent extraction processes. Extractant design needs to have a fine 

description of the speciation in the leach solution and metal-ligand interaction and 

coordination. Obviously, the extractant molecule is not alone in the solvent and its 

environment must be taken into account as well (diluent effect, molecular and supramolecular 

association). The physicochemistry is complex and modelling tools are especially adapted to 

investigate the influence of the chemical structure of a molecule on these properties. 

Regarding flowsheet design, the combination of physicochemical and engineering models is 

the key to develop disruptive and optimized flowsheets. Thanks to these integrated approach, 

the flowsheet can adapt to changes in compositions or external constraints, and therefore, 

operate under optimal conditions. The next generations of hydrometallurgical processes 

should also rely on artificial intelligence and Predictive Maintenance Technologies promoted 

by Advanced Manufacturing approach since these technologies will likely lead to smart 

processing which will be able to adapt to changes in operation conditions and to fix 

immediately the main issues. This approach will likely drastically reduce operating costs, 

maintenance costs, energy consumption and environment impact by keeping the process 

optimized at any time.  
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Figures  
 
 

 
Figure 1 Schematic describing the separation of metals using solvent extraction. Circles in 

the organic phase represent extractant molecules or aggregates. 
 
 
 

 
Figure 2 Main reactions involved in the liquid-liquid extractions of metals. Here, L is the 

conjugate anion of an acidic organic extractant, HL, often a chelant; B is a neutral 

raffinate

Organic phase

Interfacial zone

Aqueous phase

Simple extraction: HL, S , B, etc

Chelates MLn
Solvates M(X)n(S)p
Mixed complexes MLnBm
Ion-pairs (R3NH+)pMXn

p-

Molecular association

Supramolecular structure

Interfacial reactions :  ML+
ad + HLorg = MLorg

Interfacial adsorption

Interfacial reactions : Mn+
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Complexation Mn+ + pX- = MXp
(n-p)

Hydrolysis M(H2O)mn+ = M(OH)(H2O)m-1
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Redox                         M(ox) + Red = M(red) + Ox
Precipitation Mn+ + nY- = MYn(s)
Acidic dissociation   HX = H+ + X-
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coordinating extractant; X is an anion co-extracted with the metal M from the aqueous 
phase. 

 
 
 
 

 
Figure 3 Modes of action generating charge-neutral assemblies in the water-immiscible 

phase in solvent extraction (L describes a neutral or anionic ligand). 

 
 
 
 

 
Figure 4 Buttressing of hydrogen-bonding interactions in pseudo-macrocyclic Cu complexes 

of phenolic aldoximes (left) and phenolic pyrazoles (right). 
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Figure 5 Triazinyl bipyridine and phenanthroline ligands for the separation of lanthanides 

from actinides. 
 
 
 
 

 
Figure 6 Coordination of the zwitterionic HN4bipy to Sm(III) to form a 2:1 ligand:metal 

complex. 
 
 
 
 
 
 
 

 
Figure 7 Hydrophilic ligands for the selective back-extraction of actinides into an aqueous 

phase. 
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Figure 8 Lanthanide complexes of the diglycolamide TODGA. 

 
 
 
 
 
 

 
Figure 9 Ditopic ligands for simultaneous metal cation and anion binding. 

 
 
 
 
 
 
 

 
Figure 10 Calix[4]pyrroles as receptors for simple metal salts such as caesium halides. 
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Figure 11 The formation of internal hydrogen bonds on protonation of a pyridine/amine-

(di)amide resulting in receptors suited for metalate binding. 
 
 
 
 
 
 

 
Figure 12 Sequential coordination and reverse micelle formation in the extraction of 

Eu(NO3)3 by a malonamide amphiphile. 
 
 
 
 
 

 
Figure 13 Smart processing approach. 
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Figure 14 Molecular structure of different cationic exchangers tested in combination with 

TOPO for uranium extraction from WPA. 

 

 
Figure 15 Molecular structure of different neutral-donor ligands tested in combination with 

D2EHPA for uranium extraction from WPA. 
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a)          b) 
 

 
Figure 16 Logarithm of the distribution ratios of uranium(VI) between 5.3 M phosphoric acid 
and D2EHPA/TOPO (n) or BiDiBOPP/di-n-HMOPO (�) diluted in Isane IP 185 as a function of 
(a) the logarithm of initial D2EHPA or BiDiBOPP (HL) concentration at constant TOPO or di-n-

HMOPO (S) concentration (0.125 M) and (b) the logarithm of initial TOPO or di-n-HMOPO 
concentration (S) at constant D2EHPA or BiDiBOPP (HL) concentration (0.5 M). Initial 

concentration of uranium = 1.43 10–3 M, temperature = (25.0 ± 0.2) °C, phase volume ratio 
Vo/Va = 1. ____: Calculated with the thermodynamic model. 

 
 
 

 

Figure 17 Experimental and calculated distribution ratios of uranium(VI) as a function of 

apparent concentration of phosphoric acid. Calculated line used the adjustable parameters of 

the thermodynamic model. 
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Figure 18 DFT calculation of the optimized geometry of UO2(HL)2L2(TOPO).H2O (TOPO in 

the first solvation shell). Hydrogen atoms were removed from the figure for the sake of 
readability. Red atoms: oxygen. Orange atoms: phosphorus. Blue atoms: uranium. Gray 

atoms: carbon. 
 
 
 
 
 
 

 
Figure 20 Molecular structures of O-methyldihexylphosphine oxide O-hexyl-2-ethyl 

phosphoric acid and N,N-di-2-ethylhexyl-carbamoylbenzylphosphonic acid. 

 
 

	 
	
	

H2O	molecule	in	2nd	solvation	
shell)	
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Figure 21 Molecular structure of butyl-1-[N,N-bis(2-ethylhexyl)carbamoylnonyl]phosphonic 

acid (DEHCNPB). 

 
 
 
 

 
Figure 22 E-waste management hierarchy and 3R policy 

 
 
 

 
Figure 23 Selective leaching of gold using a synergistic mixture of NBS (70 mM) and py (100 

mM) in water. 
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Figure 24 Spontaneous assembly of a-cyclodextrin (a-CD) with KAuBr4 in water to form a 

one-dimensional extended-extended chain superstructure. 
 
 
 

 
Figure 25 Methionine-decorated metal-organic frameworks for gold recovery: (a) dinuclear 
copper complex of the chiral bis(amino acid)oxalmide; (b) interaction of Ca2+ cations with 

dinuclear copper unit; (c) schematic of a single pore of the metal-organic framework 
structure in which the methionine groups coordinate to Au(I) centres within the pore. 

 
 
 

 

 
Figure 26 Tertiary and primary amides used in gold recovery by solvent extraction (Cn 

represents a straight-chain hydrocarbon substituent). 
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Figure 27 Left: Proportions of metals typically found in a smartphone device. Right: 

Comparison of the metals recovered by solvent extraction from a smartphone WEEE feed in 
1.0 M HCl using the neat commercial reagents MIBK, DBC, and 2-EH and a 0.1 M toluene 

solution of the primary amide MDMHA. 
 
 

 
Figure 28 Combined analytical and spectroscopic techniques to determine the chemical 
speciation in the solvent extraction of gold from aqueous HCl using a toluene solution of 

MDMHA. 
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Figure 29 Classical countercurrent and unconventional two-feed flowsheets, 4_3 and 22_11*, 
respectively. xi and yi represent the metal concentration in the aqueous and organics phases of the 

mixer-settler i, respectively. S denotes the solvent flowrate, F, F1 and F2 are leach solution flowrates, 
respectively, and F’ is the stripping flowrate. More information about the chemistry of uranium 

extraction by Alamine 336 is detailed in Refs 101-103. 
 
 

 
Figure 30 Influence of Solvent flow rate (S), feed flow rate (F) and stripping flow rate (F’) on the 

residual fraction (f) for the flowsheets 4_3 and 22_11*. The operating conditions for 4_3 and 22_11* 
are: S = 29 m3.h-1, F = 115 m3.h-1, F’ = 4.8 m3.h-1, initial uranium concentration x0 = 1677 mg.L-1, and S 
= 29 m3.h-1, F = 90 m3.h-1, F’ = 4.8 m3.h-1, initial uranium concentration x0 = 400 mg.L-1, respectively. 
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Figure 31 Influence of the dioctylamine molar fraction (x(DOA)) on the residual fraction (f) for the 

flowsheets 4_3 and 22_11*. The operating conditions for 4_3 and 22_11* are: solvent flow rate S = 
29 m3.h-1, feed flow rate F = 115 m3.h-1, initial uranium concentration x0 = 1677 mg.L-1, and stripping 
flow rate F’ = 4.80 m3.h-1, feed flow rate F = 90 m3.h-1, initial uranium concentration x0 = 400 mg.L-1, 

respectively. 
 
 
 

 
Figure 32  Comparison of experimental and calculated isotherms of uranium(VI) extraction with 0.1 

M DEHCNPB/TPH and 5 M H3PO4. 
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Figure 33 Flowsheet of the continuous test performed in mixer-settlers with DEHCNPB. 
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Table 
 

Table 1 Equilibria considered in aqueous phase to calculate uranium(VI) and iron(III) speciation in 

phosphoric acid 

Equilibrium log(b) at I = 0 and 25 °C 

!"#$% ⇋ !'#$%( + !* –2.14 

!'#$%( ⇋ !#$%'( + !* –7.21 

!#$%'( ⇋ #$%"( + !* –12.35 

+$''* + !"#$% ⇋ +$'(!'#$%)* + !* 1.5 

+$''* + !"#$% ⇋ +$'(!"#$%)'* 1.3 

+$''* + 2	!"#$% ⇋ +$'(!'#$%)' + 2	!* 1.3 

+$''* + 2	!"#$% ⇋ +$'0!'#$% 1(!"#$%)* + !* 2.3 

23"* + 2	!'#$%( +!"#$% ⇋ 23!(!'#$%)"* 8.3 

23"* + 3	!'#$%( ⇋ 23(!'#$%)" 9.8 

 
 




